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ABSTRACT 

I provide a realistic assessment of the uncertainties associated 

with plate reconstructions by creating empirical probability density 

functions (PDFs) for rotations between plate pairs based upon 

uncertainties in the positions of observed fracture zone and magnetic 

anomaly crossings. I determine the PDF for a sequence of rotations 

through Monte Carlo sampling of the PDFs for these plate pairs. I 

assign confidence limits within PDFs and find that worst-case 

uncertainty regions for global reconstruction poles can be twice as 

1 arge as 95% confi dence regi ons. I illustrate my techni que with the 

ar.omaly 6 rotation between the Pacific and North American plates and 

demonstrate that realistic uncertainties for summations of rotations 

are apt to be significantly smaller than those predicted by earlier 

techniques. 

I develop revised apparent polar wander paths for the North 

American and Pacific plates through paleomagnetic Euler pole analysis. 

I determine motions of the Pacific plate within the hotspot reference 

frame for the past 80 Ma through a similar analysis and extend the 

model back to 145 Ma through study of anomalous basement depths and 

application of the paleomagnetic constraints. The match between the 

pa 1 eomagnet i c and hotspot reference frames with in uncerta i nty 1 i mi ts 

imposed by the available data, is inconsistent with true polar wander 

duri ng the 1 ate Cretaceous and/or motion between di sti net Paci fi c 

plates. Applying realistic limits on the expected error in global 

plate reconstructions, I determine that either the South Atlantic 
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hotspot track is improperly defined or that there has been more than 

I, 000 kil ometers of re 1 ati ve moti on between the Pacifi c and South 

Atlantic hotspots since 80 Ma. 

My model of plate interactions for the western Americas indicates 

subduction perpendicular to the margins from 78 Ma to 33 Ma. 

Northward transpressi on and transport of a 11 ochthonous terranes is 

limited to regions north of the evolving Pacific-Izanagi (Kula) ridge. 

I present a series of reconstructions which allows quantification of 

sUbduction and lateral transport along the margins. I model the 

generation of possible oceanic plateaus by known hotspots in the 

Pacific region and find little evidence to indicate that their 

subduction had an impact on the magmatic history of North America. 



CHAPTER 1 

INTRODUCTION 

30 

Quantification of cause and effect relationships between plate 

motions and geology at convergent plate margins has remained an 

elusive goal for tectonocists. Lack of well-constrained, kinematic, 

plate models over geologically-significant time intervals has been a 

major factor in limiting the application of plate tectonics as a 

predictive tool. The western margin of the Americas contains a 

geologic record of interaction with plates of the Pacific basin which 

extends at least as far back as the late Triassic. Imp'('oved 

quantification of the kinematic history for this region will assist in 

future relational analyses and is one goal of this research. 

Interactions between plates of the Pacific basin and the western 

Americas must be obtained through global reconstructions. Such 

reconstructions are based on a variety of data including marine 

magnetics, paleomagnetics, and hot· spot" tracks. Consistency between 

these approaches has been a subject of debate. Evidence regardi ng 
I ~ , 

whether the paleomagnetic referenc~ frame and the hot spot reference 

frame have been fixed relative to the spin axis, or relative to each 

other has been equivocal. The kinematic relationships between these 

reference frames is a second subject of study in this project. 

Inconsistencies between reconstruction techniques have been 

diffi cult to evaluate due to 1 ack of understandi ng of the 

uncertainties associated with the data and models. Different bounds 
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on data uncertainties can permit different model sand conclusions. 

And full appreciation of model uncertainties sometimes renders data 

uncertainties insignificant. My third goal is to realistically 

appraise the uncertainties associated with tectonic data and models. 

I perform these tasks in reverse order. In Chapter 2 I present a 

method for quantification of rotation uncertainties between plate 

pairs, and then provide a method for the determination of 

uncertainties for global plate circuits of rotations. In Chapter 3 I 

describe methods for graphically and numerically determining past 

plate rotations, methods which quantify relative misfits of 

alternative models. I apply these methods to determine the kinematic 

history for oceanic plates in the Pacific basin. I then calculate 

rotation parameters for the major plates, based on paleomagnetic data 

and/or hot spot tracks. I incorporate these rotations within a set of 

global plate rotations based on marine magnetics, and quantify the 

misfit between reference frames within the limits of my data and model 

uncertainties. Lastly, I provide a set of reconstructions and a table 

of reconstruction parameters which document plate interactions along 

the western margin of the Americas. 

While I present my most significant results within the body of 

the main text, I make extensive use of appendices to provide 

additional details. The need for appendices is predicated by two 

considerations. I think it important to provide the full data sets 

used in my ana lyses so that others can buil d on my results. And 

complete presentation of much of my data and analyses is more easily 
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accomplished with large-size, colored figures and plates. Some of the 

colored plates that were created during the course of this research 

contain almost 40 megabytes of information. It is impossible to fit 

this much information in a 6" by 8-1/2", black and white figure. I 

circumvent this problem by placing the large, colored displays of data 

sets and statistical-graphics analyses on colored microfiche within 

the appendices. I do the same for my large paleomagnetic database 

(approximately 100 pages of text). As a consequence, Appendices F and 

G provide detailed versions, in color, of the black and white 

presentation of Chapter 3. In order that these appendices be self

sufficient, they duplicate certain tables and figures from Chapter 3. 
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CHAPTER 2 

QUANTIFICATION OF UNCERTAINTIES IN PLATE RECONSTRUCTIONS 

Overview and Past Work 

Relative paleopositions of plates separated by accreting 

boundaries can be found by superpos'ltion of the matching patterns of 

fracture zones and rna ri ne magnet i c anoma 1 i es from oppos ite sides of 

the common spreading center. If the correct morphology for the 

ancient plate boundary is chosen, superposition of formerly adjacent 

features can be accomplished by a single rotation about a pole. The 

paleopositions of non-adjacent plates can be obtained through a 

summation of rotations of plates linked with accreting boundaries (for 

example, Atwater and Molnar, 1973; Jurdy, 1984). 

The identification of the morphology and position of the former 

plate boundary is based on discrete measurements of the positions of 

magnetic lineations and fracture zones. These measurements have 

associated uncertainties which have been discussed by Hellinger (1979, 

1981). These uncertainties constrain the quality of reconstructions 

between adjacent plates, and contribute to accumulation of errors in 

the sequences of rotations required for global plate reconstructions. 

Severa 1 methods have been used to determi ne the uncertainty in 

calculating the pole position and rotation for reconstruction of a 

pair of plates separated by accreting boundary. Hellinger presents a 

technique for calculating the best fit pole as well as an ellipse on 
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the surface of the globe which encompasses the set of poles which 

allow a permissible fit to all individual data points. A permissible 

fit is one in which the reconstructed plate boundary can pass through 

all the overlapping uncertainty regions. Within the region of 

permissible fit, Hellinger rates the acceptability of a pole upon the 

degree of misfit of the reconstructed segments of fracture zones and 

magnetic anomaly data to great circle planes, weighted by the 

uncertainty of the individual data points. stock and Molnar (1983) 

determine an uncertainty region based upon the maximum misfit of any 

poi nt withi n the data set. They assume that the best fi t pole (by 

Hellinger's method) can be perturbed through either misfit of fracture 

zones, misfit of magnetic anomalies, or a skewed fit: to a point where 

the error on any data point exceeds a given quantity. They obtain a 

set of end-member poles which describe uncertainty limits for the 

rotation. The model was later refined to provide confidence ellipses 

for the reconstructed positions of points. Treating the perturbations 

as standard errors allows a two-dimensional Gaussian distribution to 

be used as the probability function describing the reconstructed 

positions of points. Chang (1987) uses a technique he calls spherical 

regression to analyze the uncertainty in overlapping pairs of 

homologous intersections of fracture zones with magnetic anomaly 

lineations from opposing plates. Thompson and Prentice (1987) also 

use these intersections as data but apply the maximum likelihood 

algorithm of Moran (1976) to calculate 90% confidence regions. 

Engebretson and others (1984) use the intersection of magnetic 
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anomalies with fracture zones in a single plate for their analysis of 

uncertainties in stage poles for the Pacific plate. 

Geometrical aspects of the uncertainties of combining linked, 

plate-pair rotations are described by Molnar and Stock (1985) and 

Jurdy and Stefanick (1987). Molnar and Stock (1985) present a method 

that does not descri be the resultant uncertai nty in terms of pole 

positions and rotations, but rather in terms of the rotated position 

of the data points. They obtain a confidence ellipse for the 

reconstructed position of a data point through a sequence of rotations 

which sequentially combine the elliptical confidence regions (defined 

by end member poles) of the individual rotations. Jurdy and Stefanick 

(1987) build upon the method of Molnar and Stock (1985) but combine 

the covariance matrices which define the errors in rotations between 

plate pairs. 

My method for calculating uncertainties in the rotations between 

adjacent ~lates is based upon the uncertainties in the original data 

observations. The method translates-p~b)ished uncertainty regions for 

data observations into probabil ity density functions (PDFs). I then 
I' ' 

quantify the amount of overlap of these functions for each of a set of 

reconstructions which adequately samples the permissible region of 

latitude-longitude-rotation space. I use this quantification to 

construct a gridded, empirical PDF for the adjacent plate rotation. 

This method is distinct from the approach of Stock and Molnar (1983) 

or Jurdy and Stefanick (1987) in that it does not assume some 

arbitrary maximal misfit within the range of data and does not assume 
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a specific statistical form for the errors in the rotation. The 

method is analogous to that of Hellinger (1981) in determining the 

outer bounds and best-fit rotation poles, but it also assigns relative 

probabil iti es of occurrence for a gridded set of possibl e rotation 

poles. The method allows direct calculation of the probability and 

confidence limits for any reconstruction. Generation of uncertainties 

for combined rotations employs a simple Monte Carlo sampling of the 

empirical PDFs for plate pairs in the chain of plates linking the end 

member plates. The result for this combination of rotations is also 

an empirical PDF, obtained by the "frequency of occurrence" approach, 

without assuming any parametric statistical model. To allow 

comparison with published uncertainties obtained by other methods, I 

will illustrate my technique with the anomaly 13 reconstruction 

between the adjacent Pacific and West Antarctic plates which was 

described by Hell inger (1981), and the anomaly 6 reconstruction for 

the Pacific and North American plates using the sequence of rotations 

utilized by Molnar and Stock (1985) and Jurdy and Stefanick (1987). 

Determination of Empirical Probability Density Functions Describing 
the Rotation between Adjacent Plates 

An active accreting plate boundary consists of a series of ridge 

segments, offset by transform faults. Schemes that determine poles of 

rotation generally assume that ridge segments are linear (i.e., align 

along a great circle) and that the offsetting transform faults align 

with small circles around the instantaneous pole of rotation. Former 
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boundari es are compri sed of magneti c 1 i neati ons, offset by fracture 

zones. Although the magnetic lineations are frozen in alignment to 

great circles, fracture zone morphology will reflect the evolution of 

the instantaneous pole of rotation, and may not align with small 

circles about the pole of the net finite rotation (see McKenzie and 

Morgan, 1969, or Harrison, 1972, for a more detailed discussion). 

I assume that the shape of magnetic lineations between pairs of 

fracture zones can be modeled exactly by great circles. This 

assumption or approximation has been used in other rotation fitting 

schemes (i.e., that of Hellinger, 1981; Pilger, 1978). The 

orientation of these great circles is constrained so that they 

intersect fracture zones at some mi nimum angl e, say greater than 45 

degr"ees. A choice of assumptions is allowed regarding the geometry of 

fracture zones. In some instances one expects that the shape of a 

segment of a fracture zone between offset lineations can be modeled 

exactly by a small circle about some trial pole, and additionally, 

that all other sets of fracture zone data should align to different, 

but distinct small circles about the same trial pole. This model 

would apply to situations where the "instantaneous" pole of rotation 

between two plates has remained fairly constant over the time period 

of the finite reconstruction. Engebretson and others (1984) implied 

this type of model in their scheme for determining the spreading 

history of the Farallon-Pacific plate pair. A second option is to 

approximate fracture zone trends by great circles, as was done by 

Hellinger (1981). A third option is to ignore the fracture zone 
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trends, except to the extent of not a 11 owi ng reconstructed ri dge 

trends to c,ross i nterveni ng fracture zones. Fi gure 1 i 11 ustrates 

these geometric assumptions. 

When determining the probability density function which defines a 

finite rotation for a particular reconstruction, I have assumed that 

the published plate geometry for the reconstruction is correct and 

that misidentification of anomalies, intraplate deformation, 

undetected anomaly-offsetting fracture zones, etc., have not occurred: 

at least not with significance relative to data location 

uncertainties. The implicit assumption is that an exact fit would be 

obtainable between reconstructed data points and the geometric model 

of the former plate boundary, were there no uncertainties in the data 

point positions. 

The location error of a data point is due to navigational errors, 

which mayor may not be directionally independent, and placement of 

anomaly or fracture zone identifications along the ship's track, which 

is very much constrained by the direction of travel. Although the 

concomitant uncertainty region would most likely be elliptical in 

outline, almost all published uncertainties are given as scalars which 

create a circular uncertainty region. I will use circular uncertainty 

regions as a starting point for my analysis due to the lack of 

directional uncertainty contraints, and for consistency in the 

comparison with the results of Hellinger (1981). 

The location of a data point and the associated uncertainty can 

be defined by a probability density function. Since errors are 



Figure 1. Model of the geometry of accreting plate boundaries 

a) Model of active accreting plate boundary. Transforms/fracture 
zones trend as small circles to the instantaneous pole of 
rotation, offsetting ridge segments which can be approximated by 
great circle arc segments. Ridges and transforms tend to 
maintain an orthogonal relationship. 

b) Model reflecting changing instantaneous poles of rotation. SCI, 
SC2, and SC3 are small circle trends to the instantaneous poles 
of rotation and would have aligned with the transform faults 
connecting the ridges at the times defined by the magnetic 
anomalies at Tl, T2, and T3 respectively. As the instantaneous 
pole has changed position, data collected on the resultant 
fracture zone between offsets of Tl, T2, or T3 may not align well 
to any of the instantaneous small circles, nor to a small circle 
about the pole of finite rotation. A great circle may 
approximate the shape of a fracture zone created by evolving 
instantaneous poles of rotation. 

c) Identified crossings of the former plate boundary allow 
identification of a model of interconnected ridges and 
transforms. A single rotation about some finite pole should 
bring data from both sides of the current accreting boundary into 
coincidence. Former ridge segments should align with great 
circles, and former transform segments should align with small or 
great circles. 
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considered independent of direction, data location uncertainty is a 

function of radial distance from the 'assigned position. By assuming a 

maximal scalar uncertainty in the position of any data point, the 

probability that the true location of a data point is outside of a 

circular uncertainty region centered on the measured or assigned 

position is zero. The form of the probability function is: 

per) - { fer) for r < Rmax 
- 0 for r > Rmax 

with fer) described such that 

J
Rmax 

P (r < Rmax ) = fer) dr = 1.0 , 
o 

where Rmax is the maximum uncertainty in the data point position. 

(1) 

(2) 

One expects that the true position of the data point is close to 

the assigned location and that it is less apt to be located near the 

outer limits of the uncertainty region. I choose to model the 

probability density for the positioning of a data observation by a 

cone, centered on the assigned data point location, with a radius at 

its base equivalent to the maximum scalar uncertainty. The resulting 

probability density function would be (in cylindrical coordinates): 

(1 - _r_) for r < Rmax 
Rmax 

for r > Rmax 
(3) 
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This probability density decreases linearly with r, from a maximum at 

the assigned location, to zero at the limits of the scalar uncertainty 

region. This probability density function is shown in Figures 2a 

and b. 

Other density functions such as a radial Gaussian density could 

be used. The Gaussian function would have to be modified (by 

truncation) in order to have zero probabilities outside the scalar 

uncertainty region. The shape of a Gaussian function which is 

truncated at a radius of 2 standard deviations is very similar to that 

of the conical function (see Figure 2d). The details of the 

derivation of the truncated, radial, Gaussian function are provided in 

Appendix A. If directional uncertainty data were available, 

elliptical functions could also be used to define the probability 

densities for the positions of the data observations. For the present 

analysis, I confine my probability modeling to conical functions and 

appreciate the reduced complexity in the resulting calculations. 

In order to determine an empirical PDF describing a rotation 

between adjacent plates, it is necessary to examine the range of the 

three parameters: latitude, longitude, and rotation amount, for which 

a permissible fit is attainable, and to determine the relative 

probabilities of fits for gridded points within this region based on 

the data observation PDFs. 

Grid points which sample an equal volume of solution space can be 

obtained in several ways. One method is to overlay an equal-area map 

projection with a regular X-V grid. The longitude-latitude values 



Figure 2. Probabilities for the true position of a data point (X') 
may be defined by a probability density function (PDF) 
centered on the reported data point location (X). 

. I 

a) A conical PDF results from treating the probability as a linear 
function of scalar distance. The probability is at a maximum at 
the reported location (X), decreasing linearly with radius r to 
zero at a distance Rmax. 

b) The PDF of a) shown at a particular point (X) in latitude
longitude space. The vertical axis is probability, shown greatly 
exaggerated. The volume of the cone is 1.0. 

c) The PDF of a) can also be illustrated in map view with shading, 
where darker areas have higher probability. When the probability 
density is a function of three variables, techniques similar to 
this are required to portray the four-dimensional aspect of the 
function. 

d) Comparison of the PDF of a) with a modified radial Gaussian PDF 
truncated at a distance of two standard deviations (S.D.) and 
scaled to have a total probability of 1.0. The two PDFs are very 
similar. 

e) Comparison of the PDF of a) with a modified Gaussian PDF 
truncated at a distance of three standard deviations (S.D.) and 
scaled to have a total probability of 1.0. The probability that 
a data point is close to the reported location is higher with 
this modified Gaussian PDF. The uncertainties in the rotation 
pole position are less when using data uncertainties modeled by 
this function than they would be with the conical functions. 
Thus, my use of conical data PDFs represents a conservative 
choice of PDFs. 
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defined by the grid points would be centered in equal regions of 

solution space. A second method is to perform a coordinate 

transformation so that the long axis of the solution space is aligned 

along the equator of the new spheri ca 1 coordi nate system. Areas 

centered on the resulting longitude-latitude grid points would vary by 

less than 1% for grid points within 8 degrees of the equator. I used 

this latter method in my calculations. 

The techn i que for determi n i ng the PDF for the rota t i on is as 

follows. 

1. For each of the gri d poi nts (defi ned by 1 ati tude, 1 ongi tude, and 

rotation amount) I perform the specified rotation to reconstruct 

the original positions of the density functions for the data 

points. 

a. For each ridge and/or transform segment within the 

reconstructed data set I determi ne an empi ri ca 1 probabi 1 i ty 

measure to quantify the relative possibil ity that a great (or 

small) circle can simultaneeus,ly intersect all of the data 

density functions. 
I ~ I 

b. As each segment is independent of the others, I multiply the 

probabilities obtained from each segment to get the relative 

probability for a simultaneous fit on all segments and assign 

this value to the grid point. 

2. I normalize the sum of all grid points to 1.0. As the grid is 

regular in euclidean space, each point samples an equal volume of 

latitude, longitude, rotation space. This normalized set of fit 



44 

probabilities for the grid provides an empirical probability 

density for the rotation between the two plates. 

The key to this analysis is the quantification of the relative 

probabilities that rotated data within a segment indeed can lie on a 

great circle. I have inverted the problem by quantifying the 

probability that if I randomly pick a location from each of the data 

density functions, that all the locations will lie within the region 

in which simultaneous intersection by great circles is possible. The 

probability that a randomly chosen point from a data density function 

lies within the region of simultaneous intersection by great circles 

can be illustrated graphically (and computed numerically - details are 

provided in Appendix A) as the volume of a cone intersected by 

vertical planes defining that region. Since the choosing of the true 

position of each data point for a segment is independent, the net 

probability for that segment is the product of the individual volumes 

from each of the intersected data density functions, and similarly, 

the net probability for the grid point of interest is a product of the 

probabilities of the data segments. Figure 3 provides an illustration 

of this procedure. 

I can now obtain confidence limits for the PDF of the rotation 

which are empirically defined by the gridded probability values. I 

accomp 1 ish thi s by sorti ng the gri d values in order of descendi ng 

probabilities, and then replacing the grid value with the cumulative 

probability value as is illustrated in Figure 4. Although confidence 

levels are traditionally built by accumulating regions of highest 



Figure 3. Illustration of the method used to calculate the 
probability of a permissive fit for a ridge boundary 
segment defined by three points. 

The reconstructed positions and uncertainty regions of three 
numbered points are shown for a trial pole and rotation. The 
shaded areas represent the limits for fitting the three points 
with great circles. There is a probability of 0.8 that the true 
location of the first data point lies within the shaded area. 
This value is used as a measure of relative probability for 
fitting this point with the trial pole and rotation. The 
relative probability associated with fitting this segment is the 
product of the individual point probabilities and equals 0.8 x 
0.65 x 1.0 = 0.52. The net relative probability for the trial 
pole and rotation is given by the product of all segment 
probabilities. A single point which cannot be fit by any great 
circle produces a zero probability for the pole and rotation. 
Note that the vertical (probability) scale is greatly 
exaggerated. 
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TOP VIEW 3 

OBLIQUE VIEW 

Figure 3 



Figure 4. Illustration of the method used to determine confidence 
regions for an empirically defined PDF. 

a) Probabilities are shown for a cross-section of a three
dimensional grid in latitude-longitude-rotation space for a 
rotation. Grid points are located at the center of the cells. 

b) Cumulative probabilities are shown for each cell. Probabilities 
from a) were sorted in descending order from the largest value. 
The. cumulative value for a cell is the sum of the probabilities 
of all the grid points with higher probabilities. Thus, the 
cumulative probability is 0.020 for the first cell, and increases 
with the inclusion of additional cells. The cumulative 
probabilities may then be contoured at the desired confidence 
levels, such as the 95% confidence level shown (shaded). Grid 
point probabilities within the interior of a given confidence 
interval are greater than those exterior. 
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a) 

b) 

95% CONFIDENCE LEVEL 

Figure 4 
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probabilities within a PDF, it is possible to calculate the net 

probability within any bounded region of the PDF and hence provide the 

confidence level or probability that the true rotation is within the 

bounded region. 

The Pacific-West Antarctic Reconstruction for Anomaly 13 

The anomaly 13 reconstruction of the southwest Pacific provides a 

test case for my method of calculating a PDF. There is a published 

data set (Hellinger, 1981, Table 1) and previous studies of rotation 

pole uncertainties for this area (Hellinger, 1981; Stock and Moll1o..r, 

1983). The data set consists of 28 observations on 9 boundary seg

ments, and is listed in Appendix B. I fit the positional uncertain

ties of fracture zones with great circles in order to be consistent 

with the analysis of Hellinger (1981). 

My computer program examined a probability space containing 

185,000 grid points using a grid of 0.1 degrees for latitude, 

longitude and rotation. The resultant PDF defining the rotation for 

this reconstruction encompassed 4,696 non-zero grid probability values 

and was computed in 4.55 minutes on a VAX 8650. The grid value with 

the highest probability (most probable rotation) was the same as that 

determined by Hellinger, although there was an extremely narrow region 

spanning 0.3 degrees of rotation that had very similar probabilities 

at the grid values. Figure 5 shows the reconstructed locations of the 

data and associated data location uncertainties for anomaly 13, using 

the most probable rotation. The PDF for this rotation is illustrated 



Figure 5. Data and fit information for the anomaly 13 reconstruction 
of the Pacific and Antarctic plates in the southwest 
Pacific. 

a) Data from Hellinger [1981] used for the anomaly 13 reconstruction 
include squares and diamonds for magnetic anomaly data and 
fracture zone crossings of the Antarctic plate, and circles and 
triangles for similar features on the Pacific plate. Numbers 
refer to the data segment as identified by Hellinger. Also shown 
is a schematic drawing of the assumed plate boundary between the 
offset features. The stereographic projection pole shown in the 
upper left hand corner of the figure is the antipole of the best 
fit rotation at 74.827°S, 123.135°E. Dotted lines are shown at 
latitude and longitude intervals of 2 and 20 degrees, 
respectively, about this pole. The small plus signs indicate 
Hellinger's worst case bounds for the rotation. The dashed line 
about the pole indicates 100% confidence limits based on my 
analysis. Points labeled C are poles acceptable by Hellinger but 
not by my analysis. The south pole is identified with an S, with 
selected geographic locations identified at 20 degree intervals. 

b) Data fit is shown for the individual numbered segments from a) 
above. Shaded points on the Pacific were rotated 28.3 degrees 
about the best fit pole. Orthographic projection is centered on 
one of the data points within the segment. Straight lines 
approximate great circles. Coordinates are in kilometers. 

c) Lack of fit for segment 5 by a rotation outside of the limits of 
the PDF for the rotation, but inside the uncertainty region of 
Hellinger [1981]. Data have been rotated 24.935 degrees about a 
pole at 70.98°N, -72.000E, identified by C in a) above. No great 
circle (straight line) can pass through the reconstructed 
uncertainty regions of the three data points of segment 5 for 
this rotation. 
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in Figure 6. The PDF has the appearance of an inclined zepellin (the 

closest mathematical analog being an ellipsoid) in latitude (V) -

longitude (X) rotation (Z) space. The amount of coupling between 

the position of the pole of rotation and the rotation angle is 

reflected in the tilt or inclination of the ellipse. 

The outer geographic (X-V) limits of this new uncertainty region 

are similar to those of Hellinger, with a geographic extent 

(projection on the latitude-longitude plane) of 12 degrees by 1 

degree. The geographic limits of the axes at the 95% confidence level 

are 6 and 0.45 degrees, less than one half the size of the "worst" 

case. The geographi ca 1 extent for the axes at the 80% confi dence 

level is one third the size of the "worst" case. Even the 99% 

confidence level represents a significant reduction in the region of 

possible pole positions (with a geographic extent of 7.5 by 0.5 

degrees). 

The nature of the PDF for rotations between adjacent plates has a 

profound i nfl uence on the confi dence 1 eve 1 for combi ned rotati ons. 

The "worst case" scenario requires simultaneous occurrence of events 

of low probability for a sequence of rotations. And some combinations 

of these low probabil ity events provi de offsetti ng errors. The next 

section provides a method for quantifying the confidence levels of the 

combined rotation. 



Figure 6. PDF for the anomaly 13 rotation of the southwest Pacific. 

a) Schematic drawing of the three-dimensional PDF enclosing the 95% 
confidence level. Note that the ellipsoid is' inclined, 
indicating a coupling between rotation and location uncertainties 
of the pole. Cumulative probabilities based on probability 
values for grid are shown within the ellipsoid. 

b) Geographic trace or extent of PDF, indicating location limits for 
the pole. The long (X) and short (V) axes of the PDF are given 
in degrees and are centered on the best fit pole at 74.83°5, 
-236.87°E. 

c) Cross section of the PDF in the Xl plane, where l is rotation. 
Shading represents relative probabilities expressed as 
probability per 1% of volume. Lines indicate cumulative 
probabilities and define confidence levels. A one-degree grid is 
centered on best fit pole. 

d) Cross section of the PDF in the Vl plane. 

e) Cross section of the PDF in the XV plane. 
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Probability Density Functions for Combined Rotations 

A sequence of finite rotations can be described by a single 

combi ned rotati on. As each i ndi vi dua 1 rotation is represented by a 

transformation matrix, summation of rotations involves a 

multiplication of matrices. When PDFs are available to describe 

individual rotations for a linked set of adjacent plate pairs, I can 

obtain a PDF for the combined rotation between the end-member plates. 

When this set of PDFs is defined empirically, I cannot obtain an 

analytic solution, but must develop an empirical PDF which describes 

the sequence of rotations in a manner which is computationally 

feasible and statistically sound. 

Monte Carlo techniques provide the means to generate an empirical 

PDF. In a typical Monte Carlo application, uniformly distributed 

pseudorandom numbers are used as poi nters to "draw" samples from a 

known frequency distribution (Harbaugh and Bonham-Carter, 1970). I do 

a Monte Carlo selection of rotation poles from each of the individual 

PDFs in the sequence of rotations, and calculate the summation pole 

through matrix operations. By performing many replicates of this 

process, I can approximate an empirical PDF defining the combined 

rotation through "frequency of occurrence". 

My implementation of the Monte Carlo process is as follows. Each 

PDF is defined by a probability density grid containing a number of 

grid points. The sum of the probability grid pOints has been 

normalized to 1.0. A table of cumulative probabilities is generated 
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from the grid values so that each grid point (pole and rotation) has 

an upper and lower cumulative probability boundary. A random number 

between 0.0 and 1.0 is selected from a discrete uniform distribution 

(done via the random number generator of the computer). This random 

number is used as a pointer into the cumulative probability table for 

the PDF of a rotation and will lie within the bounds of a particular 

pole and rotation. This procedure is applied to each of the linked 

rotations, i.e., to each of the applicable PDFs, and the identified 

poles are used to calculate the combined rotation. In this manner a 

truly random combination of rotations is attained, with each choice 

accurately reflecting the associated empirical probability 

distributions. Figure 7 illustrates the salient points of this method 

for selection of rotations. 

A PDF for the combined rotation is defined by the relative 

frequency of occurrence for di screte pol e/rotat i on values obtained 

from the selection and summation process. The large set of 

calculated, combined rotations is fit into a grid in latitude

longitude-rotation space. The grid points are centered within cell s 

which sample equal volumes of probability space, in an identical 

manner to the representati on of PDFs for i ndi vi dua 1 rotati ons. The 

number of combined rotation outcomes within anyone cell provides a 

frequency measure for the applicable grid point. The set of 

cumulative grid point values is normalized to 1.0, and provides an 

empirical approximation to the PDF which summarizes the individual 

rotations. 



l : 

Figure 7. Illustration of Monte Carlo method used to determine an 
empirical PDF for a combined rotation. 

a) Rotation AB has three grid points with nonzero probability which 
are sorted in descending order and associated with cumulative 
probabilities. Monte Carlo selection of a rotation from this PDF 
involves using a random number from a uniform distribution shown 
schematically by arrows to the right as a pointer into the 
cumulative probability file. For example, there is a 50% chance 
that the first rotation will be selected. Probabilities are also 
shown for rotation BC. 

b) The probabilities for combined rotation AB plus Be are given by 
the product of the probabilities for the independent rotations AB 
and BC. A frequency of occurrence technique based on Monte Carlo 
selection of samples would reflect the probability distribution 
shown in this table. Note that the probability of simultaneously 
selecting the worst case entry from both rotations is very low. 
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The appropriateness of the PDF for combined rotations is a 

function of the number of samples' (combined rotations), and grid 

geometry used in its development. The question of how large to make 

the sample set cannot be easily answered. It is possible to increase 

the sample size in increments, and analyze the evolving nature of the 

PDF. When no di scerni b 1 e change occurs in the PDF with increased 

sample size, the sample is considered large enough. Note that it is 

not possible to define a 100% confidence level without sampling all 

the possible combinations of rotations, which is not feasible (i.e., 

if there are four sequential rotations, each defined by an empirical 

PDF with 300 grid points, there would be 3004 or 8.1 billion possible 

combinations). Thus, the outline of outer range and lower probability 

regions of the PDF may fluctuate with different sets of selections and 

may not be contiguous. Points located in the outer fringes of the PDF 

usually represent very unlikely events. Reducing the number of grid 

cells with non-zero probabilities (by increasing grid spacing), or 

increasing the number of replications helps sharpen the boundaries of 

the confidence levels. 

The Pacific-North America Reconstruction for Anomaly 6 

The finite rotation for the anomaly 6 (19.8 Ma) reconstruction 

between the Pacific and North American plates provides a comparison of 

an empirical PDF obtained by my method, and combined uncertainty 

regions calculated through other methods. Stock and Molnar (1983) and 
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Molnar and Stock (1985) identify this combined uncertainty region 

through application of their minimal uncertainty method, using 

uncertainties calculated by Hellinger's (1981) program. I have used 

Stock and Molnar's data (with minor modifications) to calculate the 

individual PDFs for the linked rotations and then created the PDF for 

the combined rotation. 

Calculation of Pacific-North American plate motions requires 

knowl edge of the spreadi ng hi story between the fo 11 owi ng 1 i nkage of 

plates: 

North America - Africa - Australia (India) - Antarctica - Pacific 

PDFs were calculated for the rotations of each of the plate pairs. 

For the Africa-Australia rotation I created a set of synthetic data 

due to the lack of anomaly 6 data points. Identified crossings of the 

ri dge and transform faul ts for thi s boundary were rotated away from 

their present position by one half the rotation described by Stock and 

Molnar (1983), based on the instantaneous pole of Tapscott and others 

(1980). This data set allowed calculation of an empirical PDF for 

this rotation. Data locations and uncertainties for the other plate 

pairs were obtained from J. Stock (1984, personal communication) and 

are the set used by Stock and Molnar (1983) with some modifications. 

Stock and Molnar were unable to fit all data point uncertainties for 

the India-Antarctica region by Hellinger's method and thus utilized a 

"best fit" pole. The lack of a fit is probably due to the fact that 

what are considered long, linear ridge segments, are actually sets of 
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short segments separated by fracture zones of small offset (Stock, 

personal communication). A PDF for this region was finally obtained 

by subdividing the two longest ridge segments and increasing the 

uncertainty regions for all of the data points from 15 to 25 km. The 

data set used in the calculations of PDFs for the individual, anomaly 

6 rotations is given in Appendix C. 

Table 1 summarizes the best-fit poles determined for the individ

ual and combined rotations and compares them with those obtained by 

Stock and Molnar (1983). Detailed statistics and illustrations of the 

PDFs are provided in Appendix C. Differences in the Antarctic-

Austra 1 i a results were di scussed in the precedi ng paragraph and are 

virtually indistinguishable when compared to results of a reanalysis 

of the data by J. Stock (personal communication). The Pacific

Antarctica results are also slightly different from those of Stock and 

Molnar (1983). This is probably due to the usage of 2 or 3 different 

points in several segments of this reconstruction. 

The PDF for the combined rotation is illustrated in Figure 8. This 

PDF is based on 50,000 samples, and was generated in 6.13 minutes of 

CPU time. A large number of samples was required due to the large 

number of grid points in the PDFs for the individual rotations. 

Usually, 5,000 to 10,000 samples adequately define the probability 

density distribution. The most probable anomaly 6 rotation for the 

Pacific plate relative to a fixed North American plate, is 12.4 

degrees about a pole at 47.9 degrees north and 65.4 degrees west. As 



Table 1. Best-fit (most probable) rotations used to calculate the 
anomaly 6, Pacific-North America reconstruction. 

Rotations of Stock and Molnar (1983) are provided for comparison. 



Table 1. Best-fit (most probable rotation) of PDFs used to calculate the anomaly 6, Pacific - North America reconstruction 
(rotations of Stock and Molnar (1983) are provided for comparison). 

Pacific - Antarctica - Australia (India) - Africa -
Plate Boundary Antarctica Australia (India) Africa North America 

This Paper 

Latitude (±)1 71.60 N (.05) 10.50 N (.40) 15.50 N (.40) 81.03 N ( .5) 

Longitude (±)2 71.68 W (.16) 30.80 E (.41) 48.60 E (.41) 35.03 E (3.2) 

Rotation (±) 15.50 (.05) 11.86 (.04) -10.6 (.10) -5.32 (.05) 

probability3 .08 .27 .15 .33 

Stock and Molnar (1983) 

Latitude 71.25 N 8.95 N (10.89 N)4 15.50 N 81.03 N 

Longitude 73.19 i': 32.07 E (30.83 E) 48.60 E 35.03 E -. 
Rotation 15.41 11.90 (11.88) -10.60 -5.32 

probability3 .002 - ;014 (.27) .15 .33 

Differences 

J. 

2 

3 

4 

Geographic position 
(in degrees of arc) .59 1.99 (.39) 0.0 0.0 

Rotation .09 .04 (.02) 0.0 0.0 

(±) values are grid spacings of PDF, not half spacings, due to possible coupling of latitude/longitude and 
rotation to best-fit probabilities. 

(±) value is mUltiplies by SECANT (Latitude) to reflect range in local longitude values. 

Probabilty of the grid value of the PDF that contains (or would contain) this rotation, expressed as 
probability per 1\ of volume. 

Values in parentheses were obtained using Hellinger's (1981) program after repicking the locations of the 
data used in Stock and Molnar's (1983) paper (J. Stock, personal communication). 

Pacific -
North America 

47.88 N (.60) 

65.41 W (.89) 

12.4 (.2) 

.11 

47.08 N 

65.17 W 

11.76 

.06 

.81 

.64 

U1 ..... 



Figure 8. The PDF for the anomaly 6 combined rotation reconstruction 
of the Pacific and North American plates. 

a) The 99% confidence limits as defined by grid cells, shown as 
shaded circles. My best fit pole is shown by a small plus sign. 
The best fit pole of Molnar and Stock [1985] is shown as the 
larger "x". The X axis is aligned with an equatorial great 
circle about a pole at 41.80o N, 123.06°E. 

b) Cross section of the PDF in the XZ plane. Shading represents 
relative probabilities expressed as a probability per 1% of 
volume. The 95% and 99% confidence levels are indicated. The 1-
degree grid is centered at 47.81°N, 66.30 oW, and a rotation of 
12.0 degrees. 

c) Cross section of the PDF in the VZ plane. 

d) Cross section of the PDF in the XV plane. 
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a result of the grid increment used in the calculations, the 

parameters of this rotation are accurate to within 0.6, 0.6, and 0.2 

degrees along the X, Y, and Z (rotation) axes of the grid, 

respectively. Differences between this pole and the best-fit pole of 

Stock and Molnar (1983) are mostly due to the differences in the 

Antarctica-Australia best-fit/most-probable pole values. The 95% 

confidence ellipsoid trends in a east-west direction, dipping 15 

degrees to the west (reflecting the rotation coupling with position), 

and has axes lengths of 11, 5.5, and 4.75 degrees. 

Probability Density Functions for Rotated Locations 

The positi ona 1 uncertai nti es for reconstructed 1 ocati ons can be 

determined from the PDF for the rotation used in the plate 

reconstruction. I rotate a location by each of the non-zero grid 

points of the PDF describing the rotation and obtain a set of rotated 

points and probability values. This set of values is then fit to a 2-

dimensional grid in latitude-longitude space. The sum of the 

probabilities for this grid will equal 1.0. The cumulative 

probabilities and resultant confidence levels are determined in a 

manner analogous to that used for the PDFs of rotation. 

There are several items to note in the generation of PDFs for 

rotated geographic locations. First, with a PDF for a single 

rotation, it is possible to outline the 100% confidence region; with a 

PDF for a combination of rotations it is not. Second, due to the 

direct non-linear mapping from one equally-spaced grid to another, 
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minor differences in adjacent grid points can be fortuitous. Thus the 

overa 11 shape and density structure of the resul t~nt gri d shoul d be 

considered, and minor irregularities should be ignored. Third, as 

Molnar and Stock (1985) have noted, the geographical locations within 

a single plate are rigidly fixed to one another. Thus the position of 

points defined by a set of location PDFs for a single plate are not 

independent. Lastly, the shape and size of a location PDF are very 

much a function of its geographical orientation to the ellipsoid 

representing the PDF of the rotation. 

Example of Probability Density Functions for Rotated Locations 

The PDF for the anomaly 13 reconstruction between the Pacific and 

Antarctic plates provides a graphic illustration of the oriented 

coup-ling between shape (elongation) and rotation of the PDF (tilt), 

and uncertainties for the rotated data points (see Figure 6 for the 

geometry of the rotational PDF). A point was chosen from 

ridge/magnetic anomaly segment 2, on the Pacific plate, and an 

elliptical PDF for the rotated location was generated as shown in 

Figure 9a. The outside limits of this ellipse represent the 100% 

confidence interval or maximum uncertainty. The short axis on the 

ellipse for the location PDF is approximately 0.6 degrees, slightly 

less than twice the diameter of the uncertainty regions for the data 

points along this ridge segment. As this data point was used to 

generate the rotation PDF, these results are to be expected. A 



Figure 9. PDFs for rotated positions of four data points for the 
anomaly 13 rotation between the Pacific and Antarctic 
plates. 

Point in a) was from the original data set used to form the 
rotational PDF for the anomaly 13 reconstruction. The other 
three points are taken at 90° intervals from this point about the 
pole of rotation. The markedly different shapes of the 
positional PDFs illustrate the dependence between positional 
uncertainties and the orientation of a non-symmetric rotation 
PDF. 

a) The PDF for a point on the Pacific plate or'iginally at 51.67°S, 
I50.00 0 W. As discussed in the text, the uncertainty limits 
reflect the original data uncertainties. Shading represents 
relative probabilities expressed as a probability per 1% of area. 
The 95, 99, and 100% confidence levels are contoured. The grid 
is located at 1.0 degree (111 km) intervals. 

b) The PDF for the rotated position of the point originally at 
64.33°S, 33.39°W. 

c) The PDF for the rotated position of the point originally at 
43.96°S, 63.78°E. 

d) The PDF for the rotated position of the point originally at 
35.26°S, 135.33°E. 
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distance sl ightly less than twice the diameter of the uncertainty 

region, represents the beginning of overlap of the uncertainty regions 

and the beginning of definition of the region for which a permissive 

fit is possible. The longer axis of the ellipse for the location PDF 

represents the relaxed great circle constraints for the fit of 

fracture zones. 

Several synthetic data locations were generated in order to sample 

the shape of resultant location PDFs for the very non-symmetrical and 

'steeply inclined PDF on the anomaly 13 rotation. Location PDFs for 

three additional points were generated. Each point was initially at a 

similar latitude to the best fit pole of the rotational PDF as was the 

Pacific plate point, but separated by 90 degree intervals about this 

po 1 e. As can be seen in Fi gures 9b-d, the shape and si ze of the 

resultant location PDFs change drastically. 

The PDF for the anomaly 6 reconstruction between the Pacific and 

North American plates is more symmetrical than the previously 

described PDF. As this PDF represents a combination of rotations, 

exact definition of the maximum uncertainty limits was not possible. 

Fi gure 10 shows the shapes of some 1 ocati on PDFs as well as the 

outline of the PDF for the combined rotation. Locations A, B, and C 

correspond to those of Molnar and Stock (1985, Figure 2). A 

comparison of the uncertainties is given in Table 2. The 95% 

confidence level for the position of rotated points as defined by the 

empi ri ca 1 rotati on PDFs, is 1 ess than that defi ned by the method of 

Molnar and Stock (1985), and significantly less than worst-case 

scenarios such as described by Stock and Molnar (1983). 



Figure 10. PDFs for rotated positions of data points for the anomaly 6 
reconstruction of the Pacific and North American plates. 

The 99% confidence level of the PDF for the combination of 
rotations encloses the best fit pole. Letters A through E 
correspond to Table 2. Points A-C are the same as those 
considered by Molnar and Stock [1985] and Jurdy and Stefanick 
[1987]. Filled circles represent present position. Open circles 
represent the most probable position of the point assuming it was 
on the Pacific plate at the time of anomaly 6. Although this is 
not the case for points D and E, they are included to show the 
positional dependence of the shape of the PDF for rotated 
locations. Stereographic projection is centered on the best fit 
pole for the anomaly 6 Pacific-North America combined rotation. 
The North geographic pole is indicated with an N. 

a) PDF for rotated point A. The white cross near the center of the 
PDF indicates the rotated position of A. Shading represents 
relative probabilities expressed as a probability per 1% of area. 
The 95 and 99% confidence levels are contoured. The grid is 
located at 1.0 degree (111 km) intervals. See Table 2 for more 
information. 

b) PDF for rotated point B. 

c) PDF for rotated point C. 

d) PDF for rotated point D. 

e) PDF for rotated point E. 
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Table 2. Uncertainties in the reconstructed position for selected 
points within the anomaly 6, Pacific-North America 
reconstruction. 

Data points represent positions on the Pacific plate that are 
rotated back to their position at the time of anomaly 6 (approx. 
20 rna). Uncertainties determined by Stock and Molnar (1983) are 
provided for comparison. 



TABLE 2. Comparison of uncertainty regions for selected points for the Anomaly 6 (19.8 Ma) Pacific-North American plate 
reconstruction. 

nis Paper 

Point Point 
Present Reconstructed 95% 
Position Position Confidence 
("N, "E) ("N, "E) Region 

A (51.90, -147.30) (43.77, -139.96) 95/72/179 

B (38.60, -127.65) (31.46, -121.43) 83/55/145 

C (26.95, -118.40) (20.62, -lll.56) 83/50/144 

D (19.50, -99.15) (15.31, -92.19) 78/68/16~ 

E (9.93, -84.08) (7.82, -76.12) 102/75/38 

95% confidence region is described as albIc, where a 
(N"E) of an ellipse. 

Molnar and Stock [1985] Jurdy and Stefanich [1987]1 

Point 
Reconstructed 95% 95% 

P08ition Confidence Confidence 
("N, "E) Region Region 

(44.05, -140.42) 166/85/43 184/100/44 

(31. 69, -121.88) 88/83/126 103/76/51 

(20.81, -ll2.05) 89/64/160 105/73/21 

semi-major axis (Iem), b = semi-minor axis (Iem) and c = trend 

Ine 95% confidence region for Jurdy and Stefanich [1987] is inferred from their Table 5 for the combined rotation at 
the one standard deviation level and the factor of 2.448 from Equation (2) of Molnar and Stock [1985]. 

en 
~ 

,--
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Discussion 

To quantify errors in plate reconstructions one needs an accurate 

model of plate geometry, proper uncertainty functions for the data 

observations, and an appropriate technique which assigns relative 

probabilities for permissible fits between adjacent plates. I have 

assumed that these three conditions can be met and have demonstrated 

that uncertainties for single and combined rotations, or for rotated 

points within a reconstruction can be empirically defined by gridded 

probability density functions. Gridded functions for adjacent plate 

pairs are generated through analysis of overlap of the uncertainty 

regions/density functions of the original data observations. Gridded 

density functions describing a summation of rotations are modeled by a 

frequency of occurrence approach, wi th events bei ng generated by a 

Monte Carlo sampling of the PDFs of the sequence of rotations. 

Gridded functions which describe the location uncertainty of a rotated 

data point are determined through a 3-dimension to 2-dimensional 

mapping of the rotation probabilities in latitude-longitude-rotation 

space to thei r rotated positi ona 1 probabil ity in 1 atitude-l ongitude 

space. I can determine confidence levels directly from the gridded 

probability density functions. I have demonstrated with several 

examples that empirical uncertainties can be significantly smai ier 

than uncertainties calculated previously by less robust, parametric 

statistical methods. 



CHAPTER 3 

CRETACEOUS AND CENOZOIC PLATE INTERACTIONS ALONG THE WESTERN MARGIN 
OF THE AMERICAS 

Overview and Past Work 

66 

There have been several recent studi es whi ch have attempted to 

quantify plate interactions along the western margin of the Americas. 

Stock and Molnar (1988) provide a quantification of rotations and 

uncertainties for western North America at selected times in the 

Tertiary, based on relative rotation data from Klitgord and Schouten 

(1986), Molnar and others (1988), Stock and Molnar (1982, 1987) and 

Rosa and Molnar (1988). Pardo-Casas and Molnar (1987) provi de a 

similar analysis for South America. Earlier studies by Engebretson 

(1982) and Engebretson and others (1~85) quantify plate interactions 

back into Cretaceous times, using a hot spot reference frame. There 

have also been recent efforts to determine and model global plate 

interactions through interactive computer graphics techniques (i .e., 

Scotese and others, 1988). 

Significant differences have been noted between studies that 

incorporate the concept of fixed hot spots, and those based only on 

relative rotations determined from magnetic anomalies (i.e., 

Engebretson and others, 1985, versus stock and Molnar, 1988). The 

utility of these two alternative approaches has been predicated by the 

availability of data and the completeness of the models. The relative 

motion approach provides well-constrained rotations through analysis 
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of paired magnetic anomalies as shown in Chapter 2. Difficulties with 

this approach· include the complete absence of data during the 

Cretaceous normal superchron (CNS) from 84 to 118 Ma (using Decade of 

North Ameri can Geology or DNAG time scales of Berggren and others, 

1985: and Kent and Gradstein, 1985), and the possibil ity of 

unrecognized boundaries (or distributed strain) in the plate circuit 

in Antarctica, Africa, and/or the South Pacific. The hotspot approach 

is attractive for it can significantly reduce the number of links in 

the plate circuit, avoiding the problem of missing plate boundaries. 

Data also exist for the time of the CNS. Problems with the fixed 

hotspot approach include: limited data (only the Hawaiian and 

Louisville hotspots are well-constrained in both space and time), and 

evidence that there may be relative motion between the hotspots 

(Molnar and Stock, 1987). 

Paleomagnetics have also been used to constrain or support plate 

rotation scenarios (Le., Phillips and Forsyth, 1972). The 

uncertainties for individual paleomagnetic determinations limit their 

usefulness unless they are combined with other data types. A further 

impediment to their usage is the possibility of true polar wander or 

motion between the paleomagnetic pole position and the spin axis over 

geologic time (Gordon and Livermore, 1987; Andrews, 1985). Uncoupled 

motions between the paleomagnetic and hotspot reference frames would 

prevent joint utilization of these two types of data. 

Data and model uncertainties are a primary concern in any 

analysis of plate motions. Opposing models for such issues as the 
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relative fixity of hotspots, and true polar wander are often based on 

key data of unknown quality, data which may already incorporate 

certain model assumptions in their conversion from observation to 

"data." Paleomagnetic analysis provides a case in point. There are 

numerous measurements per site, numerous sites per paleomagnetic pole 

determination, numerous paleomagnetic poles to define the apparent 

polar wander paths (APWPs), which in turn are used to quantify 

relative and absolute plate rotations. Each step in thi s 

paleomagnetic paradigm incorporates certain assumptions, making it 

difficult to draw clear semantic boundaries between observations, data 

and models and making it difficult to quantify errors and propagation 

of errors within analyses based on these data. 

Figure 11 shows the location of paleomagnetic poles for Eurasia 

with their 95% confidence limits, for the past 20 million years. 

During this time, the Eurasian plate has probably experienced absolute 

movement Of about 300 kilometers with maximum displacement of pole 

determi nati ons on the order of 3· -de·~rees. If the 95% confi dence 

limits are realistic, then 95% of the confidence circles should pass 
,: t 

within 150 kilometers of a common' point reflecting the average pole 

position for this time interval. Clearly this is not the case. The 

errors in paleomagnetic pole determinations are most probably due to 

paleomagnetic data sets which have not adequately averaged the 

geomagnetic secular variation (Butler, personal communication). 

Application of hotspot age' determinations provides another 

example of error propogation due to a combination of data and model 



Figure 11. Lack of confidence at the 95% level. 

The 95% confidence regions for paleomagnetic poles from the 
Eurasian plate are shown as circles. Ninety-five percent of 
these circles should pass within 150 kilometers (three-fourths of 
the diameter of the 1 degree circle at the center of the grid) of 
the average pole position. See text for additional details. 
Paleomagnetic data is from Table G-2 (microfiche). 
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Figure 11 
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uncertainties. Reported radiometric dates often indicate only minimum 

ages and contain analytical uncertainties. Volcanism at dated sites 

may extend over intervals of 3 to 5 million years, so that one may 

sample an early event at one site and a late event at another. Both 

of these sources of uncerta i nt i es in the t i mi ng of events 1 ead to 

erroneous determination of rates of absolute motion when a simple 

hotspot model is appled to scant 'observations. 

With this litany of difficulties one may think that determination 

of global plate rotations is a hopeless task. There are, however, 

compensating factors. There is a tremendous amount of data available. 

There are numerous observations of current tectonic processes which 

can constrain models of past plate kinematics. There are new 

statistical procedures and numerical methods to assist in integrating 

diverse data sets. And, the giant technological advances in computing 

allow rapid evaluation of alternate models using large data sets. 

I intend to determine the kinematic history of plates along the 

western margin of the Americas by evaluating alternative models which 

integrate the large amounts of available data. Much of my effort is 

directed toward processing and organizing data into a form that 

facilitates their usage in an integrated analysis. I describe 

analytical tools which convert data into tectonic constraints in the 

next section. I follow this with a detailed analysis of the Pacific 

Ocean basin. Rotations of oceanic plates within the Pacific basin are 

then coupled to the global plate system through analysis of hotspot 

and paleomagnetic data and reference frames, and a detailed study of 
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the Antarctic region. Lastly, I present a series of reconstructions 

for the margins. of the Americas, from the late Cretaceous through the 

Tertiary, documenting plate kinematics, the travel of oceanic 

pla'teaus, the positions of hotspots, and transpression vectors. 

Data, Models, Techniques, and Uncertainties in the 
Quantification of Rotations 

There are a variety of data types and analytical techniques that 

can be used to define relative and absolute plate rotations. The 

best-constrained rotations are those obtained through superposition of 

former, shared plate boundaries. Methods and uncertainties for 

superposition techniques are described in Chapter 2. Fortunately, 

most of the larger continental fragments existed as the single 

landmass, Pangea, in the early Mesozoic. A record of the breakup of 

Pangea into Laurasia and Gondwana, and the dispersion of the fragments 

of Gondwana, is preserved in the Atlantic and Indian Oceans as sets of 

pai red magneti c anoma li es. These data allow the rotati ons of the 

major continental plates to be accurately determined through 

superposition for most of the Cenozoic and for much of the Cretaceous. 

Data are lacking mainly for the Cretaceous normal superchron. 

I have shown in Chapter 2 that the uncerta inti es for combi ned 

rotations are not significantly larger than for individual 

contributing rotations. However, the resolution of models of global 

plate motions is dependent on the weakest link in the plate circuit, 
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and on the correctness of the model. To determine all components of 

the model, and to quantify all rotations required to complete the 

linkage of Pacific basin plates to the western margin of the Americas, 

I must rely on one-sided marine magnetic data, paleomagnetic and 

hotspot data, and bathymetric and sea-floor fabric data. I present a 

set of tools common to the analysis of all of these data types, but 

their application varies depending on the circumstances. 

Uncertainties related to the usage of these tools are difficult to 

quantify. Usually I am forced to make predictions based on an assumed 

mode 1 when worki ng with sparse or i ncomp 1 ete data. Genera 11 y, the 

effects of choosing an incorrect model when processing the data are 

far more damaging than errors due to uncertainties in the data. 

Although I cannot describe uncertainties in the data/model through 

parametric means, I can present the misfit of alternative models to 

provide a relative goodness-of-fit. My global plate circuit therefore 

consists of many well-constrained plate-pair rotations, and one or two 

weak links. Quantification of the combined uncertainties is difficult 

to achieve. 

Data " 

Usage of the term "data" has been the subject of some controversy 

in the geologic community. In a narrow sense, data can be considered 

as observations only. I use the term "data" to indicate forms of 

information that are used as dependent variables in my analysis; i.e., 

geological or geophysical evidence that is generated as the result of, 

or complementary to, a rotation. A datum may result from the 
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processing and analysis of many observations. For example, a 

paleomagnetic pole determination requires multiple observations from 

multiple sites. Or a magnetic lineation on a map may be interpolated 

from many observations along parall~l ships' tracks, and the position 

of each observation may be based on comp 1 i cated process i ng of raw 

magnetic information followed by a somewhat subjective process of 

modeling with magnetic anomaly selection. 

For my quantification of rotations, I use four different types of 

spatial data: 

• magnetic lineations, 

• hotspot tracks, 

• paleomagnetic poles, and 

• fracture zones and other spreading fabric data. 

The first three types of data can provide poles and rotation amounts, 

while the fourth type only defines the position of the rotation pole. 

Other types of data are used to limit permissive models. Some of 

these data include: 

• morphology of continental margins, 

• bathymetry, 

• minimum basement ages from faunal or isotopic age 

determinations, 

• anomalous morphology of oceanic crust, 
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• geology of continental margins, and 

• known global plate geometry. 

Due to the large size of the data sets that contributed to my 

analysis, I provide most of the data in Appendices F and G. Results 

of much of the analyses are most-easily displayed in color and are 

presented in greater detail on color microfiche. 

Models 

Analytical techniques are based on functional models for 

generation of the data. These models are based on current 

observati ons of tectoni c processes and data avail abil ity. There are 

implicit and explicit assumptions in the models; predicated by the 

availability and quality of data, and the ability to correctly 

quantify complex tectonic processes. 

When complete marine magnetic and fracture zone records are 

available, one can apply a model of superposition of anomalies from 

opposite sides of the active spreading center, and obtain accurate 

rotation parameters. One can also identify ridge jumps and asymmetric 

spreading by using half of the determined rotation to superpose 

anomalies on the active ridge. This model requires virtually no 

assumptions, other than accuracy of the data. In the case of the 

Pacific Ocean, only half of the marine record is present due to 

subduction of oceanic plates beneath the western margin of the 

Americas. One is thus forced to make various assumptions in models of 

plate rotations in order to invert the available data and obtain 

rotation parameters. 
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I make the common assumption that fracture zones align with small 

circles about poles of finite rotation for periods lasting ten's of 

millions of years. I realize that all poles of finite rotation in a 

three plate system cannot remain fixed as was shown by McKenzie and 

Morgan (1969). However, it can be shown (in Appendix E) that if two 

spreading plates have constant absolute motions, and if transforms are 

passive features (will not influence spreading directions, and will 

adjust their morphology to reflect the instantaneous rotation), then 

fracture zones will closely approximate small circles to the pole of 

finite rotation. This does not hold true if the absolute motion of 

one of the plates changes. I thus use slightly circuitous logic by 

assuming that the model holds true when I can closely fit fracture 

zones with small circles to some pole. 

When fracture zone data do not align with small circles I must 

adopt another strategy. For this case I use a model in which 

spreading is perpendicular to the active ridge. Atwater and MacDonald 

(1977) show that this hypothesis is valid for ridges with spreading 

rates greater than 7.5 - 10 centimeters per year but that obl ique 

spreading is common for slow-spreading ridges with rates of less than 

6 centimeters per year. When the model is valid, magnetic lineations 

will align with great circle arcs to the pole of spreading. Poles to 

arcs defined by magnetic lineations will lie along the equator of the 

pole of spreading. 

For hotspot tracks I assume a model in which the hotspot is a 

fixed point source in the mantle, the plume of material/heat travels 
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radially outward without any deviation, and the resultant volcanic 

material has its center-of-mass directly above the hotspot. A hotspot 

track on a plate provides a record of the motions of that plate 

relative to the hotspot. If the plate travels with constant 

motion/rotation relative to the hotspot, the track will align with a 

small circle to the pole of absolute (mantle reference frame) rotation 

(Cox and Hart, 1986). 

I am selective in my processing of paleomagnetic determinations, 

rejecting data that do not meet minimum standards described in May and 

Butler (1986). I also do not place undue faith in quoted 95% 

confidence limits and usually consider all data to have equal 

importance. Implicitly I accept the axial geocentric dipole 

hypothesis. In a manner analogous to hotspots, the time-space 

distribution of paleomagnetic determinations (the apparent polar 

wander path or APWP) can align with small circles to the pole of 

absolute rotation (Gordon and others, 1984). In this case th~ 

absolute reference frame is that of a fixed spin axis. 

Techniques 

My technique for the determination of a rotation pole which best

fits small circle trends of tectonic data follows the approach of 

Gordon and others (1984). I do not provide confidence ell ipses 

however, but map the misfit of alternative poles for a 1/2 by 1/2 

degree grid covering an entire hemisphere. In the example provided in 

Figure 12, it is obvious that regions of equal misfit, and the shapes 

of confidence regions, are not necessarily elliptical. 
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Figure 12. The misfit for alternative locations of the stage-rotation 
pole which defines the trend of the Hawaiian-Emperor and 
Louisville chains during the interval 43 to 27 Ma. 

The best-fit location is identified by the triangle at 58°S., 
122°E. Contours identify the positions of alternative poles 
having the same amount of misfit to the trends of the chains. 
The misfit for any pole is equal to the sum of the angular misfit 
of individual islands or seamounts to the best-fit small 
circle(s) for that particular pole. 
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Figure 12 
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I apply this technique to calculate Euler poles of rotation from 

pa 1 eomagneti c trends, hotspot tracks, and seafloor fabri c data. I 

follow the nomenclature of Gordon and others (1984), labeling 

rotations determined by this technique as paleomagnetic Euler poles 

(PEPs), hotspot Euler poles (HEPs), or Euler poles (EPs), 

respectively, depending on the data type. The input data types can be 

either discrete (i.e., paleomagnetic determinations) or continuous 

(i.e., fracture zone trends). I use equally-spaced measurements from 

continuous data types in order to avoid biasing the importance of a 

particular segment of the data trend. In the case of widely-scattered 

data, I must sometimes use filtering or averaging techniques such as a 

movi ng-average wi ndow. These techni ques may smooth out val i d trends 

in the data, caus i ng the EP determi nat i on to mi grate away from the 

long axis of the data set. Errors of this type can be minimized by 

reducing the size of the window. I also can adjust the relative 

importance of an individual datum to reflect its uncertainty. 

While it is possible to jointly best-fit the pole and amount of 

rotation, such as is done by Engebretson and others (1984), I decouple 

these determinations for several reasons. Joint calculations require 

the 1 ocati on of the i ntersecti on of magneti c· anoma 1 i es and fracture 

zones, which can be difficult to determine. And minor ridge jumps and 

asymmetric spreading will indicate changes in calculated pole 

positions, when in fact the relative pole position may have remained 

constant. I determine amounts of rotations between adjacent anomalies 

through a method which provides a minimal misfit to both individual 
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rotations between anomalies, and to sums of rotations between non

adj acent anoma 1 i es. Thi s approach reduces the effect of 1 oca 1 ri dge 

instabilities on the calculation of individual rotations. I draw a 

series of synthetic tracks across the trends of anomalies, avoiding 

obvious "disturbed" zones. I identify the positions of all anomaly 

cross i ngs along the track. For the best-fit pole i dent ifi ed through 

fracture zone trends, I minimize the function F, where 

n m 
F = E E 

k=l j=l 

I2 2 
[ Y j - E Ai Xij ] , 

i =I1 
(4) 

Y = the measured distance for a time interval defined by any two 
anomaly crossings along a track, 

X = 1 (note that this term is superfluous, and is· used only to 
maintain the "standard" form of the regression equations), 

A = the model distance for a time interval, 
n = the number of tracks, 
m = the number of possible time intervals along the track defined 

by all combinations of any two anomaly crossings, 
Il= the youngest time interval within the span of Yj, 
I2= the oldest time interval within the span of Yj. 

For example, if a track crosses anoma 1 i es M7, MS, M3, and Ml, three 

time intervals and rotations are represented: M7-MS (AI), M5-M3 (A2l, 

and M3-Ml (A3). We have the following functional relationships: 

Yl (M7-Ml) = Al + A2 + A3 + el, 

Y2 (M7-M3) = Al + A2 + e2, 

Y3 (M7-MS) = Al + e3, 

Y4 (MS-Ml) = A2 + A3 + e4, 

YS (MS-M3) = A2 + e5, and 
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Y6 (M3-Ml) = A3 + e6 

where ei is the misfit between observations and models. 

My technique finds the set of values for Ai which minimize the total 

mi sfit. 

Uncertainties 

I have already described difficulties in the determination of 

realistic uncertainties in my tectonic models. These difficulties 

arise from incomplete quantification of tectonic models, as well as 

lack of adequate identification of total uncertainties in processes 

which integrate observations with data models to obtain "data." As a 

consequence, my method of handling uncertainties is to present 

relative fit statistics for alternative models of a particular data 

type. When I am mixing data types in an integrated analysis I must 

also be concerned with absolute uncertainties of a data type, and/or 

the relative uncertainties between data types. 

Paired magnetic lineations best constrain poles to seafloor 

spreading. The diameter (or long axis) of 95% uncertainty regions for 

reconstructed positions of data are typically on the order of several 

hundred kilometers as shown in Chapter 2. Paired lineations provide a 

means to document and quantify ridge jumps, asymmetric spreading, and 

other irregularities to the "normal" seafloor spreading model of 

symmetric spreading perpendicular to the ridge axis. Coupled single

sided lineation and fracture zone data can also provide reasonably 
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well-constrained rotation poles for intervals of normal seafloor 

spreading. Periods of irregular spreading can be identified by 

analysis of the data fit to models of migrating ridge positions. 

However, even with an excellent fit to that half of the spreading 

pattern which is preserved, one cannot rule out the possibility of 

irregular spreading. My method of analysis attempts to reduce errors 

in spreading rate determinations due to non-symmetric addition of 

materi alto the separati ng plates. One can use the observed mi sfi ts 

from symmetric model to get a qualitative feeling for error bounds. 

However, unless one fortuitously adopts a model which correctly 

identifies all irregularities in the history of the evolving ridge, 

there will be model uncertainties which cannot easily be quantified. 

As a rule-of-thumb, I feel that typical uncertainties based on the 

one-sided analysis of marine magnetic and fracture zone data, are 

about twi ce as 1 a rge as those from two-s i ded data. When one-s i ded 

lineation data alone is used, uncertainties are much larger. 

Hotspot tracks on oceanic crust c~ri also provide well-constrained 

rotations between the hotspot locus and the overriding plate. As is 

the case with fracture zone trends;' parallel tracks/trends, especially 

over a significant range of latitudes, can greatly increase the 

precision with which a pole can be located. Hotspot tracks formed on 

slow moving plates are not as clearly defined as those on faster 

moving plates; i.e., tracks on the slow moving plates of the Atlantic 

Ocean are much more poorly defined than the Hawaiian-Emperor and 

Louisville chains of the faster-moving Pacific plate. The timing of 
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the motions about the pole of rotation is more difficult to determine 

due to the difficulty of obtaining and evaluating ages at sites along 

the tracks. The observed span of time from initial tholeiitic shield 

building, though later-stage alkalfc activity, to post-erosional lavas 

is about five million years on Oahu and Niihau (Dalrymple and others, 

1980) • A 5 mill i on year age uncertai nty due to 1 ack of knowl edge 

concerning the eruptive phase will translate into about a 500 

kilometer geographical uncertainty along the Hawaiian-Emperor track. 

Uncertainties in the age-dating techniques add to the spatial 

uncertainty as well. Hotspot tracks in continental crust are not 

well-enough defined to assist in accurate quantification of rotations. 

Paleomagnetic determinations are the most difficult to use for 

constraining plate rotations. The spatial and temporal uncertainties 

in paleomagnetic determinations make it very risky to base tectonic 

models on single paleomagnetic poles. Furthermore, much of the 

available data are of questionable quality. Application of various 

acceptance criteria can drastically change trends in the data, and 

too-strict an acceptance criteria may reduce the number of data below 

that which is required to accurately define the apparent polar wander 

path (AP\4P). Paleomagnetic determinations from oceanic areas (i .e., 

seamount poles, inc'linations from drill holes) appear less precise 

than those from land areas, and it is difficult to assign 

uncertainties to mean or windowed paleomagnetic values from such data. 

For my Euler pole analysis of paleomagnetic determinations, I do not 

use published 95-percent confidence limits to constrain or weight 
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models as I feel they do not accurately reflect true uncertainties (as 

shown in Figure 11). Nonetheless, I do qualitatively utilize these 

regions when I visually evaluate the results of my analysis. The 

degree of resolution for the rotation pole position is dependent on 

the length of the APW segment that I am analyzing. Longer segments 

provide better constraints. Uncertainties in rotation pole 

determinations can exceed ten degrees of arc distance. 

Calculating relative motions of the plates through tie-ins to 

either a hotspot or paleomagnetic reference frame adds an additional 

model uncertainty to all other uncertainties in the data model. 

Relative motions between the paleomagnetic, hotspot, and spin axis 

reference frames have been suggested by many researchers (Andrews, 

1985; Gordon and Livermore, 1987). There is also evidence for 

relative motions within the hotspot reference frame (Molnar and Stock, 

1987). The fixity of any of these "absolute" reference frames remains 

in doubt and must be treated with skepticism. 

Paleomagnetic and hotspot data have ages assigned through 

biostratigraphic and isotopic dating. Marine magnetic data have ages 

based on a scaling between tie-in points for the magnetic polarity 

time scale. While there are numerous calibration points for the 

Cenozoic anomalies, age assignments for M-series lineations are based 

on an assumed constant spreading rate for the Hawaiian lineations 

during the interval defined by anomalies M25 and MO. The ages 

assigned to anomalies M25 and MO by Kent and Gradstein (1985) are 6 to 

16 m.y. older than those of earlier researchers. There could be two 
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sources of errors in thi s age model: vari abl e rates of spreadi ng 

during formation of the Hawaiian lineations, and inaccurate age 

assignments at the tie-in points. These age uncertainties will 

contribute to spatial uncertainties when paleomagnetic or hotspot data 

are mixed with magnetic lineation data. 

The position of the generated data relative to the Euler pole 

greatly affects the abil ity to constrain the pole position. If data 

1 i e close to the Euler pole then there are two maj or i mped i ments to 

accurate pole determinations. Because the rotation arc decreases to 

zero at the Euler pole, the length of the data segment is minimal, and 

the ratio of spatial uncertainty relative to the length of the trend 

is exaggerated. In addition, the increased curvature of trends close 

to the pole is obscured by the spatial uncertainties. Averaging 

techniques imbedded in the data processing can greatly distort the 

resultant pole position. Euler pole analysis of paleomagnetic data 

cannot discern rotations about the spin axis, while similar analysis 

of hotspot data cannot identify a rotation centered on the hotspot. 

To summarize, while it is possible to quantitatively determine 

uncertainties for more-recent global reconstructions in which the 

total model is understood, one can only qualitatively evaluate 

relative uncertainties for older global reconstructions. 
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Evolution of the Pacific Basin 

I begin my analysis of the Pacific basin by developing data which 

will help constrain both relative and absolute motions. Some of the 

development presented in this section was undertaken to provide links 

to the global plate system, a topic covered in more detail in the next 

section. However, such data are also useful in providing an 

integrated and consistent model of plate interactions in the Pacific 

basin. Additional details and color-graphical displays of this 

analysis of the Pacific basin are available in Appendix F. 

Absolute Motions 

Paleomagnetic determinations and hotspot tracks provide the basis 

for a study of motions of the Pacific plate within absolute reference 

frame(s). Basement depths are needed to de"lineate the morphology of 

hotspot tracks, and for later analysis of spreading fabric. 

Basement depths are obtained through combining data from several 

sources. Bathymetric values are available from the ETOP05 data base, 

distributed by the National Geophysical Data Center. Values are 

provided on a 5-minute grid. Temperature, salinity and pressure 

corrections are made to the bathymetric data using the relationship by 

Schroeder (1984) in which 

-4 -6 2 
~ D = 5.45 + 8.6 x 10 0 + 5.5 x 10 0 (5) 
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where D is depth in meters. Sediment thickness values are obtained 

from the map of Ludwig and Houtz (1979). Isopach data are converted 

to the same 5-minute grid as the bathymetric data. Using constants 

provided by Ludwig and Houtz, the gridded isopach data are inverted to 

travel-time data through the relationship 

2 1/2 
T = { - Vo + (Vo + 2 K H ) } / K (6) 

where T is the one-way vertical travel time within the layer of 

sediment (in sec.), Vo is the intercept velocity at T = 0 (in km/sec), 

K is a constant (km/sec2), and H is the sediment thickness (in km). 

The correction which accounts for the removal of sediments and the 

subsequent isostatic rebound is obtained using the linear relationship 

identified by Crough (1983), in which 

!J. D = 1200 t (7) 

where t is the one-way travel ti~e: ,in seconds, and D is the depth 

value in meters which must be added to the corrected bathymetry (if 

the bathymetry is portrayed as negative, then this correction is 

negative). The product of this extensive data processing is a set of 

gridded basement depth values for the Pacific basin. I use empirical 

models of depth-age relationships (i .e, Parsons and Sclater, 1977; 

Schroeder, 1984; Hayes, 1988) to obtain model ages from my basement 

depths. These model ages help constrain plate rotation scenarios. 
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The paleomagnetic data set that I use in my analysis is similar 

to that of Sager and Pringle (1988). These data are too scattered to 

perform direct PEP analysis so I use a 5-million-year window to smooth 

the values. The original data set and the smoothed values are 

provided in Appendix G, Tables G-3 and G-4. PEP analysis identifies 

three distinct segments in the APWP representing the time intervals: 

0-43, 43-81, and 81-145 Ma. Determinations for the interval 80-90 Ma 

are broadly scattered with non-overlapping 95% confidence regions. As 

many of these data are from the northeast Pacific, I suspect that late 

Cretaceous ridge jumps may have incorporated portions of the Farallon 

plate within the Pacific plate and that some of these determinations 

may reflect additional northeast transport incurred while they were 

part of the Farallon plate. Although the approximate positions of the 

segments are moderately well-constrained, age progressions along the 

tracks are not. I present two models: one in which there are variable 

rates of motion along tracks during the three stages, and one in which 

rates are constant for the tracks or stages. For the vari ab 1 e-rate 

model I assume a slowdown or "stillstand" in polar wander along 

Segment I, from 125 to 90 Ma, and very rapid wander along Segment II 

from 81-70 Ma (3 times the rate for the younger part of this segment 

from 70-43 Ma). The variable rate model more closely fits the 77 Ma 

paleomagnetic determinations from the Chatham Islands. These data 

from Grindley and others (1977) have previously been cited as evidence 

for the existence of two Pacific plates (Gordon and Cox, 1980). The 

Chatham Island poles from the southwest Pacific lie close to the 75 Ma 
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pole of the Haydn Seamount in the northeast Pacific (data from Sager 

and Pringle, 1987). The published 95-percent confidence regions 

overlap, and this overlap would be greater if a more-conservative 

(larger) estimate of uncertainties is used. The closeness of these 

po 1 es does not support a hypothesi s of two Pacifi c plates. The 

original data and the resulting APWP are shown in Figure 13. 

I perform an Euler pole analysis on seamounts and islands of the 

Louisville and Hawaiian-Emperor chains in order to define motions of 

the Pacific plate relative to Pacific hotspots for the past 80 m.y. 

Age and location data are all from Lonsdale (1988), Watts and others 

(1988), Dalrymple and others (1980, 1981) and Duncan and Clague 

(1984). Initiation of activity on the Louisville Ridge occurred 75-80 

Ma (Ballance and others, 1989), while extrapolation of age trends past 

Suiko Seamount indicates that the 43-70 Ma trend of the Hawaiian

Emperor chain began 80 Ma. An excellent fit to the trend of both 

chains is obtained by four segments defining time spans: 0-23, 23-27, 

27-43, and 43-70 Ma. Results of the 27-43 Ma fit were presented 

earlier in Figure 12. I present details of the 43-70 Ma HEP analysis 

in Figure 14 to illustrate the close fit of both chains about a single 

pole. The fits for all segments of both chains are equally well

constrained with the maximum misfit of any island or seamount less 

than about 50 kilometers. As was the case for the paleomagnetic data, 

age trends along the segments are not as well constrained as the 

directions of motion, especially for the older time spans. I feel 



Figure 13. APWP for the Pacific Plate determined by PEP analysis of 
smoothed paleomagnetic determinations. 

Squares indicate original determinations with ages ranging from 0 
to 43 Mar triangles for 43-81 Mar and diamonds for 81-145 Ma. 
Circles identify the published 95-percent confidence regions. 
Ticks on either side of the APWP show ages based on constant and 
variable models of apparent polar wander. The positions of the 
Chatham Island and Haydn Seamount poles (shown by arrows) 
indicate that no motion between the southwest and northeast 
Pacific is required to satisfy paleomagnetic constraints. 
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Figure 14. The fit of the Hawaiian-Emperor and Louisville chains to a 
stage pole at 13.8°N., 157.4°E. for the interval 70 to 43 
Ma. 

a) Fit of the Emperor Seamounts. The thin line with tick marks 
represents the best-fit latitude for the stage pole. 

b) Fit of the Louisville Ridge. 

c) The stage-pole fit at 13.8°N., 157.4°E., and nearby regions. The 
sum of the residual misfit for this best-fit pole is 3.5. Moving 
the pole position 3 degrees in any direction almost doubles the 
amount of misfit.-

See Figure 12 for a discussion of HEP misfit. 
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that age uncertainties could create realistic positional uncertainties 

of • 1.5 degrees (150 kilometers) along the track (at the 95% 

confidence level). 

Mode 1 s of Cretaceous moti on of the Pacifi c plate re 1 at i ve to 

hotspots have been presented by Engebretson and others (1985) and 

Henderson and Gordon (1984). These models do not account for the 40 

to 70 degrees of westerly rotation about the spin axis which is 

suggested by the paleomagnetic analysis of Cretaceous poles (Segment I 

of Figure 13). I utilize basement depths, age data from drill holes, 

petrologic data, magnetic age data, and scenarios of possible plate 

evolution to determine a model of Pacific plate motion relative to 

hotspots during the Cretaceous. My hotspot model provides 52.4 degrees 

of westerly rotation about a pole (HEP) located only 1.8 degrees away 

from the Cretaceous PEP. I identify several possible hotspots 

including the Shatsky, Mid-Pacific, Magellan, Ontong-Java, and 

Manihiki hotspots. I use the Shatsky and Mid-Pacific tracks to 

determine rotation parameters. The Shatsky track is coincident with 

the Pacific-Izanagi-Farallon ridge-ridge-ridge (RRR) triple junction 

at 145 Ma. The track trends northeast along the Shatsky Rise and then 

cuts east and southeast to the Hess Rise. It continues to the east

northeast and ultimately changes to the southeast, cutting across the 

Mendocino Fracture Zone and adopting the trend which is suggested by 

Meiji Guyot at the extreme north end of the Hawaiian-Emperor chain. 

The positions of the Shatsky and Mid-Pacific hotspot tracks are shown 

in Figure 15. 



Figure 15. A model of Cretaceous hotspot tracks for the North Pacific. 

The Shatsky and Mid-Pacific tracks are shown. Additional 
tracks to the south (Magellan, Ontong Java, and Mani~iki) can be 
seen in Plate F-15 of Appendix F. The tracks are generated on 
the Pacific plate as it tracks over the "fixed" Pacific hotspots. 
Ages along the track (shown by successive circles at 1 m.y. 
intervals) indicate model ages of emplacement of volcanic 
material into the Pacific plate from the hotspots. 
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Figure 15 
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While my model appears to satisfy all of the available 

constraints, it is still poorly constrained. Its development is based 

on the hypothesis that the hotspot and paleomagnetic reference frames 

are closely coupled during the Cretaceous. Such a hypothesis is 

difficult to test with available data, although I have shown it to be 

true for Cenozoic times. If these reference frames are closely 

coupled, then my model is better quantified than the previous models 

of Engebretson (1982) or Henderson and Gordon (1984) and can assist in 

the development of improved models of plate kinematics for the 

Pacifi c. 

I summarize my data fit of Pacific plate motions within the 

paleomagnetic and hotspot reference frames in Table 3. I calculate 

synthetic APWPs based on various Pacific hotspot models. These 

results are compared with the APWP determined by PEP analysis 

(constant-rate-model) in Figure 16. Within the limits of 

uncertainties in both the paleomagnetic and hotspot data it is 

impossible to present a strong case for relative motions between the 

two reference frames. 

Relative Motions 

I use marine magnetics, basement depths, and SEASAT gravity 

gradient data to help define relative motions. I direct my efforts 

toward quantifying the behavior of the major plates in the system. I 

do not perform a detailed analysis of the evolution of various 

microplates which have frequently appeared at the active oceanic plate 

boundaries and along the continental margins of the Americas. 



Table 3. stage poles of absolute motions of the Pacific Plate 
determined by PEP and HEP analysis. 



Hotspot 1 
Stage Pole 

TABLE 3 

paleomagnetic1 
Stage Pole 

Age (Ma) Lat (N) Lonq (E) Rot Lat (N) Long (E) Rot 

0.0 
23.0 72.50 287.30 -20.90 
27.0 57.10 294.40 -3.00 
43.0 58.00 303.00 -10.20 
80.0 13.70 257.10 -17.70 
87.0 49.63 -62.18 -9.49 
93.0 71.00 -69.68 -8.39 
96.0 88.30 104.18 -4.30 

102.0 64.88 98.15 -8.57 
108.0 73.83 92.12 -4.48 
112.0 85.46 88.24 -3.50 
120.0 62.78 -96.55 -6.81 
132.0 87.36 77 .45 -6.02 
145.0 52.34 71. 65 -6.62 

0.0 
43.0 67.42 297.17 -33.79 22.70 284.60 -14 .40 
80.0 13.70 257.10 -17.70 -11. 30 248.80 -20.80 

145.0 84.60 267.30 -52.40 86.10 280.00 -76.20 

1 Forward stage pole rotation of the Pacific Plate relative to 
the Pacific hotspots or spin axis, in a fixed Pacific Plate 
reference frame. For example (72.50 N., 287.30 E., -20.90 
degrees) is the rotation of the Pacific Plate relative to the 
Pacific hotspots from 23 Ma to prese~~. 
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Figure 16. Synthetic APWPs generated from hotspot data for the Pacific 
Plate compared with the APWP determined by PEP analysis. 

Sources of hotspot data include Lonsdale (1988), Engebretson and 
others (1985) and this work. The constant-rate-motion model is 
shown for the APWP. 
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My primary source of marine magnetic data is the map of Cande and 

others (1988). Additional sources include Nakanishi and others 

(1989), Tamaki and Larson (1988), Mammerickx and Sharman (1988), 

Lonsdale (1988), and Caress and others (1988). Figure 17 shows the 

density of the magnetic data within the Pacific basin. 

SEASAT gravity data are available for the same grid as the 

basement depths. I perform a simple analysis of gravity gradients in 

the principal directions: east-west, north-south, northeast-southwest, 

and northwest-southeast. I use these gradients to assist in 

determining directions of plate motion when other data are sparse. 

I perform Euler pole analysis for the major spreading centers of 

the Pacific basin which separated the Pacific-Phoenix, Pacific

Izanagi, and Pacific-Farallon plates. Lineation and fracture zone 

patterns in the Argo Abyssal Plain northwest of Australia are also 

analyzed in hopes of finding a late Jurassic-early Cretaceous link 

between the Tethys and Pacific Oceans. 

Many of my results are similar-to. those of Engebretson and others 

(1985). By similar, I mean that the region of best-fit stage poles 
. " ' encompasses the position of previ'ously reported poles. Depending on 

the shape of the region of best-fit poles, similar results could 

include pole positions separated by more than 20 arc-degrees! I 

concentrate on highlighting significant differences obtained through 

the use of more complete data sets. I present kinematic models for 

select times and regions within the Pacific basin and describe 

possible interactions between absolute and relative plate motions. 



Figure 17. Density of marine magnetic lineation information for the 
Pacific basin. 

Large gaps in the data in the Central Pacific are due to 
crust formation during the Cretaceous normal superchron. 
Anomaly identification and data sources are described in 
Appendix F, Plate F-2A and F-2B. 
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Figure 17 
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My quantification of relative rotations for the major oceanic 

plates of the Pacific basin spans the interval from 166 to 67 Ma. I 

define four periods or stages of stable spreading geometry for ridges 

bordering the Pacific plate. While rates within these intervals are 

variable, spreading directions as determined by EP analysis of the 

trends of fracture zones are relatively constant. The time intervals, 

stage poles and average spreading rates are listed in Table 4. 

The Pacific plate came into existence about 180-188 Ma at the 

Phoenix-Izanagi-Farallon triple junction, perhaps as a microplate 

(Handschumacher and others, 1988). By chron M29 (160 Ma) there is a 

record of spreading (magnetic lineations) at all boundaries of a 

tri angul ar-shaped Pacifi c pl ate. Each vertex of the Pacifi c pl ate 

terminates in a ridge-ridge-ridge (RRR) triple junction. I will 

briefly summarize my kinematic model in terms of the evolution of each 

of these triple junctions. The composite model is shown in Figure 18. 

Phoenix-Izanagi-Pacific Triple Junction 

The kinematic history of the western vertex of the Pacific plate 

has been obscured by the development of mid-Tertiary marginal basins. 

I had hoped that the Cretaceous orientations of Australia-Argo 

spreading would be consistent with stage poles for Izanagi-Phoenix 

spreading. I also tested the possibility that the Pacific-Australian 

plates and the Izanagi-Argo plates behaved as single plates. In this 

case, stage poles for Pacific-Izanagi and Australia-Argo spreading 

would be identical. Neither of these models proved correct based on 



Table 4. Late Jurassic and Cretaceous stage poles for the major 
oceanic plates of the Pacific basin. 



TABLE 4 

5PREADING 5Y5TEM 
A) --.ur.c:l S~ ltotatj. ..... 

Interva~ Pacific-Izanagi (Ku~a) Pacific-Phoenix (A~uk) 
Po~e1 Amount2 Rate HA Length Po~e Amount Rate 

166.2-147.9 ~8.3 22.1N, 268.7E 17.203 .94 34.65, 101.IE 19.92 1.10 
(M38 - H2O) 

147.9-131.5 16.4 22.1N, 268.7E 11.30 .68 14.2N, 116.2E 21.84 1.34 
(H20 - H10N) 

131.5-84 47.5 22.1N, 268.7E 68.28 1.44 14.2N, 116.2E 48.314 1.02 
(H10N-34Y) 

84.0-67.6 16.4 9.25, 256.5E 26.60 1.62 4.85, 90.2E6 9.166 .566 
(34Y-30) 

B) Stage rotatj.ona cal.c:u1&t.d through Pac1~j.c plate c:onnect!.on 
Interva~ Phoenix-Izanagi Izanagi-Fara~lon 

HA Length Pole 7 Amount Rate Pole Amount Rate 

166.2-147.9 
(H38-H20) 

147.9-131.5 
(H20-H10Nl 

131.5-84.0 
(HI0N-34Y) 

84.0-67.6 
(34Y-30) 

NOTES: 1 
2 
3 

18.3 29.85, .g3.8E 36.73 2.01 44.4N, 325.8E 21.96 , 

16.4 0.5N, 109.6E 30.85 1.88 6.55, 326.2E 20.51 

47.5 14.75, 109.SEII 107.20 2.26 7.15, 335.5E 53.70 

16.4 4.9N, 79.1E1O 35.36 2.15 68.5N, 305.7E 14.23 

Forward stage pole of 2nd plate relative to the first. 
Amount is twice value measured by ano~aly separation of Pacific plate. 
Extrapolated value from rates between 16r (anomaly H29) and 147.9 Ma. 

1.20 

1.25 

1.13 

.87 

Pac1fic-FaLa~lon 
Pole Amount Rate 

25.8N, 43.6E 12.813 .70 

25.8N, 43.6E 11.14 .68 

31.5N, 28.3E 33.635 .70 

67.5N, 67.8E 13.72 .84 

Fara~~on-Phoen1x 
Pole Amount Rate 

0.55, 253E 25.42 
(3.75, 250.0E)8 (1.39) 

1.39 

3.85, 248.9E 18.93 1.15 
(8.75, 246.5E) (1.16) 

3.05, 262.2E 80.92 1.70 
(5. ON, 251. OE) (1.72) 

28.35, 260.0E 35.69 2.18 
(36.45, 255.0E) (2.38) 

4 Extrapolated value. Amount of spreading during the Cretaceous normal superchron 1s based on the average rates 
from either side of this incerval: (1.32 + .56)/2. 

5 
6 
7 
8 
9 

10 

Extrapo1aced value from raCes becween 131.5 and 118.4 (anomaly MO) Ma. 
Analysis of Kula-Pacific lineacions. 
Rotation order: 1) pacific relacive to Phoenix, 2) Izanagi relacive to Pacific. 
Instantaneous poles and rates calculated from stage poles and average rates. 
Spreading system not 1n existence for all or most of this time interval. 
5preading system not in existence for all of Chis Cime interval. 
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Figure 18. Schematic model for Mesozoic evolution of the major 

a) 

b) 

c) 

d) 

e) 

f) 

g) 

plates in the Pacific Ocean basin. 

Only major events are described. See text for 'additional 
details. 

The Izanagi, Farallon and Phoenix plates join at a ridge-ridge
ridge (RRR) triple junction. 

The Pacific plate forms about 190 Ma as a microplate in the 
vicinity of the triple junction. The Farallon-Phoenix ridge may 
connect with early continental rifting in the Gulf of Mexico and 
Central Atlantic regions. 

The Pacific plate enlarges to an elongate isosceles triangle 
shape. The Pacific-Farallon ridge overrides the Shatsky hotspot 
at 145 Ma, coincident with an eastward jump of the Izanagi
Farallon ridge, and a clockwise rotation in spreading directions 
along the Pacific-Izanagi ridge. Rifting is initiated between 
the Chortiss block and South America. 

The Shatsky hotspot remai ns close to Pacifi c-Fara 11 on ri dge. The 
Magellan Microplate exists for a 9 m.y. period at the Pacific
Farallon-Phoenix triple junction. 

Phoenix plate accelerates southward. Interactions with the 
Manihiki hotspot facilitate several jumps of the Pacific-Phoenix 
ridge. The Pacific-Phoenix ridge migrates southward along the 
western margin of South America. 

The Pacific-Phoenix ridge is subducted beneath the western edge 
of Antarctica/Australia causing rifting of the New Zealand 
blocks. Seafloor spreading commences in the southwest Pacific 
and Tasman Sea. 

The Pacific-Izanagi spreading slows down. Major realignment of 
the Pacific-Izanagi-Farallon spreading centers occurs between 85 
and 80 Ma. 
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the EP analyses a~d reconstructions. The analysis fndicates that there 

was a convergent plate boundary between the Argo and Izanagi plates. 

Pacific-Izanagj-Farallon Triple Junctjon 

The record of the behavior of this northern vertex is preserved 

in the magnetic lineations and fracture zones of the northeast 

Pacific, and spans the interval from 160 to about 55 Ma. At 148 Ma, 

the Pacific-Izanagi-Farallon RRR triple junction shifted about 500 

kilometers east to coincide with the Shatsky Hotspot, and the Pacific

Izanagi spreading center rotated about 24 degrees clockwise (Sager and 

others, 1988). Nakanishi and others (1989) suggest that the emergence 

of the hotspot caused changes in the stress regime and hence caused 

realignment and reorientation of spreading. Alternative explanations 

are possible. For example, the Shatsky Hotspot could have been 

overridden by the northeast-moving Farallon plate. Weakening of the 

Farallon crust due to passage over the hotspot would lead to eventual 

rupture with an eastward jump in the Izanagi-Farallon ridge position. 

Engebretson and others (1985) identify two Izanagi plates during 

the Cretaceous. The new anomaly patterns presented by Nakanishi and 

others (1989) suggest a single plate northwest of the Pacific plate. 

The direction of Pacific-Farallon spreading rotated about 15 degrees 

clockwise at 131 Ma (Sager, Handschumacher and others, 1988). 

Spreading rates along the Pacific-Izanagi ridge are more-poorly 

defined following this reorganization, although the direction shows 

little change except for irregularities near the position of the 

evolving RRR triple junction. 
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My hotspot model of absolute motions for the Pacific plate 

indicates that the position of the triple junction slowly migrated 

northward relative to the Shatsky hotspot. By 130 Ma the active ridge 

was located west of the hotspot. As a consequence of the continued 

westward motion of the Pacific plate, the track of the hotspot on the 

Pacific plate continues east of the Shatsky Rise to connect with the 

Hess Ri see In my model, the northern branch of the Shatsky Ri se is 

not a hotspot track, but was perhaps created by a residual thermal 

anomaly along the Izanagi-Farallon ridge. 

The central platform of the Hess Rise passed over the Shatsky 

hotspot at about 108 Ma. The projected Pacific-Farallon ridge 

position at this time is centered on the Northern Hess Rise and 

anomalously thick oceanic crust in this region is probably due to the 

close proximity of the hotspot. The rapid western motion of the 

Pacific plate eventually caused the Pacific-Farallon ridge to migrate 

west of the hotspot. The hotspot may have created zones of weakness 

in the Farallon plate, north of the Mendocino Fracture Zone, 

facilitating ridge jumps to the Emperor Trough, and then further to 

the east at about 98 Ma. Minor ridge jumps may have also occurred 

south of the Mendocino Fracture Zone. 

Spreading along the Pacific-Izanagi ridge was relatively constant 

from 148 to 122 Ma although my data fit for the interval defined by 

chrons M10N to M1 (132-122 Ma) is poor in the vicinity of the triple 

junction. I lack data from the Cretaceous normal superchron (CNS) but 

feel that the Pacific-Kula lineations document late Cretaceous 
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rotations between the Pacific and Izanagi plates (i.e., the Kula and 

Izanagi plates are the same). A major realignment of the plate 

boundaries occurred just prior to chron 34 (Mammerickx and Sharman, 

1988), when the Pacific-Izanagi-Farallon triple junction migrated to 

the south, incorporating a large fragment of the Pacific plate into 

the Izanagi plate. Northern portions of the Pacific-Farallon Ridge 

may have also jumped several hundred kilometers to the east at this 

time. South of the Mendocino Fracture Zone, a major jump in the 

ridge, from the vicinity of the Musician Seamounts, to the 85 Ma 

position of the Shatsky Hotspot which was 800 kilometers further east, 

trapped a large fragment of the Farallon plate within the Pacific 

plate. Spreading rates determined from the Pacific-Kula (Izanagi) 

lineations indicate a two and one-half times decrease in the rate of 

northward motion of the Izanagi plate sometime during the CNS. 

Spreading rates along the Pacific-Farallon ridge appear to have 

remained constant for the entire interval from 160 to 84 Ma. At about 

79 Ma, there was a counter-clockwise shift in the direction of 

Pacific-Farallon spreading (Atwater, 1989). Spreading then remained 

relatively constant until the time of chron 24 (55 Ma). 

Pacific-Farallon-Phoenix Triple Junction 

The southeastern vertex of the Pacific plate traveled in a 

southerly direction throughout the Cretaceous. Spreading rates at the 

Pacffic-Farallon ridge were similar to those of the Pacific-Phoenix 

ridge until about 131 Ma. The Magellan microplate developed close to 

the triple junction, along the Farallon-Phoenix ridge from 148 and 
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139 Ma. The Phoenix-Farallon ridge may have continued eastward to 

connect with spreading centers in the Atlantic (Klitgord and Schouten, 

1986). The Phoenix plate accelerated to the south in the period 131 

to 110 Ma. Passage of the Phoenix plate over the Manihiki hotspot may 

have led to several southward ridge jumps. I follow a scenario 

suggested by Winterer (1976) and include 2 ridge jumps in my model 

which transfer more than 1400 kilometers of the Phoenix plate to the 

Pacific plate (shown in Figure 18, d and e). This model is based on 

spreading rate projections, my hotspot model, and bathymetry and is 

not well-constrained. 

The history of Pacffic-Farallon spreading in the vicinity of the 

triple junction is poorly documented for the CNS. As rates along the 

Pacific-Phoenix Ridge were twice those of the Pacific-Farallon Ridge, 

the triple junction rapidly migrated to the south. The close proximity 

of the Pacific-Farallon stage pole to the evolving position of the 

triple junction explains the minimal spreading along the southern 

portion of the Pacific-Farallon Ridge. I did not find an obvious 

explanation for the occurrence of the Line Island chain, which aligns 

with the trend of the Pacific-Farallon spreading center but has ages 

and petrologic affinities suggestive of hotspots (Schlanger and 

others, 1984). 

Subducti on of the Phoeni x plate beneath the western margi n of 

Gondwana continued through Cretaceous times. At approximately 90 Ma, 

the Pacific-Phoenix Ridge came into contact with the western margin of 

Gondwana, rifting away the Norfolk Ridge/Northern New Zealand/Chatham 
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Island block, followed by the Lord Howe Rise/Campbell Plateau at 80 

Ma, and incorporating these continental fragments into the Pacific 

plate. Subsequent spreadi ng in the Tasman Sea and southwest Pacifi c 

provide a Cenozoic tie-in of Pacific basin plates to the global plate 

system, the subject of my next section. 

Linking the Pacific Basin to the Global Plate Circuit 

Stock and Molnar (1987) present a re-ana1ysis of magnetic 

anoma 1i es of the southwest Pacifi c. Thei r model extends back to 68 

Ma, does not require early Tertiary displacements within Antarctica or 

New Zealand, and identifies an additional plate in the system, the 

Bellingshausen plate. r use their oldest stage pole to obtain 

complete closure of the southwest Pacific at 80 Ma. ! extend the 

model back an additional 10 m.y. to close the New Caledonia and Bounty 

Troughs. I test for early Tertiary-1 ate Cretaceous moti ons between 

East and West Antarctica by measu~i.ng the apparent di sp1 acement 

between the Pacifi c hotspots and the' Reuni on hotspot of the rndi an 

Ocean. I use a model which inc1!\.Ides Marie Byrd Land fixed to East 

Antarctica, no motion between the Reunion and Pacific hotspots, my new 

hotspot rotations of the Pacific plate, and published relative rota

tions for the southwest Pacific and Indian Ocean (Stock and Molnar, 

1987; Molnar and others, 1988) to show that the Reunion Hotspot would 

lie under the eastern edge of the Deccan Traps at 69 Ma (see Figure 

19). A minor (3-degree) rotation between Marie Byrd Land and East 

Antarctica about a pole close to the South Pole would place the 



Figure 19. Reconstructed positions of the Deccan-Reunion hotspot. 

Circle positions are based on the present-day position of Reunion 
(0-2 m.y. old) while diamonds are based o~ the position of 
Mauritius (1-7 m.y. old). The locations of Deep Sea Drilling 
Project (DSDP) holes are shown by small circles with ages in 
parentheses, if known. DSDP data and base map are from Fish and 
others (1989). The Mauritius track is similar to the Reunion 
track of Molnar and Stock (1987, figure 5). Base map and ages 
are from Fisk and others (1989). 
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Reunion Hotspot in the center of the Deccan Traps at 69 Ma, and would 

account for 75 to 150 kilometers of extension in the Ross Sea area. 

This model suggests little or no motion between Pacific and Indian 

Ocean hotspots. This is contrary to the conclusion reached by Molnar 

and Stock (1987) and must be due to the new set of absolute motions 

for the Pacific plate. This model of the early history of the South 

Pacific is provided in Figure 20. 

Prior to 90 Ma, there is no direct way to link the Pacific basin 

plates with plates representing the dispersed fragments of 

Gondwana/Pangea via accreting plate boundaries. A link must be 

provided through some absolute reference frame. In order to use an 

absol ute reference frame, one must verify that there has been no 

motion between the tie-in points of the reference frame. Prior to 

using a hotspot reference frame consisting of the Pacific and South 

Atl anti c hotspots, it is necessary to determi ne if there has been 

relative motion between these hotspots. To do this, I link the 

Pacific and South Atlantic hotspots together at 80 Ma through the 

global plate circuit, using the well-constrained set of rotations 

between adjacent plates (maximum combined error of several hundred 

kilometers), the well-constrained motions between the Pacific plate 

and the Pacific hotspots (maximum error of 300 kilometers), and 

published rotations of the African plate relative to the South 

Atlantic hotspots (with unknown errors). The 80-Ma total 

reconstruction pole between the two sets of hotspots defines a 

rotation of 12 degrees, about a pole at 3.00S., 79.9°W., equivalent to 
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Figure 20. Late Cretaceous-early Tertiary kinematic history of the 
South Pacific. 

Abbreviations used: 

AL - ALUK Plate 
AP - Antarctic Peninsula 
AUS - Australia 
BEL - Bellingshausen Plate 
CP - Campbell Plateau 
CR - Chatham Rise 
EAN - East Antarctica 
EFZ - Eltanin Fracture Zone 

System 

a) 85 Ma 

b) 70 Ma 

c) 50 Ma 

LHR - Lord Howe Rise 
MBL - Marie Byrd Land 
NNZ - North New Zealand 
NR - Norfolk Ridge 
PAC - Pacific Plate 
PH - Phoenix Plate 
TFZ - Tharp Fracture Zone 
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a) 6sMa 

b) 70 Ma 

c) soMa 

Figure 20 



more than 1,000 kilometers of relative motion. 

112 

This relative 

motion/closure error exceeds the maximum expected error by a factor of 

two, indicating that either there has been relative motion between the 

South Atlantic and Pacific hotspots, or that the South Atlantic 

hotspot rotations are incorrect. 

I use PEP analysis to determine the North American APWP prior to 

80 Ma. My best-fit APWP is compared with synthetic APWPs determined 

from Atlantic Ocean hotspot models in Figure 21. The North American 

APWP shows a "stillstand" with little or no poleward movement during 

the interval 130 to 80 Ma. I thus cannot resolve absolute 

longitudinal motions of the North American plate during this time 

interval and cannot link Gondwana/Pangea to the Pacific basin by way 

of the paleomagnetic reference frame. Younger portions of the 

synthet i c APWPs for At 1 ant i c hotspots are offset north of the APWP 

based on paleomagnetic determinations, reflecting the additional 

apparent displacement due to the southward travel of the Atlantic 

hotspots. 

The preceding analyses suggest that neither the paleomagnetic nor 

the hotspot reference frames are suitable for linking the Gondwana and 

Pacific basin plates prior to 80 Ma. It is also evident that previous 

reconstructions which have relied on the fixity of the hotspot 

reference frame are in error. It is possible to use the relative 

rotati on between the Pacifi c and South Atl anti c hotspots to account 

for/remove the accumulated error in hotspot-based reconstructions. 

Pre-80 Ma reconstructi ons in the hotspot reference frame wi 11 again 



Figure 21. Comparison between the synthetic APWPs for North America 
obtained from hotspot data of the Atlantic Ocean and the 
APWP based on paleomagnetic Euler pole analysis. , 

Portions of the synthetic APWPs which are older than 80 Ma are 
systematically offset toward the northwest reflecting the added 
southward displacement of the South Atlantic hotspots between 80 
Ma and present. 

Details of the data and analysis used to generate this figure are 
available in Appendix G. 
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begin to accumulate errors if relative motion persists between the 

hotspots, with the older reconstructions having greater accumulated 

errors. More detailed analysis of closure errors/relative motions 

between the Atlantic and Pacific hotspots indicate that much of the 

relative motion occurred within two 10-million-year intervals: at 10 

to 20 Ma and 70 to 80 Ma. It is difficult to ar.curately predict pre-

80 Ma motions between the hotspots so the model of global plate 

rotations presented here assumes no relative motions between hotspots 

prior to 80 Ma. If early relative motions between the reference 

frames were of the same magnitude as the post-80 Ma rotations, then 

there could be up to 800 kilometers of error in the earliest 

Cretaceous global plate reconstructions. There is no information 

regarding absolute motions of the Pacific plate during the Jurassic so 

I assume that the Pacific plate was fixed within the Pacific hotspot 

reference frame prior to 145 Ma. The dispersing Gondwana plates are 

tied to the absolute reference frame defi ned by the North Ameri can 

APWP, and the 150 Ma global reconstruction includes a minor jump 

Cdi sconti nuity) based on the difference between thi s reference frame 

and that of the South Atl anti c hotspots. Errors for these early 

reconstructions are unbounded and uncertainties in early Jurassic 

reconstructions could exceed 1,000 - 1,500 kilometers. 

To summarize, the global plate system is linked by relative 

rotation data from adjacent plate pairs for the interval 0 to 80 Ma. 

From 80 to 145 Ma, the Pacific basin and Gondwana plates are linked 

within the hotspot reference frame, but only after an 80-Ma rotation 
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between the Pacifi c and South Atl anti c hotspots removes accumul ated 

closure error. Prior to 145 Ma, the Gondwana plates are rotated 

wi thi n the North Ameri can APWP reference frame, whil e the Pacifi c 

plate is fixed relative to the Pacific-hotspot reference frame. 

Errors in plate positioning for the interval 0 to 80 Ma should be on 

the order of several hundred kilometers. Errors for the interval from 

80 to 145 Ma should range from several hundred kilometers at 80 Ma, to 

a possible 800 kilometers at 145 Ma. Plate positioning errors prior 

to 145 Ma are unbounded. 

Interactions between Pacific Basin Plates and Western America 

I present a series of Cretaceous reconstructions for the western 

margin of the Americas based on published global rotations, and my 

analysis of plate rotations in the Pacific basin. I use relative 

rotations from 0 to 90 Ma, and a hotspot reference frame from 90 to 

145 Ma. My model is different from t~at of Engebretson and others 

(1985) in that I utilize relative rotations for late Cretaceous 

reconstructions, I use a different!~o~el of Pacific hotspot rotations, 

and I include relative rotations between the Atlantic and Pacific 

hotspots from 0 to 80 Ma. I provide my complete set of global plate 

rotation parameters as Table 5. 

For my reconstructions I mirror-image all identified lineations 

of the Pacific plate to reconstruct the Phoenix, Izanagi and Farallon 

plates. I do not interpolate between known observations, nor do I 
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Table 5. Rotations between adjacent plates of the global plate 
system. 
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TABLE 5 
Finite rotations between plate pairs 

Fixed plate: NORTH AMERICA 
Rotated plate: AFRICA 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
5.0 5.00 78.80 38.30 -1.25 1 78.80 38.30 1.25 
5e 9.67 79.08 77.95 -2.41 2 -74.63 -72.63 -1.18 
6c 19.90 79.57 37.84 -5.29 2 -76.81 -168.74 -2.92 
13c 35.58 76.41 7.12 -9.81 2 -70.57 167.14 -4.61 
21c 49.55 74.51 -4.83 -15.32 2 -70.60 158.74 -5.56 
25c 58.94 80.60 -0.50 -18.07 2 -68.62 -28.29 -3.28 
30e 67.58 82.51 -0.63 -20.96 2 -85.51 -26.87 -2.96 
32e 72.46 81.35 -9.15 -22.87 2 -66.31 134.06 -2.01 
33y 74.30 80.76 -11.76 -23.91 2 -67.30 139.33 -1.08 
330 80.17 78.30 -18.35 -27.06 2 -60.18 138.12 -3.37 
34y 84.00 76.55 -20.73 -29.60 2 -59.16 141.18 -2.69 
91. 0 91.00 73.82 -19.48 -34.28 2 -57.39 154.68 -4.92 
MOc 118.35 66.30 -19.90 -54.25 2 -54.91 150.00 -20.72 
M4c 125.91 66.13 -19.00 -56.39 2 -57.84 171.79 -2.17 
M10Nc 131.51 65.95 -18.50 -57.40 2 -52.25 169.21 -1. 04 
M16e 141.53 66.10 -18.40 -59.79 2 -68.48 168.51 -2.39 
M21e 149.65 66.50 -18.10 -61. 92 2 -72.05 -170.61 -2.17 
M25c 156.42 67.15 -16.00 -64.70 2 -60.58 -148.80 -2.99 
170.0 170.00 67.02 -13.17 -72.10 2 -60.00 179.98 -7.50 
175.0 175.00 66.95 -12.02 -75.55 2 -59.91 179.99 -3.49 
200.0 200.00 66.90 -11. 40 -77.50 3 -59.56 179.71 -1.97 
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TABLE 5 (Continued) 

Fixed plate: AFRICA 
Rotated plate: SOUTH AMERICA 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
0.5 0.50 62.50 -39.40 0.16 1 62.50 -39.40 -0.16 
J 0.94 60.00 -39.00 0.29 4 56.93 -38.57 -0.13 
2y 1.66 60.00 -39.00 0.51 4 60.00 -39.00 -0.22 
2Ay 2.47 60.00 -39.00 0.77 4 60.00 -39.00 -0.26 
3y 3.88 60.00 -39.00 1.21 4 60.00 -39.00 -0.44 
3Ay 5.35 60.00 -39.00 1. 78 4 60.00 -39.00 -0.57 
4y 6.70 60.00 -39.00 2.27 4 60.00 -39.00 -0.49 
4Ay 7.90 60.00 -39.00 2.76 4 60.00 -39.00 -0.49 
5y 8.92 60.00 -39.00 3.15 4 60.00 -39.00 -0.39 
5Ay 11.55 59.50 -38.00 4.05 4 57.76 -34.61 -0.90 
5By 14.87 59.50 -38.00 5.25 4 59.50 -38.00 -1. 20 
5Cy 16.22 59.50 -38.00 5.75 4 59.50 -38.00 -0.50 
50y 17.57 59.50 -38.00 6.30 4 59.50 -38.00 -0.55 
5Ey 18.56 59.50 -38.00 6.70 4 59.50 -38.00 -0.40 
6y 19.35 59.50 -38.00 7.05 4 59.50 -38.00 -0.35 
6Ay 20.88 59.50 -36.50 7.60 4 58.66 -17.73 -0.56 
6By 22.57 59.50 -36.50 8.45 4 59.50 -36.50 -0.85 
6Cy 23.27 59.50 -36.50 8.80 4 59.50 -36.50 -0.35 
7y 25.50 59.00 -36.00 9.50 4 52.86 -29.91 -0.71 
8y 26.86 59.00 -36.00 10.00 4 59.00 -36.00 -0.50 
9y 28.15 58.00 -35.00 10.55 4 40.45 -21.32 -0.59 
lOy 29.73 57.00 -35.00 11. 05 4 36.93 -32.62 -0.53 
lly 31.23 57.00 -35.00 11.60 4 57.00 -35.00 -0.55 
12y 32.46 57.50 -35.00 12.15 4 67.82 -37.90 -0.56 
l3y 35.29 57.50 -34.00 13.38 4 57.69 -24.14 -1.24 
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TABLE 5 (Cont inued) 

Fixed plate: AFRICA 
Rotated plate: SOUTH AMERICA 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference Latitude Longitude Rotation 
--------------------------------------------------------------------------------
15y 37.24 57.00 -33.50 14.10 4 48.11 -24.51 -0.73 
16y 38.10 57.00 -33.50 14 .40 4 57.00 -33.50 -0.30 
17y 39.53 57.00 -33.00 15.05 4 57.28 -21.95 -0.65 
18y 41. 2 9 57.50 -32.50 15.80 4 67.67 -22.06 -0.77 
19y 43.60 58.00 -32.00 17.00 4 64.84 -26.12 -1.21 
20y 44.66 57.50 -32.00 17.60 4 43.79 -29.10 -0.62 
21y 48.75 58.50 -31. 50 19.07 4 70.54 -28.02 -1.51 
22y 51.95 59.00 -31.50 20.10 4 67.94 -35.73 -1.04 
23y 53.88 60.00 -32.00 20.75 4 77 .82 -105.91 -0.75 
24y 55.14 60.00 -32.00 21.20 4 60.00 -32.00 -0.45 
25y 58.64 61.00 -32.00 22.30 4 78.57 -49.99 -1.16 
26y 60.21 61.50 -32.50 22.70 4 72.56 -104.88 -0.45 
27y 63.03 62.50 -33.00 23.55 4 78.66 -100.97 -0.94 
28y 64.29 63.00 -33.30 24.00 4 77 .87 -102.32 -0.50 
29y 65.50 63.00 -33.30 24.30 4 63.00 -33.30 -0.30 
30y 66.74 63.00 -33.30 24.70 4 63.00 -33.30 -0.40 
31y 68.52 63.00 -33.50 25.40 4 62.14 -40.14 -0.70 
32y 71.37 63.00 -33.50 26.60 4 63.00 -33.50 -1.20 
33y 74.30 63.00 -33.50 27.90 4 63.00 -33.50 -1.30 
330 80.17 63.00 -34.00 31.00 4 62.39 -38.20 -3.10 
34y 84.00 61. 75 -34.00 33.50 4 47.26 -27.72 -2.59 
93.0 93.00 59.77 -36.63 41.05 5 49.74 -39.71 -7.70 
113.0 113.00 55.1,0 -35.70 50.90 6 38.70 -23.69 -10.50 
M12 135.15 47.00 -33.80 58.00 7 9.36 -9.46 -10.31 
200.0 200.00 47.00 -33.80 58.00 8 90.00 0.00 0.00 
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TABLE 5 (Continued) 

Fixed plate: NORTH AMERICA 
Rotated plate: EURASIA 

Total Reconst ruction l>ole Forward Stage l>ole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
5.0 5.00 62.40 135.80 -1.10 1 62.40 135.80 1.10 
50 9.67 68.00 137.00 -2.50 9 -72.35 -41.26 -1. 41 
60 19.90 68.00 138.20 -4.75 9 -67.97 -40.47 -2.25 
130 35.58 68.00 129.90 -7.78 9 -67.50 -62.85 -3.05 
210 49.55 67.12 137.28 -10.94 9 -63.20 -28.30 -3.20 
240 55.64 62.28 140.37 -12.68 9 -34.22 -35.34 -2.02 
250 58.94 63.25 143.89 -14.15 9 -64.97 0.14 -1.53 
300 67.58 69.82 145.61 -17.10 9 -79.98 100.07 -3.45 
310 66.96 70.66 145.91 -17.59 9 -80.11 99.59 -0.55 
330 77.24 74.52 147.69 -20.30 9 -79.98 100.13 -3.00 
34y 84.00 76.23 148.80 -21.83 9 -80.02 99.81 -1. 66 
95.0 95.00 78.00 150.27 -23.70 9 -80.00 100.07 -2.00 
105.0 105.00 79.50 151.92 -25.59 9 -80.04 99.73 -2.00 
140.0 140.00 83.40 151.90 -32.60 3 -82.38 121. 84 -7.27 
200.0 200.00 83.40 151. 90 -32.60 8 90.00 0.00 0.00 
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TABLE 5 (Continued) 

Fixed plate: AFRICA 
Rotated plate: EAST ANTARCTICA' 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
5.0 5.00 
50 10.42 
6c 19.90 
13c 35.58 
20c 45.42 
200 46.17 
210 50.34 
240 56.14 
260 60.75 
28y 64.29 
290 66.17 
31y 68.52 
320 73.55 
330 80.17 
34y 84.00 
93.0 93.00 
105.0 105.00 
M2 122.64 
M10 130.01 
M15 139.29 
M21 149.65 
175.0 175.00 
200.0 200.00 

Fixed plate: 
Rotated plate: 

5.60 -39.20 
11.72 -43.84 
11.72 -43.84 
8.57 -39.59 
8.86 -41.12 

11. 40 -43.70 
10.30 -42.90 

6.70 -40.60 
3.80 -39.70 
0.60 -39.20 

-0.40 -39.40 
1.10 -41.60 

-1. 80 -41.40 
-4.70 -39.70 
-2.00 -39.20 
10.37 -45.20 
-8.43 -26.42 
-7.22 -28.14 
-6.80 -29.27 

-10.20 -27.80 
-1. 67 -35.99 
-2.40 -32.70 
-2.40 -32.70 

AFRICA 
MADAGASCAR 

0.65 
1. 55 
2.79 
5.58 
7.61 
7.81 
8.77 
9.97 

10.63 
11.32 
11.59 
11. 84 
13.47 
16.04 
17.85 
26.56 
42.56 
43.82 
46.17 
49.40 
53.43 
55.40 
55.40 

Total Reconstruction Pole 

1 5.60 -39.20 -0.65 
10 15.99 -47.33 -0.91 
10 11. 72 -43.84 -1.24 
10 5.60 -35.29 -2.81 
10 9.34 -45.36 -2.04 
11 41.75 -111.22 -0.52 
11 1. 93 -35.98 -0.98 
11 -15.59 -23.50 -1.39 
11 -31.07 -23.76 -0.86 
11 -38.19 -27.29 -0.93 
11 -36.71 -43.49 -0.34 
11 25.79 -103.04 -0.60 
11 -21. 45 -37.49 -1. 75 
11 -17.78 -28.77 -2.71 
11 20.72 -38.57 -1. 98 

5 28.74 -62.77 -10.13 
5 -19.59 4.99 -22.08 
5 5.54 -76.29 -1. 99 
5 -7.24 -50.18 -2.52 

12 -34.55 8.61 -4.40 
5 16.95 -97.33 -10.97 

13 11.19 21.83 -3.66 
8 90.00 0.00 0.00 

Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 

90.0 90.00 -16.30 
175.0 175.00 -16.30 

-31. 40 
-31.40 

0.00 
13.80 

8 
14 

-16.30 -31.40 0.00 
-16.30 -31.40 -13.80 

120 
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TABLE 5 (Continued) 

Fixed plate: AFRICA 
Rotated plate: INDIA 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
5 9.67 8.20 51.40 -7.42 15 8.20 51.40 7.42 
6 19.90 16.20 44.20 -11.09 15 -31.61 -149.56 -4.04 
8 27.30 14.80 46.00 -15.40 15 -10.61 -130.04 -4.34 
13 35.58 11.30 51.60 -21.37 15 -0.07 -116.99 -6.31 
18 42.01 14.90 49.90 -23.23 15 -51.00 -142.96 -2.41 
20 45.42 17.00 48.10 -24.09 15 -57.38 -174.01 -1.41 
21 49.55 12.60 48.30 -28.34 15 9.98 -136.31 -4.69 
22 52.28 23.80 38.40 -23.53 15 -29.87 68.62 -8.10 
23 54.29 14.90 41.90 -29.93 15 14.88 -135.61 -7.74 
24 55.64 15.90 38.60 -31.11 15 -35.48 161.19 -2.11 
25 58.94 17.60 33.90 -32.70 15 -39.66 152.95 -3.08 
26 60.48 17.60 31. 90 -34.63 15 -23.54 -178.33 -2.22 
27 63.28 14.00 33.40 -40.22 15 8.16 -146.01 -6.12 
28 64.71 15.30 31. 00 -40.50 15 -49.87 118.28 -1. 86 
29 65.83 13.10 31.40 -45.65 15 3.13 -152.26 -5.40 
34y 84.00 17.90 24.90 -54.45 16 -46.80 -176.05 -11.03 
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TABLE 5 (Continued) 

Fixed plate: EAST ANTARCTICA 
Rotated plate: INDIA 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference Latitude Longitude Rotation 
--------------------------------------------------------------------------------
0.17 0.17 13.20 38.20 -0.12 1 13.20 38.20 0.12 
10 0.73 13.40 40.00 -0.48 17 -13.46 -139.40 -0.36 
20 1. 88 14.00 38.30 -1.27 17 -14 .37 -142.73 -0.79 
20 1. 88 16.30 35.20 -2.12 17 -19.71 -149.47 -0.86 
3y 3.88 15.70 35.40 -2.49 17 -12.24 -143.55 -0.37 
30 4.77 12.40 37.50 -3.31 17 -2.35 -136.80 -0.84 
3Ac 5.62 11.70 38.00 -3.93 17 -7.87 -139.51 -0.62 
3Bc 6.44 12.40 37.50 -4.48 17 -17.48 -145.94 -0.55 
40 7.41 13.50 36.80 -4.90 17 -25.14 -150.49 -0.43 
4Ac 8.20 14.00 36.50 -5.43 17 -18.71 -146.10 -0.53 
50 10.42 16.00 34.80 -6.49 17 -26.24 -153.72 -1. 09 
5'c 11. 06 16.10 34.70 -6.77 17 -18.53 -147.50 -0.28 
5Ao 12.12 16.30 34.50 -7.30 17 -18.98 -147.91 -0.53 

5Bo 15.27 16.60 33.80 -8.90 17 -18.17 -149.30 -1. 60 

5Cc 16.60 16.70 33.40 -9.68 17 -18.15 -151.07 -0.78 

500 18.14 16.80 33.00 -10.40 17 -18.52 -152.26 -0.72 
5Eo 19.09 16.80 32.60 -11.02 17 -17.30 -154.06 -0.62 

60 20.45 16.80 32.20 -11.74 17 -17.30 -153.88 -0.72 

8 27.30 16.20 30.60 -15.65 15 -14.97 -154.35 -3.93 
13 35.58 17.00 30.50 -19.62 15 -20.16 -149.33 -3.98 
18 42.01 19.20 27.40 -22.88 15 -33.73 -169.29 -3.53 
20 45.42 16.40 28.80 -25.41 15 8.66 -145.75 -2.84 
21 49.55 12.80 28.50 -28.67 15 11.50 -159.73 -3.67 
22 52.28 14.50 24.60 -29.56 15 -40.66 135.41 -2.27 
23 54.29 13.40 23.30 -32.17 15 -5.30 -173.05 -2.76 

24 55.64 12.80 21. 90 -34.48 15 -9.83 -177.85 -2.46 
25 58.94 12.40 19.30 -37.52 15 -15.31 172.30 -3.43 

26 60.48 12.40 17.50 -39.45 15 -20.47 167.15 -2.25 
27 63.28 10.10 18.00 -43.40 15 11.34 -165.65 -4.29 
28 64.71 11.10 15.40 -44.24 15 -43.89 127.53 -2.21 
29 65.83 11.20 13.00 -47.44 15 -22.12 165.15 -3.69 

31 68.96 9.40 13.70 -51.59 15 10.91 -168.04 -4.45 

32 72.46 9.80 10.60 -55.31 15 -27.68 158.20 -4.64 
34y 84.00 7.80 10.90 -65.10 18 2.10 -173.51 -10.00 
96.0 96.00 5.87 7.06 -77.70 19 -9.51 167.34 -13.54 

MO 118.35 -0.75 13.90 -85.85 19 53.91 -162.18 -14.86 
M11 133.01 -4.51 17.53 -91. 92 19 52.94 -164.83 -9.50 

160.0 160.00 -4.22 17.14 -92.45 19 -47.93 -171. 23 -0.88 

200.0 200.00 -4.22 17.14 -92.45 8 90.00 0.00 0.00 



Fixed plate: 
Rotated plc\te: 

TABLE 5 (Continued) 

EAST ANTARCTICA 
AUSTRALIA 

Total Reconstruction Pole Forward Stage Pole 

North East North East 

123 

Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 

5.0 5.00 13.20 38.20 -3.40 1 13.20 38.20 3.40 
50 10.42 8.70 35.56 -6.65 20 -4.17 -147.38 -3.28 
6 19.90 8.95 32.07 -11.90 20 -9.67 -152.29 -5.28 
8 27.30 14.25 33.25 -16.00 21 -28.34 -140.81 -4.30 
12 32.68 12.50 34.40 -18.90 21 -2.13 -141.23 -2.97 
13 35.58 11. 68 31.81 -20.46 20 -6.39 -177.03 -1. 81 
18 42.01 11.47 31.03 -23.58 20 -11.10 -154.21 -3.13 
20y 44.66 13.00 31.50 -24.10 19 -53.61 -109.37 -0.84 
21y 48.75 13.00 31.50 -24.90 19 -13.00 -148.50 -0.80 
28y 64.29 9.66 33.13 -25.57 19 53.87 -127.11 -1.75 
34y 84.00 4.48 35.60 -26.90 19 53.87 -126.99 -2.92 
96.0 96.00 1.50 37.00 -27.85 19 53.95 -126.96 -1.82 
MO 118.35 4.78 36.21 -29.14 19 -55.30 -142.40 -2.10 
M11 133.01 6.89 35.70 -30.09 19 -55.24 -142.34 -1. 46 
160.0 160.00 8.26 35.37 -30.75 19 -55.77 -142.11 -0.99 
200.0 200.00 8.26 35.37 -30.75 8 90.00 0.00 0.00 

Fixed plate: AUSTRALIA 
Rotated plate: LORD HOWE RISE 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 

24 55.64 90.00 0.00 0.00 21 90.00 0.00 0.00 
26 60.48 -1.50 138.50 -2.55 21 1.50 -41.50 -2.55 
28 64.71 -4.49 139.36 -5.66 20 6.97 -40.05 -3.12 
29 65.83 -5.50 140.50 -6.60 21 11. 84 -32.96 -0.95 
32 72.46 -10.63 139.33 -12.30 20 16.32 -42.71 -5.76 
33 77 .24 -14.00 142.00 -19.00 21 20.75 -34.07 -6.80 
84.0 84.00 -14.00 142.00 -23.00 21 14.00 -38.00 -4.00 



Fixed plate: 
Rotated plate: 

TABLE 5 (Continued) 

LORD HOWE RISE 
NORFOLK RIDGE 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
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Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 

84.0 84.00 
90.0 90.00 

90.00 
17.02 

0.00 
-38.26 

0.00 
3.75 

8 
8 

Fixed plate: HOTSPOT - PACIFIC 
Rotated plate: PACIFIC 

Total Reconstruction Pole 

North East 
Chron Age Latitude Longitude Rotation Reference I 

90.00 
17.02 

0.00 
-38.26 

0.00 
-3.75 

Forward Stage Pole 

North East 
Latitude Longitude Rotation 

--------------------------------------------------------------------------------
23.0 23.00 
27.0 27.00 
43.0 43.00 
80.0 80.00 
87.0 87.00 
93.0 93.00 
96.0 96.00 
102.0 102.00 
108.0 108.00 
112.0 112.00 
120.0 120.00 
132.0 132.00 
145.0 145.00 

Fixed plate: 
Rotated plate: 

72.50 287.30 20.90 
70.70 289.80 23.80 
67.42 297.17 33.79 
48.71 282.25 45.29 
49.70 284.60 54.66 
52.42 282.77 62.54 
54.54 280.52 65.92 
59.87 273.72 70.48 
62.06 270.44 73.64 
63.26 268.44 76.61 
63.11 268.14 83.41 
64.68 264.90 88.69 
67.90 258.63 91.89 

HOTSPOT - AFRICA 
HOTSPOT - PACIFIC 

Total Reconstruction Pole 

8 72.50 287.30 -20.90 
8 58.42 -55.34 -3.00 
8 60.46 -47.02 -10.20 
8 8.17 -73.81 -17.70 
8 56.79 -67.44 -9.50 
8 59.69 -108.84 -8.39 
8· 52.24 -144.06 -4.30 

.. 8" 37.99 -170.72 -8.57 
13 46.26 -165.36 -4.49 
8 54.85 -152.71 -3.49 
8 61.00 -91.88 -6.80 

!' 
8 53.64 -147.30 -6.02 
8 29.05 178.31 -6.62 

Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 

80.0 80.00 3.08 100.12 12.00 8 3.08 100.12 -12.00 
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TABLE 5 (continued) 

Fixed plate: MARIA BYRD LAND 
Rotated plate: PACIFIC 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
50 10.42 72.00 -70.00 9.75 20 72.00 -70.00 -9.75 
6c 19.90 71.25 -73.19 15.41 20 69.65 -77.51 -5.67 
13c 35.58 74.83 -56.86 28.01 20 78.47 -29.75 -12.78 
18c 42.01 75.08 -51.25 32.56 20 76.02 -15.15 -4.61 
21c 49.55 72.97 -54.24 35.11 24 46.73 -55.74 -2.87 
25c 58.94 70.63 -56.77 38.46 24 46.86 -55.73 -3.69 
30Rc 68.47 66.52 -59.98 46.28 24 47.08 -55.71 -8.40 
80.0 80.00 64.05 -61. 43 52.79 8 47.36 -55.76 -6.85 
84.0 84.00 63.32 -61. 81 55.07 8 47.41 -55.78 -2.38 
90.0 90.00 62.29 -62.31 58.67 8 47.61 -55.79 -3.74 
95.0 95.00 70.05 -58.04 66.59 8 65.34 153.63 -11.43 
100.0 100.00 79.23 -66.53 77.14 8 52.45 -178.68 -15.26 
105.0 105.00 85.23 -87.11 87.35 8 53.04 178.11 -13.32 
110.0 110.00 85.17 -86.27 91.39 8 84.99 -65.16 -4.04 
115.0 115.00 84.08 -78.78 95.71 8 64.89 -14 .36 -4.71 
120.0 120.00 82.45 -73.43 99.87 8 54.85 -15.32 -4.92 
125.0 125.00 82.40 -76.94 102.30 8 66.83 -98.50 -2.53 
130.0 130.00 82.74 -79.71 104.72 8 69.83 -139.45 -2.54 
135.0 135.00 83.51 -85.70 108.88 8 66.23 -150.52 -4.49 
140.0 140.00 84.46 -93.81 111. 90 8 54.18 -164.35 -3.67 
145.0 145.00 85.91 -99.92 110.02 8 -35.18 154.78 -3.15 
150.0 150.00 78.87 -104.87 103.22 8 -35.77 -50.60 -13.21 
155.0 155.00 80.78 -111.06 103.28 8 2.54 153.78 -3.45 
160.0 160.00 82.39 -117.70 103.41 8 3.59 148.88 -2.95 
165.0 165.00 83.82 -126.51 103.64 8 4.94 146.78 -2.80 
170.0 170.00 85.00 -140.22 104.02 8 6.76 147.92 -2.82 
175.0 175.00 86.10 -157.20 104.74 8 14.04 134.94 -2.79 
180.0 180.00 85.05 176.87 104.31 8 -11.21 179.27 -3.56 
185.0 185.00 83.38 161.84 103.99 8 -10.81 179.20 -3.55 
190.0 190.00 81.43 153.18 103.76 8 -10.72 179.34 -3.56 
195.0 195.00 79.36 147.79 103.63 8 -10.51 179.34 -3.55 
200.0 200.00 77.22 144.18 103.61 8 -10.11 179.47 -3.55 



Fixed plate: 
Rotated plate: 

TABLE 5 (Continued) 

MARIA BYRD LAND 
CAMPBELL PLATEAU 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 

50 10.42 
6c 19.90 
13c 35.56 
16c 42.01 
21c 49.55 
25c 56.94 
30Rc 66.47 
84.0 64.00 

Fixed plate: 
Rotated plate: 

72.00 -70.00 9.75 
71.25 -73.19 15.41 
74.63 -56.66 26.01 
75.06 -51.25 32.56 
72.97 -54.24 35.11 
70.63 -56.77 36.46 
66.52 -59.96 46.28 
63.32 -61.61 55.07 

CAMPBELL PLATEAU 
CHATHAM 

Total Reconstruction Pole 

20 72.00 -70.00 -9.75 
20 69.65 -77 .51 -5.67 
20 76.47 -29.75 -12.76 
20 76.02 -15.15 -4.61 
24 46.73 -55.74 -2.67 
24 46.66 -55.73 -3.69 
24 47.08 -55.71 -6.40 
25 47.37 -55.76 -9.23 

Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotatlon Reference I Latitude Longitude Rotation 

64.0 84.00 90.00 
90.0 90.00 -47.67 

0.00 
107.21 

0.00 
-3.75 

25 
25 

90.00 
47.87 

0.00 
-72.79 

0.00 
-3.75 
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TABLE 5 (Continued) 

Fixed plate: BELLINGSHAUSEN 
Rotated plate: PACIFIC 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
50 10.42 72.00 -70.00 9.75 20 72.00 -70.00 -9.75 
6c 19.90 71.25 -73.19 15.41 20 69.65 -77 .51 -5.67 
13c 35.58 74.83 -56.86 28.01 20 78.47 -29.75 -12.78 
18c 42.01 75.08 -51.25 32.56 20 76.02 -15.15 -4.61 
25c 58.94 71.61 -57.47 40.11 24 55.64 -59.51 -7.93 
30Rc 68.47 71.65 -49.00 53.75 24 73.25 -24.04 -13.80 
90.0 90.00 72.88 -43.09 74.61 25 77.78 -33.82 -20.99 
95.0 95.00 77 .44 -33.30 83.94 8 68.97 159.59 -11. 43 

100.0 100.00 84.06 -28.91 95.97 8 58.66 -163.09 -15.26 
105.0 105.00 88.43 9.59 107.03 8 59.10 -166.93 -13.33 
110.0 110.00 88.24 1.72 111.04 8 81.47 8.99 -4.04 
115.0 115.00 87.10 -16.99 115.18 8 59.24 13.31 -4.72 
120.0 120.00 85.48 -27.82 119.07 8 49.34 10.09 -4.91 
125.0 125.00 85.55 -33.05 121. 50 8 69.86 -62.11 -2.53 
130.0 130.00 85.86 -34.78 123.98 8 76.40 -111. 91 -2.55 
135.0 135.00 86.60 -37.19 128.26 8 73.10 -128.79 -4.49 
140.0 140.00 87.62 -37.70 131.44 8 60.89 -146.35 -3.68 
145.0 145.00 88.69 -4.75 129.76 8 -30.63 178.06 -3.15 
150.0 150.00 83.89 -87.74 122.23 8 -37.24 -35.64 -13.21 
155.0 155.00 85.68 -96.34 122.61 8 6.86 173.40 -3.44 
160.0 160.00 87.14 -109.42 122.99 8 7.42 168.38 -2.95 
165.0 165.00 88.23 -138.69 123.44 8 8.60 165.84 -2.81 
170.0 170.00 88.23 168.95 124.02 8 10.49 167.14 -2.81 
175.0 175.00 87.45 133.87 124.90 8 16.30 153.32 -2.80 
180.0 180.00 85.45 135.28 124.68 8 -5.06 -160.29 -3.55 
185.0 185.00 83.45 135.81 124.55 8 -4.55 -160.39 -3.55 
190.0 190.00 81.44 136.12 124.48 8 -4.49 -160.29 -3.56 
195.0 195.00 79.44 136.32 124.48 8 -4.30 -160.27 -3.54 
200.0 200.00 77.43 136.49 124.57 8 -3.76 -160.16 -3.56 



Fixed plate: 
Rotated plate: 

TABLE 5 (Continued) 

NORTH AMERICA 
BAJA CALIFORNIA 

Total Reconstruction Pole 
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Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 

5.0 5.00 48.62 -75.15 4.69 27 48.62 -75.15 -4.69 

Fixed plate: NORTH AMERICA 
Rotated plate: CHORTISS 

Total Reconstruction Pole Forward stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
5 9.67 42.01 -95.65 -2.72 28 42.01 -95.65 2.72 
6 19.90 36.06 -94.12 -6.00 28 -31.12 86.67 -3.31 
8 27.30 -59.20 72.95 5.84 28 -36.67 -78.52 -2.53 
10 30.03 -36.23 86.29 10.35 28 -10.90 91.28 -5.59 
19 43.83 -38.48 86.72 16.41 28 -42.17 88.24 -6.08 
21 49.55 -36.85 86.99 21.96 28 -32.03 86.63 -5.58 
28 64.71 -35.7:- 86.99 28.91 28 -32.49 85.99 -6.97 
33 77 .24 -35.77 86.99 28.91 28 90.00 0.00 0.00 
34 84.00 -35.77 87.51 34.10 28 -35.05 90.22 -5.20 

Fixed plate: AUSTRALIA 
Rotated plate: ARGO 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
M17 143.01 -25.10 51.00 -0.73 8 -25.10 51.00 0.73 
M18 144.54 -25.10 51.00 -1. 64 8 25.10 -129.00 -0.91 
M19 146.21 -25.10 51.00 -2.30 8 25.10 -129.00 -0.66 
H2O 147.90 -25.10 51.00 -3.36 8 25.10 -129.00 -1.06 
M21 149.65 -25.10 51.00 -5.06 8 25.10 -129.00 -1. 70 
M22 152.11 -25.10 51.00 -5.78 8 25.10 -129.00 -0.72 
M22A 153.35 -25.10 51.00 -6.75 8 25.10 -129.00 -0.97 
M23 153.84 -25.10 51.00 -7.34 8 25.10 -129.00 -0.59 
M24 154.98 -25.10 51.00 -8.56 8 25.10 -129.00 -1.22 
M24A 155.61 -25.10 51.00 -9.48 8 25.10 -129.00 -0.92 
M25 156.42 -25.10 51.00 -10.66 8 25.10 -129.00 -1.18 
M26 158.17 -25.10 51.00 -11. 47 8 25.10 -129.00 -0.81 



129 

TABLE 5 (Continued) 

Fixed plate: PACIFIC 
Rotated plate: PHOENIX 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
31 68.96 -9.20 256.50 -2.20 8 I -9.20 256.50 2.20 
32A 71.51 -9.20 256.50 -8.00 8 I 9.20 76.50 -5.80 

32 72.46 -9.20 256.50 -9.20 8 I 9.20 76.50 -1.20 
33 77 .24 -9.20 256.50 -11.20 8 I 9.20 76.50 -2.00 

33R 80.17 -9.20 256.50 -19.00 8 I 9.20 76.50 -7.80 
34y 84.00 -9.20 256.50 -26.60 8 I 9.20 76.50 -7.60 

M1 122.03 14.68 259.64 -80.38 8 I -22.11 88.70 -56.97 

M2 122.64 14.75 259.66 -80.90 8 I -20.29 88.67 -0.53 

M3 124.19 14.94 259.68 -82.12 8 I -22.59 88.73 -1.25 

M4 125.91 15.29 259.73 -84.56 8 I -22.00 88.63 -2.48 

M5 126.76 15.53 259.76 -86.26 8 I -22.29 88.71 -1.73 

M7 127.75 15.73 259.79 -87.77 8 I -21. 90 88.59 -1.54 

M8 128.47 15.85 259.81 -88.62 8 I -22.29 89.53 -0.87 

MI0 130.01 16.10 259.84 -90.58 8 I -22.19 88.47 -1. 99 

M10N 131.51 16.25 259.86 -91.82 8 I -21.96 88.34 -1.26 

Mll 133.01 16.34 259.88 -92.55 8 I -21.51 89.26 -0.74 

M12 135.15 16.46 259.89 -93.50 8 I -22.75 88.66 -0.97 

M13 136.87 16.58 259.91 -94.54 8 I -21. 74 88.56 -1. 06 

M14 137.85 16.65 259.92 -95.12 8 I -22.21 88.93 -0.59 

M15 139.29 16.79 259.94 -96.32 8 I -22.11 88.75 -1. 22 

M16 141.53 16.95 259.96 -97.76 8 I -22.10 88.39 -1. 46 

M17 143.01 17.04 259.98 -98.52 8 I -21.76 89.73 -0.77 

M18 144.54 -17.24 80.00 100.30 .. 8 I -22.52 88.66 -1. 81 

M19 146.21 -17.37 80.02 101.58 .8 I -21.78 88.30 -1.30 

M20 147.90 -17.51 80.04 102.92 8 I -22.06 88.64 -1. 36 

M21 149.65 -17.64 80.06 104.17 8 I -22.04 88.82 -1.27 

M22 152.11 -17.88 80.10 106.57 !1 , 8 I -21. 90 88.76 -2.43 

M23 153.84 -18.03 80.12 108.08 8 I -22.21 88.75 -1. 53 

M24 154.98 -18.17 80.14 109.48 8 I -22.24 89.03 -1. 42 

M25 156.42 -18.29 80.15 110.78 8 I -22.42 88.20 -1.31 

M29 159.95 -18.60 80.20 114.14 8 I -21.98 88.79 -3.40 
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TABLE 5 (Continued) 

Fixed plate: PACIFIC 
Rotated plate: JUAN DE FUCA 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
---------------------------_._---------------------------------------------------
2Ac 2.94 35.00 26.00 -1.59 29 35.00 26.00 1. 59 
3Ao 5.89 74.92 321.19 -3.80 29 -65.97 69.94 -3.03 
3Bo 6.50 65.28 9.39 -4.06 29 -0.36 -137.09 -1. 27 
5y 8.92 69.65 7.62 -6.15 29 -78.03 -177.04 -2.13 
50 10.42 72.90 5.91 -7.31 29 -88.01 107.66 -1.22 
5Eo 19.09 80.97 356.30 -14.40 29 -87.99 110.55 -7.24 
6Ao 21. 71 76.82 23.05 -15.51 29 -24.86 -129.97 -2.02 
6Cc 23.74 72.59 33.61 -16.66 29 -25.07 -129.98 -1.82 
7Ao 26.56 78.32 31.49 -20.39 29 -78.04 24.03 -4.16 
90 29.21 72.66 41.26 -21. 75 29 -16.97 -131.97 -2.63 
130 35.87 83.12 27.97 -32.29 29 -76.50 36.01 -11.63 
13c 35.58 83.42 26.93 -32.79 29 -76.73 36.15 -0.53 
18 42.01 86.97 345.56 -43.45 30 -77.99 40.06 -11.09 
21 49.55 86.33 283.91 -54.22 30 -75.39 40.59 -11.14 
25 58.94 88.63 51.02 -61.71 30 -59.74 -120.93 -8.72 
30R 68.47 86.97 88.71 -68.73 30 -69.89 -100.76 -7.38 
32 72.46 86.45 91.20 -71.05 30 -71.96 -106.18 -2.40 
33 77 .24 85.80 92.46 -73.27 8 -67.35 -112.27 -2.35 
33R 80.17 84.47 94.12 -78.27 8 -67.55 -112.19 -5.26 
34 84.00 83.75 94.72 -81.20 8 -67.38 -112.27 -3.07 
MO 118.35 70.75 74.18 -96.49 8 -31. 50 -151.70 -24.32 
M1 122.03 69.54 73.60 -98.27 8 -31. 60 -151.79 -2.56 
M2 122.64 69.45 73.56 -98.41 8 -32.50 -151.30 -0.20 
M3 124.19 69.06 73.40 -99.00 8 -31. 45 -151.33 -0.84 
M4 125.91 68.54 73.18 -99.80 8 -31. 61 -151. 80 -1.13 
M5 126.76 -68.16 253.03 100.38 8 -30.95 -151.88 -0.83 
M6 127.28 -67.95 252.95 100.71 8 -31.45 -151.58 -0.46 
M7 127.75 -67.77 252.88 101. 00 8 -32.00 -151.59 -0.40 
M8 128.47 -67.54 252.79 101.37 8 -31.82 -151.85 -0.52 
M9 129.17 -67.25 252.69 101. 83 8 -31.06 -151.49 -0.65 
M10 130.01 -66.95 252.58 102.32 8 -31. 71 -151.76 -0.68 
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TABLE 5 (Continued) 

Fixed plate: PACIFIC 
Rotated plate: JUAN DE FUCA 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
MI0N 131.51 -66.49 252.42 103.08 8 -31.65 -151.64 -1.05 
M11 133.01 -66.03 252.68 103.83 8 -25.54 -136.73 -1. 05 
M12 135.15 -65.44 253.01 104.83 8 -26.03 -136.25 -1.38 
M13 136.87 -64.94 253.28 105.69 8 -25.94 -136.21 -1.18 
M14 137.85 -64.73 253.39 106.05 8 -25.56 -136.37 -0.50 
M15 139.29 -64.32 253.59 106.76 8 -25.75 -136.76 -0.98 
M16 141.53 -63.72 253.88 107.82 8 -25.76 -136.49 -1. 45 
M17 143.01 -63.38 254.04 108.43 8 -25.76 -136.43 -0.83 
M18 144.54 -62.80 254.31 109.48 8 -25.54 -136.31 -1. 43 
M19 146.21 -62.30 254.53 110.41 8 -25.89 -136.34 -1.25 
M20 147.90 -61.86 254.71 111.24 8 -26.03 -136.63 -1.11 
M21 149.65 -61.43 254.89 112.07 8 -26.10 -136.16 -1.10 
M22 152.11 -60.74 255.17 113.39 8 -25.41 -136.42 -1. 76 
M23 153.84 -60.29 255.34 114.29 8 -26.25 -136.32 -1.18 
M24 154.98 -59.96 255.46 114.94 8 -25.60 -136.75 -0.86 
M25 156.42 -59.60 255.60 115.67 8 -25.77 -135.94 -0.96 
M26 158.17 -59.24 255.73 116.41 8 -26.04 -136.23 -0.97 
M27 158.64 -59.08 255.78 116.73 8 -25.58 -137.45 -0.42 
M28 159.06 -58.93 255.83 117.03 8 -25.23 -137.09 -0.40 
M29 159.95 -58.68 255.92 117.56 8 -26.25 -135.85 -0.69 
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TABLE 5 (continued) 

Fixed plate: PACIFIC 
Rotated plate: FARALLON 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference Latitude Longitude Rotation 
--------------------------------------------------------------------------------

3A 5.62 19.20 26.50 -3.10 31 19.20 26.50 3.10 
4A 8.20 68.66 5.45 -6.32 31 -77.89 67.96 -5.00 
5Cc 16.60 79.12 7.43 -12.62 31 -88.00 -108.32 -6.51 
8 27.30 81.17 25.43 -20.05 31 -80.59 -114.92 -7.50 
13 35.58 87.72 333.97 -32.70 31 -79.69 31.93 -13.09 
18 42.01 88.98 47.24 -40.79 30 -80.71 -78.02 -8.21 
21 49.55 88.73 123.87 -49.52 30 -82.26 -40.13 -8.80 
25 58.94 84.48 90.68 -57.24 30 -59.75 -120.91 -8.71 
30R 68.47 82.75 93.82 -64.41 30 -69.88 -100.83 -7.39 
32 72.46 82.31 93.82 -66.76 30 -71.81 -106.34 -2.40 
33 77.24 81. 75 93.52 -69.03 8 -67.75 -112.11 -2.36 
33R 80.17 80.59 93.03 -.74.10 8 -67.48 -112.17 -5.25 
34 84.00 79.97 92.81 -77.09 8 -67.49 -112.21 -3.09 
MO 118.35 67.17 73.86 -92.95 8 -31.48 -151.71 -24.32 
M1 122.03 65.99 73.15 -94.79 8 -31.63 -151.60 -2.55 
M2 122.64 65.90 73.10 -94.93 8 -30.93 -151. 67 -0.20 
M3 124.19 65.52 72.88 -95.54 8 -31.68 -151.95 -0.84 
M4 125.91 65.01 72.60 -96.37 8 -31.59 -151.79 -1.14 
M5 126.76 64.64 72.41 -96.97 8 -31.02 -151.75 -0.82 
M6 127.28 64.44 72.31 -97.31 8 -31. 97 -151.16 -0.46 
M7 127.75 64.26 72.22 -97.61 8 -31.33 -151.68 -0.41 
M8 128.47 64.03 72.11 -97.99 8 -30.85 -151. 65 -0.52 

M9 129.17 63.75 71. 97 -98.47 8 -31.72 -151.80 -0.65 
M10 130.01 63.46 71.83 -98.98 8 -32.08 -151.43 -0.68 
M10N 131.51 63.01 71. 62 -99.76 8 -31.37 -151.78 -1.05 
M11 133.01 -62.56 251. 79 100.55 8 -25.72 -136.72 -1.06 

M12 135.15 -61. 98 252.01 101.59 8 -25.69 -136.43 -1.38 
M13 136.87 -61.49 252.19 102.49 8 -25.83 -136.35 -1.19 
M14 137.85 -61.29 252.26 102.87 8 -26.48 -136.26 -0.49 
M15 139.29 -60.89 252.40 103.62 8 -25.81 -136.41 -0.98 
M16 141.53 -60.31 252.60 104.72 8 -25.62 -136.38 -1. 44 
M17 143.01 -59.98 252.71 105.37 8 -26.22 -136.15 -0.84 
M18 144.54 -59.42 252.89 106.46 8 -25.54 -136.52 -1. 42 
M19 146.21 -58.94 253.04 107.43 8 -26.05 -136.26 -1.25 
M20 147.90 -58.51 253.17 108.30 8 -25.70 -136.47 -1.12 
M21 149.65 -58.09 253.29 109.17 8 -26.03 -136.52 -1.11 

M22 152.11 -57.43 253.48 110.54 8 -25.52 -136.53 -1. 75 
M23 153.84 -56.99 253.61 111. 48 8 -25.63 -136.10 -1.19 
M24 154.98 -56.68 253.69 112.15 8 -25.94 -136.67 -0.85 
M25 156.42 -56.33 253.78 112.92 8· -26.07 -136.50 -0.97 
M26 158.17 -55.98 253.88 113.69 8 -25.44 -136.07 -0.97 
M27 158.64 -55.83 253.92 114.03 8 -26.14 -136.03 -0.42 

M28 159.08 -55.69 253.95 114.34 8 -26.00 -137.33 -0.39 

M29 159.95 -55.45 254.01 114.89 8 -26.27 -136.25 -0.68 
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TABLE 5 (continued) 

Fixed plate: PACIFIC 
Rotated plate: IZANAGI 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
chron Age Latitude Longitude Rotation Reference Latitude Longitude Rotation 
--------------------------------------------------------------------------------
24-2 55.90 -4.80 90.20 -0.38 8 I -4.80 90.20 0.38 
25 58.94 -4.80 90.20 -2.58 8 I 4.80 -89.80 -2.20 
26 60.48 -4.80 90.20 -3.19 8 I 4.80 -89.80 -0.61 
27 63.28 -4.80 90.20 -3.86 8 I 4.80 -89.80 -0.67 
28 64.71 -4.80 90.20 -4.73 8 I 4.80 -89.80 -0.87 
29 65.83 -4.80 90.20 -5.15 8 I 4.80 -89.80 -0.42 
30 67.58 -4.80 90.20 -6.30 8 I 4.80 -89.80 -1.15 
31 68.96 -4.80 90.20 -6.87 8 I 4.80 -89.80 -0.57 
32A 71.51 -4.80 90.20 -9.07 8 I 4.80 -89.80 -2.20 
32B 72.73 -4.80 90.20 -10.48 8 I 4.80 -89.80 -1.41 
32R 73.87 -4.80 90.20 -10.95 8 I 4.80 -89.80 -0.47 
33 77.24 -4.80 90.20 -14.00 8 I 4.80 -89.80 -3.05 
34 84.00 -4.80 90.20 -15.46 8 I 4.80 -89.80 -1.46 
M1 122.03 11.21 106.63 -49.53 8 I -14.20 -63.79 -35.76 

M2 122.64 11.29 106.72 -50.15 8 I -13.83 -64.28 -0.63 
M3 124.19 11.56 107.01 -52.14 8 I -14.24 -63.66 -2.02 
M4 125.91 11.79 107.26 -54.00 8 I -14.16 -63.81 -1. 88 
M5 126.76 11.88 107.35 -54.71 8 I -14.59 -63.67 -0.72 

M6 127.28 11.98 107.45 -55.56 8 I -14.48 -64.10 -0.86 

M7 127.75 12.05 107.53 -56.22 8 I -13.91 -64.03 -0.67 

M8 128.47 12.15 107.64 -57.13 8 I -14 .15 -63.72 -0.92 
M9 129.17 12.32 107.82 -58.72 8 I -14.30 -63.82 -1. 61 

M10 130.01 12.46 107.98 -60.16 8 I -13.99 -63.82 -1. 45 
M10N 131.51 12.63 108.17 -61. 95 8 I -14.10 -63.73 -1. 81 
M11 133.01 12.76 108.31 -63.37 8 I -14.24 -63.83 -1. 43 

M12 135.15 12.95 108.51 -65.49 8 I -14.36 -63.72 -2.14 

M13 136.87 13.16 108.74 -68.10 8 I -14.20 -63.87 -2.63 
M14 137.85 13.22 108.81 -68.87 8 I -14 .01 -63.49 -0.78 

M15 139.29 13.38 108.98 -71.01 8 I -14.31 -63.94 -2.16 
M16 141.53 13.61 109.24 -74.35 8 I -14.11 -63.80 -3.36 

M17 143.01 13.72 109.36 -76.00 8 I -14.24 -63.76 -1.66 
M18 144.54 13.91 109.57 -79.00 8 I -14.21 -63.71 -3.02 

M19 146.21 14.03 109.71 -81.10 8 I -14 .04 -63.83 -2.11 
M20 147.90 14.17 109.86 -83.62 8 I -14.31 -64.01 -2.53 

M21 149.65 13.64 110.21 -84.35 8 I 34.51 -78.52 -1.11 
M22 152.11 12.43 110.99 -86.06 8 I 34.64 -78.92 -2.58 
M23 153.84 11. 46 111. 61 -87.50 8 I 34.57 -78.87 -2.13 
M24 154.98 10.84 112.01 -8·8.46 8 I 34.53 -78.47 -1. 40 
M25 156.42 10.16 112.43 -89.52 8 I 34.63 -79.40 -1.54 
M26 158.17 9.33 112.96 -90.88 8 I 34.62 -78.49 -1. 94 

M27 158.64 9.10 113.10 -91.26 8 I 34.44 -79.45 -0.54 
M28 159.08 8.81 113.28 -91.75 8 I 34.39 -78.94 -0.69 
M29 159.95 8.03 113.76 -93.08 8 I 34.68 -79.17 -1.87 
M30 160.63 7.82 113.89 -93.46 8 I 33.74 -78.60 -0.52 



Fixed plate: 
Rotated plate: 

PACIFIC 
IZANAGI 

TABLE 5 (Continued) 

Total Reconstruction Pole 

134 

Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 

M3l 161.13 7.61 114.02 -93.83 8 34.72 -78.97 -0.52 
M32 161. 69 7.35 114.18 -94.28 8 35.41 -79.36 -0.63 
M33 162.23 7.00 114.40 -94.93 8 34.14 -78.31 -0.89 
M34 162.69 6.42 114.76 -95.99 8 34.97 -78.89 -1.46 
M35 163.82 6.14 114.93 -96.52 8 34.24 -79.01 -0.72 
M37 165.05 4.85 115.72 -99.03 8 34.53 -78.88 -3.39 
M38 166.16 5.62 115.25 -97.52 8 -34.57 101.05 -2.03 
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TABLE 5 (Continued) 

Fixed plate: PACIFIC 
Rotated plate: COCOS 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
5Cc 16.60 45.80 248.89 -24.80 31 45.80 248.89 24.80 
8 27.30 57.28 244.52 -29.86 31 -80.59 -114.91 -7.50 
13 35.58 63.75 236.37 -42.11 31 -79.72 31. 85 -13.09 
18 42.01 68.10 228.40 -49.16 30 -80.73 -77.86 -8 • .20 
21 49.55 70.49 220.85 -57.36 30 -82.29 -40.22 -8.80 
25 58.94 74.71 205.15 -63.38 30 -59.76 -120.88 -8.72 
30R 68.47 75.88 192.65 -69.77 30 -69.90 -100.93 -7.38 
32 72.46 76.16 188.89 -71. 90 30 -71.81 -105.74 -2.40 
33 77.24 76.40 184.65 -73.91 8 -67.44 -112.06 -2.36 
33R 80.17 76.67 175.53 -78.46 8 -67.56 -112.38 -5.26 
34 84.00 76.67 170.51 -81.15 8 -67.42 -112.05 -3.07 
MO 118.35 72.31 110.23 -92.08 8 -31.49 -151.70 -24.32 
M1 122.03 71.27 106.85 -93.47 8 -31. 64 -151.70 -2.56 
M2 122.64 71.19 106.61 -93.58 8 -32.37 -151.63 -0.20 

M3 124.19 70.84 105.60 -94.04 8 -31.28 -151.93 -0.84 
Mtl 125.91 70.36 104.30 -94.68 8 -31. 60 -151.64 -1.14 

M5 126.76 70.01 103.41 -95.14 8 -31.19 -151.66 -0.82 

M6 127.28 69.81 102.93 -95.40 8 -30.88 -151.17 -0.46 

M7 127.75 69.64 102.51 -95.63 8 -31.77 -152.27 -0.40 
M8 128.47 69.42 101.99 -95.93 8 -31. 93 -151.61 -0.52 
M9 129.17 69.15 101.37 -96.30 8 -31. 98 -151. 63 -0.64 
M10 130.01 68.85 100.72 -96.70 8 -31.22 -151.34 -0.69 
M10N 131.51 68.40 99.76 -97.31 8 -31.50 -152.02 -1.05 
M11 133.01 67.87 99.27 -97.93 8 -25.86 -136.50 -1.05 

M12 135.15 67.17 98.67 -98.76 8 -25.69 -136.24 -1.39 
M13 136.87 66.58 98.18 -99.48 8 -26.01 -136.49 -1.19 

M14 137.85 66.33 97.99 -99.78 8 -25.12 -136.10 -0.50 
M15 139.29 -65.85 277.62 100.38 8 -26.01 -136.35 -0.98 

M16 141.53 -65.15 277 .10 101.27 8 -26.03 -136.51 -1.44 
M17 143.01 -64.74 276.82 101. 79 8 -25.43 -136.22 -0.84 

M18 144.54 -64.06 276.36 102.68 8 -25.92 -136.44 -1.42 
M19 146.21 -63.46 275.98 103.46 8 -25.22 -136.56 -1.25 

M20 147.90 -62.94 275.66 104.17 8 -26.08 -136.25 -1.11 
M21 149.65 -62.42 275.35 104.89 8 -26.06 -136.33 -1.12 
M22 152.11 -61. 61 274.89 106.02 8 -25.76 -136.47 -1.75 
M23 153.84 -61.06 274.59 106.80 8 -25.70 -136.58 -1.20 
M24 154.98 -60.68 274.39 107.36 8 -26.29 -136.13 -0.84 
M25 156.42 -60.24 274.17 1,08.00 8 -25.59 -136.26 -0.97 

M26 158.17 -59.81 273.95 108.64 8 -26.03 -136.63 -0.96 

M27 158.64 -59.62 273.86 108.92 8 -25.36 -136.33 -0.42 

M28 159.08 -59.45 273.78 109.18 8 -26.15 -135.85 -0.39 

M29 159.95 -59.14 273.63 109.65 8 -25.93 -136.54 -0.70 



TABLE 5 (Continued) 136 

Fixed plate: PACIFIC 
Rotated plate: NAZCA 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
50 10.42 56.64 -87.88 -16.30 32 I 56.64 -87.88 16.30 
6c 19.90 62.38 -93.02 -30.18 32 I -69.47 82.81 -14.09 
7c 25.74 63.88 -94.75 -39.08 32 I -69.45 82.80 -8.96 
10c 30.03 67.34 -100.08 -43.77 32 I -80.85 -55.24 -5.51 
13 35.58 69.85 253.87 -49.54 32 I -82.30 -29.32 -6.35 
18 42.01 73.13 245.92 -56.86 30 I -80.71 -78.15 -8.20 
21 49.55 74.79 237.56 -65.18 30 I -82.25 -39.88 -B.BO 
25 5B.94 78.83 222.19 -71.54 30 I -59.77 -120.94 -8.72 
30R 68.47 79.95 207.53 -78.02 30 I -69.87 -100.87 -7.38 
32 72.46 80.20 203.01 -80.18 30 I -71.85 -105.90 -2.40 
33 77.24 80.44 197.83 -82.22 8 I -67.47 -112.81 -2.35 
33R 80.17 80.66 186.42 -86.83 8 I -67.52 -112.06 -5.26 
34 84.00 80.62 180.09 -89.55 8 I -67.44 -111.93 -3.07 
MO 118.35 -75.59 287.92 101. 07 8 I -31.51 -151. 71 -24.32 
M1 122.03 -74.48 284.73 102.48 8 I -31.40 -151.68 -2.57 
M2 122.64 -74.40 284.51 102.59 8 I -33.26 -152.46 -0.19 
M3 124.19 -74.03 283.58 103.06 8 I -31.29 -151.70 -0.84 
M4 125.91 -73.53 282.40 103.70 8 I -31.38 -151. 71 -1.14 
M5 126.76 -73.17 281.60 104.17 8 I -31. 75 -151.60 -0.B2 
M6 127.28 -72.97 281.17 104.43 8 I -31.55 -151.84 -0.45 

M7 127.75 -72.79 280.79 104.66 8 I -31.05 -152.25 -0.41 
M8 128.47 -72.56 280.33 104.96 8 I -31.49 -151.37 -0.52 
M9 129.17 -72.28 279.77 105.33 8 I -31. 74 -152.13 -0.64 
M10 130.01 -71.97 279.20 105.73 B I -30.98 -151.28 -0.69 
M10N 131.51 -71.51 278.36 106.35 8 I -31. 96 -151.87 -1. 05 
M11 133.01 -70.98 278.05 106.% 8 I -25.49 -136.25 -1. 06 
M12 135.15 -70.30 277.66 107.77 8 -26.02 -136.47 -1.38 

M13 136.87 -69.72 277 .35 108.47 8 -25.89 -136.45 -1.18 

M14 137.85 -69.47 277.23 108.76 8 -24.45 -136.41 -0.50 
M15 139.29 -69.00 276.99 109.35 8 -26.40 -136.48 -0.98 

M16 141.53 -68.31 276.67 110.21 8 -25.72 -136.38 -1. 43 
M17 143.01 -67.90 276.49 110.72 8 -25.27 -136.53 -0.85 

M18 144.54 -67.23 276.21 111. 59 8 -25.99 -136.18 -1. 42 
M19 146.21 -66.65 275.97 112.35 8 -25.88 -136.60 -1.24 

M20 147.90 -66.13 275.77 113.04 8 -25.76 -136.42 -1.12 
M21 149.65 -65.61 275,58 113.74 8 -25.75 -136.35 -1.12 

M22 152.11 -64.81 275.30 114.84 8 -25.86 -136.36 -1. 75 
M23 153.84 -64.27 275.12 115.59 8 -25.67 -136.47 -1.19 

M24 154.98 -63.89 275.00 116.14 8 -26.36 -135.94 -0.85 
M25 156.42 -63.45 274.86 1.16.75 8 -25.09 -136.92 -0.97 

M26 158.17 -63.03 274.73 117.37 8 -26.39 -136.20 -0.95 
M27 158.64 -62.84 274.68 117.65 8 -25.85 -135.54 -0.43 

M28 159.08 -62.67 274.63 117.90 8 -25.95 -136.33 -0.39 
M29 159.95 -62.36 274.54 118.35 8 -25.48 -136.63 -0.70 



TABLE 5 (Continued) 

Source of rotation data: 

1 DeMets and others (in press) 
2 Klitgord and schouten (1986) 
3 Dunbar and Sawyer (1989) 
4 Cande and others (1988) 
5 Martin and Hartnady (1986) 
6 Rabinowitz and LaBrecque (1979) 
7 Vink (1982) 
8 This work 
9 Srivastava and Tapscott (1986) 

10 Molnar and others (1988) 
11 Royer and others (1988) 
12 Besse and Courtillot (1988) 
13 Norton and Sclater (1979) 
14 Norton and Sclater, 1979 
15 Patriat and Segoufin (1988) 
16 Segoufin and Patriat (1981) 
17 Royer and Schlich (1988) 
18 Royer and Sandwell (1989) 
19 Powell and others (1988) 
20 stock and Molnar (1982) 
21 Weissel and others (1977) 
22 Duncan (1984) 
23 Extrapolated from Duncan (1984) 
24 Stock and Molnar (1987) 
25 This work, Table G-7 
26 Based on Stock and Molnar (1982) 
27 Stock and Hodges (1989) 
28 Ross and Scotese (1988) 
29 Wilson (1988) 
30 Rosa and Molnar (1988) 
31 Engebretson and others (1985) 
32 Pardo-Casas and Molnar (1987) 
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guess at the past locations of the Izanagi-Farallon or Farallon

Phoenix ridges. I generate my mirror-image from the actual location 

of observations of anomaly positions on the Pacific plate. As these 

anomaly positions reflect offsets due to ridge jumps and/or asymmetric 

spreading, such ridge jumps and/or asymmetric spreading will thus be 

correctly modeled in the regenerated plate. I also identify possible 

positions of oceanic plateaus based on my model of Pacific hotspots. 

I cannot rul e out the presence of additional pl ateaus created by 

hotspots beneath the Farallon or Izanagi plates. And for that matter, 

I cannot rule out the presence of additional plates and plate 

boundaries in areas for which I have no data. 

Reconstructions are presented using the global plate circuit 

which incorporates the linkage of the dispersing Gondwana fragments 

with the Paci fi c basi n descri bed earl i er. A seri es of gl oba 1 recon

structions is provided at 25 m.y. increments, from 200 Ma to present, 

as a part of Appendix G. These reconstructions are presented in a 

reference frame defi ned by the Paci fi c hotspots. For the western 

margin of the Americas, reconstructions are provided at 15 m.y. inter

vals spanning the period from 145 to 25 Ma. Plate reconstructions are 

produced for the middle of the time intervals, with the stage rota

tions for the interval being used to define displacement vectors for 

sets of points along the continental margin of the Americas. These 

vectors provide the total displacement which occurs at the points for 

the 15 m.y. i nterva 1. Success i ve addi ng of these vectors can gi ve 

total displacements over the span of several reconstructions. As an 
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example, the reconstruction for 33 Ma is based on total reconstruction 

poles for 33 Ma, but vector displacements shown in this reconstruction 

are based on the forward stage poles from 40 to 25 Ma. 

The reconstructions also identify the projected positions or 

tracks of seamounts, oceanic islands, and/or oceanic plateaus that 

were or could have been created by passage of the Pacific basin plates 

over the set of Pacific hotspots. These tracks are projected back to 

138 Ma. The positions of tracks on crust created at the Izanagi

Farallon or Farallon-Phoenix ridges are poorly defined due to the lack 

of constraints for positioning these boundaries, a problem also 

encountered by Debiche and others (1987) in their calculation of 

terrane trajectories. Creating the predicted tracks was done through 

the following steps. 

1. I determined the present-day positions for the set of 

hotspots. 

2. I found the rotations of hotspots relative to each of the 

Pacific basin plates. 

3. From my gl oba 1 reconstructi ons in the Pacifi c-hotspot 

reference frame I determined (approximately) the plates which 

passed over each hotspot, and the time interval of passage. 

4. I generated synthetic tracks of hotspots on present-day 

positions of appropriate plates. This was done for subducted 

portions of plates also. 

5. Each position (circle) along the track was assigned an age. 
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Pl ates and hotspot tracks are rotated by tot a 1 reconstruction 

poles to their past positions. 

reconstruction times are plotted. 

North America 

Only track locations older than 

Figure 22 graphically portrays the motions of Pacific basin plates 

relative to a fixed North America. Table 6 provides rotation param

eters used in Figure 22. My Cenozoic reconstructions are similar to 

those of Stock and Molnar (1988) as I use similar rotation components 

in my reconstructions. Subduction rates between the North American 

and Farallon (Vancouver) plates remained constant from 78 to 63 Ma, 

and decreased by approximately 75% in the northern areas and 25% in 

the southern areas from 63 to 33 Ma. My reconstructions are quite 

different from those of Engebretson and others (1984) for times 

earl i er than 80 Ma. I show southeast di rected subducti on in the 

north, and left-lateral translational motion in the south, for 

reconstructi ons at 93 and 108 Ma. Earl i er than 123 Ma there was 

subduction along the entire North American margin north of Oaxaca, 

Mexico, with left lateral motion further south. Between 175 and 150 

Ma, the Farallon-Phoenix ridge intersected the western margin of North 

America in the southern California region, and connected with 

spreading centers in the Central Atlantic via the Mojave-Sonora 

megashear (Anderson and Schmidt, 1983). This geometry produced left

lateral motions/rotations between Central America and cratonic North 

America and resulted in the early rifting of the Yucatan block away 

from Mexico (Klitgord and Schouten, 1986). By 138 Ma, the ridge was 



Figure 22. Reconstructions of the past positions of Pacific basin 
plates relative to the North American plate for 15 m.y. 
increments. 

NOTE: 

Relative positions of continental plates and oceanic magnetic 
lineations are shown for the times indicated. Magnetic 
lineations for the Izanagi-Kula, Farallon, Juan de Fuca
Vancouver, Nazca and Phoenix plates, obtained from analysis of 
lineations on the Pacific plate, are dashed. Continental shelfs 
are darkened to highlight the continental outlines. Arrows with 
ticks identify the direction and amounts of motions for the 15 
m.y. interval bracketing the time of the reconstruction, i.e., 
arrows in the 33 Ma reconstruction show stage rotations from 40 
to 25 Ma. Tick marks on arrows show 100 kilometers of ground 
distance. The arrows are labeled as follows: 

I - Izanagi-Kula 
J - Juan de Fuca-Vancouver 
F - Farallon 

H - Hotspot 
P - Phoenix 

Circles show hypothetical tracks of hotspots due to passage of 
the dispersing oceanic plates over fixed Pacific hotspots. 
Circles have a radius of 1 degree (111 km) and are generated at 1 
m.y. intervals. 

Tracks are discontinuous because evolving ridge boundaries 
crossed hotspot positions, causing newly-generated material to be 
incorporated into different plates with different subsequent 
absolute motions. The age and label of tracks appear at 15 m.y. 
intervals. Tracks are identified as follows: 

H - Hawaiian 
MG - Magellan 
MP - Mid-Pacific 

Tracks are obscured by 

S - Shatsky 
Y - Yellowstone 

continental plates. Occasional 
traces reappear in the Caribbean or Atlantic Oceans and are 
merely artifacts of the graphics techniques. 

a) 33 Ma e) 93 Ma 

b) 48 Ma f) 108 Ma 

c) 63 Ma g) 123 Ma 

d) 78 Ma h) 138 Ma 
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Figure 22 
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Figure 22 ( continued) 
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Figure 22 (continued) 
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Figure 22 (continued) 
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Figure 22 (continued) 
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Figure 22 (continued) 
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Figure 22 (continued) 
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Figure 22 (continued) 



Table 6. Rotations between oceanic plates of the Pacific basin and 
the western edge of North America. 



Fixed plate: 
Rotated plate: 

TABLE 6 

NORTH AMERICA 
PACIFIC 

Total Reconstruction Pole 

North East 
Age Latitude Longitude Rotation 

33.00 57.35 
48.00 54.03 
63.00 40.13 
78.00 32.48 
93.00 40.13 

108.00 48.29 
123.00 49.60 
138.00 49.16 

Fixed plate: 
Rotated plate: 

-69.34 20.28 
-72.94 25.89 
-73.07 31. 71 
-80.01 39.36 
-90.03 52.35 

-109.90 55.37 
-121.72 63.03 
-131.54 68.20 

NORTH AMERICA 
IZANAGI 

Total Reconstruction Pole 

North East 
Age Latitude Longitude Rotation 

33.00 56.85 -69.59 20.41 
48.00 53.47 -73.08 26.09 
63.00 36.26 -74.06 34.76 
78.00 24.63 -80.11 52.17 
93.00 28.78 -80.30 70.68 

108.00 32.81 -80.75 77.90 
123.00 34.07 -77.51 89.51 
138.00 32.82 -71.60 100.85 

1 Stage pole describes motion from 
m.y.) • 
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Forward Stage Pole1 

North East 
Latitude Longitude Rotation 

64.29 -63.45 -8.26 
1.13 -69.23 -6.40 
9.22 -75.77 -10.32 
9.57 -91. 75 -9.45 

32.42 -163.14 -16.89 
11.18 -179.36 -13.29 
23.09 -1'55.26 -10.21 
-0.47 178.00 -9.30 

Forward Stage Pole 

North East 
Latitude Longitude Rotation 

63.72 -63.73 -8.30 
1.20 -69.27 -6.51 
6.48 -73.28 -17.66 
7.39 -79.20 -17.47 

46.20 -98.80 -16.45 
54.61 -97.57 -8.89 
47.23 -49.69 -15.33 
48.55 -16.18 -12.24 

(Age + 7 m.y. ) to (Age - 8 



TABLE 6 (Continued) 

Fixed plate: 
Rotated plate: 

NORTH AMERICA 
JUAN DE FUCA 

Total Reconstruction Pole 

North East 
Age Latitude Longitude Rotation 

33.00 -39.57 
48.00 -67.94 
63.00 -59.06 
78.00 -52.83 
93.00 -42.18 

108.00 -36.99 
123.00 -29.11 
138.00 -23.69 

Fixed plate: 
Rotated plate: 

-78.16 16.48 
-44.52 33.08 
-44.58 50.75 
-47.31 64.70 
-55.47 71.29 
-n.58 74.16 
-77 .43 82.61 
-80.42 92.66 

NORTH AMERICA 
FARALLON 

Total Reconstruction Pole 

North East 
Age Latitude Longitude Rotation 

. 33.00 -48.49 -63.33 15.56 
48.00 -58.62 -49.39 31.02 
63.00 -52.37 -49.90 49.37 
78.00 -47.69 -51.89 63.90 
93.00 -37.40 -58.80 71.60 

10B.00 -32.05 -73.6B 74.74 ,: 
123.00 -24.68 -79.21 83.79 . 
138.00 -19.79 -82.17 94.24 

Forward Stage Pole 

North East 
Latitude Longitude Rotation 

-64.43 4.68 -15.62 
-63.02 -20.25 -19.34 
,:,,33.04 -61.29 -16.85 
-35.33 -64.04 -16.11 

2.34 -141. 60 -17.36 
-15.14 -144.74 -15.17 
-3.25 -116.96 -14.87 
-6.00 -123.18 -11.16 

Forward Stage Pole 

North East 
Latitude Longitude Rotation 

I -59.64 -6.01 -13.73 
I .. -56.28 -45.75 -18.12 
I .-33.02 -61.30 -16.85 
I -35.37 -63.99 -16.10 
I 2.35 -141. 60 -17.37 
I' , -15.16 -144. n -15.16 
I -3.22 -116.99 -14.88 
I -6.03 -123.23 -11.15 
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TABLE 6 (Continued) 

Fixed plate: 
Rotated plate: 

NORTH AMERICA 
HOTSPOT - PACIFIC 

Total Reconstruction Pole 

North East 
Age Latitude Longitude Rotation 

33.00 -81.72 -44.59 8.74 
48.00 -88.56 -110.77 10.75 
63.00 -73.03 -12.53 12.44 
78.00 -68.32 -41.12 13.27 
93.00 -77 .43 -111.00 17.66 

108.00 -77.23 -126.21 26.23 
123.00 -71.91 -137.92 32.94 
138.00 -66.28 -129.07 37.58 

Forward Stage Pole 

North East 
Latitude Longitude Ro'Cation 

-37.82 130.87 -1.70 
-58.28 21.12 -2.66 

15.60 -55.16 -3.49 
-74.57 -148.99 -4.55 
-63.27 175.59 -8.01 
-56.39 -170.43 -8.27 
-35.36 -138.84 -6.22 
-25.63 -133.10 -5.80 
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positioned between the Chortis plate/Yucatan block and South America, 

creating sea floor in the Columbian Basin. 

Possible oceanic plateaus that could have collided with western 

North America include ones due to the Yellowstone, Shatsky, and Mid

Pacific hotspots. The track of the Yellowstone could have been 

present on both the Izanagi and Fara 11 on plates. I model it beneath 

the Izanagi plate from 145 to about 100 Ma. The Izanagi portion of 

the track was subducted in the region of the Gulf of Alaska until 

about 75 Ma. The Farallon portion of the track was subducted beneath 

Washi ngton-Oregon about 90 to 75 Ma. The Shatsky and Mi d-Pacifi c 

tracks occur on the Farallon plate and were subducted along the 

Central American margin from 60 to 45 Ma. The Magellan track, which 

is also located on the Fara110n plate, passed beneath the Columbian 

basin about 35 Ma. These resul ts are quite different than those of 

Henderson and others (1984) who suggest that an oceanic plateau 

generated on the Fara110n plate as a counterpart of the Hess and 

Shatsky Ri se was subducted beneath the Uni ted States Cordi 11 era and 

caused a magmati c 1 ull 70 to 40 Ma. They assume that the Shatsky 

hotspot (their Wilkes and Lynn hotspots) was coincident with the 

Pacific-Farallon Ridge from 154 to 100 Ma. My model predicts that 

while the Shatsky hotspot was close to the Pacific-Izanagi-Farallon 

triple junction from 145 to 130 Ma, it was beneath the Pacific plate 

between 130 and 105 Ma. I model the track for the time that the 

hotspot was beneath the Pacific (130-105, 70-0 Ma) and Farallon plates 

(105-70 Ma). Any oceanic plateau created at the triple junction 145 
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to 130 Ma would trend perpendicular to the northernmost Farallon 

anomalies (dashed lines) seen on the reconstruction at 93 Ma. This 

plateau would have had a maximum size of about 700 kilometers in 

1 ength and 150 kil ometers in wi dth, and woul d have been subducted 

beneath southern California about 65 Ma. The long axis of the plateau 

would have been aligned with the direction of subduction so that the 

region of the Cordillera affect by its subduction would have been 

1 imited. 

South America 

Figure 23 portrays the motions of Pacific basin plates relative to 

a fixed South America. Table 7 provides the rotation parameters used 

in Figure 23. My reconstructions are similar to those of Pardo-Casas 

and Molnar (1987). I also find divergence between the southern 

portions of the Nazca and South American plates for reconstructions 

older than 60 Ma. I suspect that this apparent divergence may map the 

evolution of the position of the Farallon-Phoenix ridge. Divergent 

indicators of Nazca-South American motion may be located where 

subduction of Phoenix plate is occurring. Convergence between the 

Nazca and South Ameri can, and the Phoeni x and South Ameri can plates 

has been approximately perpendicular to the margin since 78 Ma. Prior 

to this time, Phoenix plate motion was left-lateral along northern 

South America and convergent to the southeast, south of the major bend 

in the western margin of South America. Large amounts of southward 

transport of allocthonous terranes could have occurred along the 

western margin of South America. Transport would be restricted in 



Figure 23. Reconstructions of the past positions of Pacific basin 
plates relative to the South American plate for 15 m.y. 
increments. 

Relative positions of continental plates and oceanic magnetic 
lineations are shown for the times indicated.' Magnetic 
lineations for the Izanagi-Kula, Farallon, Juan de Fuca
Vancouver, Nazca and Phoenix plates, obtained from analysis of 
lineations on the Pacific plate, are dashed. Continental shelfs 
are darkened to highlight the continental outlines. Arrows with 
ticks identify the direction and amounts of motions for the 15 
m.y. interval bracketing the time of the reconstruction, i.e., 
arrows in the 33 Ma reconstruction show stage rotations from 40 
to 25 Ma. Tick marks on arrows show 100 kilometers of ground 
distance. The arrows are labeled as follows: 

H - Hotspot 
N - Nazca (Farallon) 

P - Phoenix 

Circles show hypothetical tracks of hotspots due to passage of 
the dispersing oceanic plates over fixed Pacific hotspots. 
Circles have a radius of 1 degree (111 km) and are generated at 1 
m.y. intervals. 

Tracks are discontinuous because evolving ridge boundaries 
crossed hotspot positions, causing newly-generated material to be 
incorporated into different plates with different subsequent 
absolute motions. The age and label of tracks appear at 15 
m.y.intervals. Tracks are identified as follows: 

L - Louisville 
M - Manihiki 
MG - Magellan 

MP - Mid-Pacific 
OJ - Ontong Java 
S - Shatsky 

NOTE: Tracks are obscured by continental plates. Occasional 
traces reappear in the Caribbean or Atlantic Oceans and 
are merely artifacts of the graphics techniques. 

a) 33 Ma 
b
c

) 48 Ma 
) 63 Ma 

d) 78 Ma 

e) 93 Ma 
f) 108 Ma 
g) 123 Ma 
h) 138 Ma 
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Figure 23 
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Figure 23 (continued) 
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23 (continued) Figure 
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Figure 23 ( continued) 
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Figure 23 (continued) 
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Figure 23 (continued) 
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Figure 23 ( continued) 
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Figure 23 (continued) 



Table 7. Rotations between oceanic plates of the Pacific basin and 
the western edge of South america. 



Fixed plate: 
Rotated plate: 

TABLE 7 

SOUTH AMERICA 
NAZCA 

Total Reconstruction Pole 

North East 
Age Latitude Longitude Rotation 

33.00 -65.12 
48.00 -70.70 
63.00 -67.7B 
78.00 -60.66 
93.00 -52.68 

108.00 -48.64 
123.00 -38.24 
138.00 -30.74 

Fixed plate: 
Rotated plate: 

67.82 30.70 
36.58 43.52 
-4.83 55.91 

-22.38 66.08 
-3~.57 67.64 
-52.53 63.30 
-59.32 63.24 
-65.64 66.00 

SOUTH AMERICA 
PHOENIX 

Total Reconstruction Pole 

North East 
Age Latitude Longitude Rotation 

33.00 73.32 -72.84 16.34 
48.00 69.58 -7B.59 20.77 
63.00 54.40 -78.01 24.01 
78.00 63.42 -79.94 26.03 
93.00 70.86 111. 73 32.55 

10B.00 34.11 116.28 46.22 
123.00 18.10 119.98 61.73 
13B.00 7.19 123.54 75.59 

1 Stage pole describes motion from 
m.y.) • 
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Forward Stage Pole1 

North East 
Latitude Longitude Rotation 

-65.80 -23.72 -12.00 
-61. 07 -59.66 -17.49 
-33.18 -69.42 -15.51 
-33.00 -67.59 -15.49 

17.05 -145.63 -14.35 
11. 79 -141.75 -12.10 
18.98 -123.63 -11.75 
19.30 -116.80 -9.64 

Forward Stage Pole 

North East 
Latitude Longitude Rotation 

80.24 -47.68 -7.37 
3.16 -77.27 -4.49 

27.14 -78.18 -6.70 
24.03 109.02 -16.21 

3.32 131. 03 -24.39 
-10.25 138.13 -25.38 
-13.96 149.10 -21.93 
-8.65 161. 73 -14.99 

(Age + 7 m.y. ) to (Age - 8 



TABLE 7 (Continued) 

Fixed plate: 
Rotated plate: 

SOUTH AMERICA 
HOTSPOT - PACIFIC 

Total Reconstruction Pole 

North East 
Age Latitude Longitude Rotation 

33.00 -68.46 128.30 11.14 
48.00 -62.94 133.61 14.28 
63.00 -67.16 113.55 15.08 
78.00 -73.40 121. 82 14.43 
93.00 -64.65 139.15 21.06 

108.00 -67.77 139.80 25.36 
123.00 -61.62 149.44 27.36 
138.00 -56.45 161. 68 29.52 

Forward Stage Pole 

North East 
Latitude Longitude Rotation 

-22.12 130.89 -3.50 
-60.13 88.63 -3.02 
31.99 -51.53 -2.27 

-75.85 -165.68 -3.82 
-57.82 135.91 -6.97 
-35.10 170.60 -3.52 

4.86 170.64 -5.01 
17.75 -140.15 -3.98 
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time and space to regions south of the southward-migrating Farallon

Phoenix ridge. 

Comparison with Previous Results 

The reconstructions and rotation poles of the previous sections 

are now compared with those of previ ous researchers. My Cenozoi c 

(post-69 Ma) Pacific-North America reconstructions agree well with 

those of Stock and Molnar (1988). The re-analysis of Pacific-Kula 

rotations includes new data of Lonsdale (1988) and indicates less 

relative motion than models of Engebretson (1982) or Rosa and Molnar 

(1988). Early Cenozoic and Cretaceous reconstructions for the north 

Pacifi care si gnifi cantly di fferent than those of Engebretson and 

others (1985). The major differences are probably due to these 

researcher's usage of a hotspot reference frame for the Cenozoic, and 

their inclusion of the Line Islands as a Pacific hotspot track during 

the Cretaceous. A different model of Pacific hotspot tracks by 

Henderson and Gordon (1984) resulted in suggestions of a magmatic lull 

in the North American cordillera due to a collision with an oceanic 

plateau. The Pacific hotspot model developed in this work is 

consistent with available paleomagnetic data for the Pacific plate and 

suggests only minor interaction between oceanic plateaus and the North 

American cordillera. Cenozoic reconstructions for motions between the 

Nazca and South American plates are similar to those of Pardo-Casas 

and Molnar (1987). 

In summary, my reconstructions agree well with previous 

reconstructions based on relative rotations, but differ significantly 
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from reconstructions within absolute reference frames. My 

reconstructions for the Cretaceous identify new patterns of plate 

motions between the north Pacific region and North America during the 

Cretaceous. My reconstructions also provides a new (and the only?) 

model of Cretaceous plate interactions between the south Pacific 

region and South America. 

Discussion 

I present a model for evolution of the Pacific basin, and 

interactions of the Pacific basin with the western margin of the 

Americas. My model incorporates recently published global rotations 

as well as a re-analysis of spreading histories of all the major 

ridges in the Pacific basin. My model is based on relative rotation 

parameters back to 80 Ma. Based on a comparison of relative and 

absolute reference frames, I determine that relative rotation has 

occurred between the Pacific and Atlantic hotspots (and hotspot 

reference frames) sometime between 80 Ma and present. I extend my 

model back to 145 Ma within the absolute reference frame by utilizing 

this relative rotation between the South Atlantic and Pacific 

hotspots, and a new model of Cretaceous absolute rotati ons for the 

Pacific plate which is consistent with possible hotspot tracks and the 

available paleomagnetic data. During the development of my model, I 

show that the Pacific plate has behaved as a single plate since the 

late Cretaceous. I also show that only slight movement has occurred 

between the Pacific hotspots and paleomagnetic reference frame, less 
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than the positional uncertainties in the data and model. The sl"lght 

amount of apparent northward displacement of the Pacific hotspots (3-4 

degrees as measured on Figure 16) correlates with the 7 to 8 degrees 

of southward motion of the South Atlantic hotspots for the same time 

period. 

My kinematic model is consistent with the idea of major left

lateral motions in Mexico and Central America during the early 

Cretaceous. The southward migrating position of the Farallon-Phoenix 

ridge connected with a spreading center in the northern Gulf of Mexico 

about 175 Ma, along the Mojave-Sonora megashear (Anderson and Schmidt, 

1983: Klitgord and Schouten, 1986). Continued migration of the ridge 

eventually resulted in spreading in the Columbian Basin. A major 

change in the relative motion directions between the Farallon and 

North American plates occurred during the interval 93 to 78 Ma. This 

change from a left lateral to compressional regime in the Central 

American region probably resulted in formation and/or emplacement of 

the island arc extending from southern Nicaragua/northern Costa Rica, 

through Panama, to Columbia. This is consistent with observations of 

Galli-Olivier (1979) that island-arc clastic rocks first unconformably 

covered the ophiolite of Costa Rica in early Campanian time. 

I also show that there have been only minor interactions between 

counterpart oceani c pl ateaus (to the Pacifi c pl ate) and the western 

margin of North America. Most of these have occurred in the Central 

American region during early Cenozoic times. 



CHAPTER 4 

SUMMARY AND CONCLUSIONS 

My research consisted of three tasks: 
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- study of uncertainties for rotations between pairs of plates, 

and propogation of errors in plate circuits, 

- study of the use of paleomagnetic and hotspot reference frames 

in global plate reconstructions, 

- study of the ki nemati c hi story of the western margi n of the 

Americas. 

A realistic assessment of uncertainties associated with a model 

for plate reconstructions can be obtained through the use of empirical 

probability density functions (PDFs) to describe the rotations between 

plates. PDFs for adjacent plates are derived from the estimated 

errors in observations of fracture zone and magnetic anomaly 

crossi ngs. Monte Carlo techni ques are then used to sample these 

functions in order to determine the empirical PDFs for a sequence of 

rotations. Confidence limits can be assigned within a PDF. The PDFs 

can be used to develop confidence limits for positions within plate 

reconstructions. The PDF for the reconstruction of the adjacent 

Pacific and Antarctic plates at the time of anomaly 13 indicates that 

the worst case uncertainty region is twice as large as the uncertainty 

region at a 95% confidence level and 3 times as large as that at the 
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80% confidence level. The PDF for a sequence of plate rotations which 

define the relative positions of the Pacific and North American plates 

at the time of anomaly 6, demonstrates that realistic uncertainties 

. for summations of rotations are apt to be significantly smaller than 

those previously predicted by worst case scenarios. Thus, while 

strict application of Murphy's Law may result in uncertainties in pole 

position that cause large positioning errors in reconstructions, a 

nonparametric probabilistic approach indicates that expected 

uncertainties and resultant plate reconstruction errors should be much 

smaller. 

I develop revised apparent polar wander paths for the North 

American and Pacific plates by paleomagnetic Euler pole analysis. I 

determine absolute motions for the Pacific plate through a similar 

type of analysis for hotspot tracks of the last 80 m.y. I extend this 

model back to 145 Ma through analysis of paleomagnetic constraints and 

basement depths. Comparisons of absolute motions of the Pacific plate 

within paleomagnetic and hotspot referehce frames (during the past 80 

m.y.), suggest little motion between these reference frames and 

provide no evidence for true polar'wa'nder. The fit of the Louisville 

Ridge and Hawaiian-Emperor seamount chains to the same set of absolute 

poles indicates that there are not two Pacific plates as suggested by 

previous researchers. Through analysis of the relative global plate 

circuit and expected uncertainties, the absolute motions of the 

Pacific plate, and published APWPs and hotspot tracks for the South 

Atlantic (African plate), I determine that either Africa-hotspot 
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rotations are in error or that there has been more than 1,000 

kilometers of relative motion between the Pacific and South Atlantic 

hotspots during the past 80 Ma. 

I present a revised model for evolution of the Pacific basin based 

on recently published marine magnetic data. I evaluate various 

scenarios of late Cretaceous-early Cenozoic motions in the southwest 

Pacific and determine that only minor motions occurred between East 

Antarctica and Marie Byrd Land during the Cenozoic. I present a model 

in whi ch seafloor spreadi ng in the Tasman Sea and southwest Pacifi c 

was initiated by subduction of the Pacific-Phoenix ridge. I use 

relative motion models to determine interactions between the Pacific 

basi n and the Ameri cas for the past 80 Ma, and use abso 1 ute motion 

models, incorporating the post-80 Ma motion between the South Atlantic 

(Afri can) and Pacifi c reference frames, for early Cretaceous 

interactions. My model of interactions indicates subduction nearly 

perpendicular to the margins of both North and northern South America 

from 78 Ma to 33 Ma. There is littl e possi bllity for northward 

transport of allochthonous material by the Farallon plate; such 

transport is restri cted in space to regi ons north of the evo 1 vi ng 

position of the Farallon-Izanagi (Kula) ridge, and in time to post 80 

Ma. Left-lateral, southward-directed transport of allochthonous 

terranes could have occurred south of the evolving position of the 

Farallon-Phoenix ridge. This ridge migrated from a position off 

southern California at about 175-150 Ma, to the tip of South America 

in the mi d-Terti ary. Changes in the di rect i on of Fa ra 11 on-North 



170 

Ameri can motion betwe,en 93 and 78 Ma may have 1 ed to maj or is 1 and arc 

activity along the edge of the Caribbean plate between southern 

Nicaragua and Columbia. I find little supporting evidence that 

collision of oceanic plateaus had any impact on magmatic evolution of 

the North American Cordillera. 
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APPENDIX A. MECHANICS OF THE DETERMINATION OF PROBABILITY DENSITV 
FUNCTIONS FOR ROTATIONS 

Density Functions for Data Observations 

The probability for the fit of grid points in latitude-longitude

rotation space is determined by intersection of great circle planes 

with the density functions defining the location of the data 

observations. The probability is defined by the volume of radial 

functi ons (about the Z axi s) intersected by verti ca 1 planes. Two 

functions are used to define the probabilities, a cone, and a 

modified, radial, Gaussian function. As both functi ons are 

symmetrical about the Z axis, the amount of volume contained within 

the function when intersected by a vertical plane is dependent only on 

the radial distance of the plane from the Z axis. Z values represent 

the probability that the observed x and y: xo, yo have true location 

of x,y. The general form of the density function is 

p (xo=x,yo=y) = { : (x,y) for x2 + y2 < R2 

for x2 + y2 > R2 

where R is the maximum uncertainty. 

The cumulative probability is defined as 

P (xo<X,yo<V) = I X 
-x(R) I V z (x,y) dx dy 

-y(x,R) 

(A-I) 

(A-2) 



172 

with P (xo>R,yo>R) = 1.0 

Cone 

I center the cone on the Z axis and calculate the volume defined 

by the YZ plane (vertically cutting the cone in half), the XY plane 

(base of the cone), the plane x = X (parallel to the YZ plane), and 

the surface of the cone which is defined by: 

z (x,y) = H (1 - ) (A-3) 

where H is the height of the cone, and R is the radius of the cone. 

This is shown in Figure A-1a. 

I can normalize the sum of probabilities to 1 by dividing this 

intersected volume by the total volume of the cone. Thus 

) 

v = (A-4) 

which after application of l'hospital's rule for the integration of 

the indeterminate form at the apex of the cone (x=O), 



Figure A-I. Geometry of radial density functions for data locations. 

See text for explanation of symbols used and additional detail. 

a) Conical function. The probability that the true location of a 
point is between x = 0 and x = X is equal to the shaded volume. , 

b) Standard Normal or Gaussian function. Cumulative probability is 
defined by the area under the curve. 

c) Radial Gaussian function. Note that as cumulative probability is 
defined by volume under the surface, cumulative probabilities 
reflect the relative moment about the Z axis. For example, the 
probability that r is less than 2 standard deviations from the 
mean is only .8647, rather than .9544 for the one-dimensional 
Gaussian function. The plane of intersection at z' = z' (2) is 
highlighted. The volume above this plane, but beneath the surface 
defined by z· is .5940. 

d) Modified, radial Gaussian function. The probability that the true 
location of a point is between x = 0 and x = U/R is equal to the 
shaded volume. 
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= ~ U J1 - U2 + 1- Sin-1U + 1- Cos1 U 
~ ~ 2~ 

_ 1- U3n 1 (1 + J 1 - U
2 

) 1 
~ lUi) - ""4 (A-5) 

Where U = X/R 

Note that the normalized probability is a function of ratio of X to R 

and is independent of H. For X = R, V = .5, the area of the half-

cone. 

Modified Radial Standard Gaussian or Normal (Figure A-1b,c,d) 

The standard normal curve is defined by 

shown in Figure A-lb. 

(A-6) 

I rotate the shape of the standard normal curve about z=O to get a 

radial distribution. I must calculate the volume of this function, so 

that I can then normalize it to 1.0. Assuming concentric shells about 

the Z axis, I have in cylindrical coordinates 

V = J z dV, where 
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the standard normal curve, and 

dv = 2~ r z dr 

so that 

V = 2~ r e-r /2 dr J 
00 2 

(A-7) 

= -

= ffi 

In order to normalize the volume to 1.0, I must therefore multiply z 

by l/V to get 

(A-8) 

If I now define probability space as the volume defined by the 

intersection between the radial Zl function and a horizontal (XV) 

plane which intersects Zl at z'(r=2), two standard deviations (s.d.) 

from the mean at z = 0, my new function will be 



zll{r) = + (z'{r) - zl(2) ) 
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(A-g) 

in which k equals the volume of I'{r) above the intersecting 

horizontal plane (see Figure A-1c). I thus assume that Zl '(r) mimics 

the shape of the radial Gaussian function out to values of 2 s.d., and 

z I I (r > R ) = 0, as R is the maximum uncertai nty or outer bound of 

the probabil ity functi on. The cross-secti ona 1 shape of thi s functi on 

using z I (2) as the outer 1 imit was provided in Figure 2d, that with 

zl(3) as the outer limit was shown in Figure 2e. 

For intersection at z'(2), k = .5940. For intersection at z'(3), 

k = .9389. These values for k are found by integrating zl(r) by disks 

of differential thickness about the z axis, from Zl CO) = 1/(2".) to 

zl{s.d.), which is equivalent to 

11k = V = 1.0 - 2". zl(s.d.) {1 - n ( 2". zl{s.d.) ) ) (A-10) 

for s.d. = 2, 3 

To determine the volume defined by the VI plane (vertically 

cutting the radial function in half), the XV plane (base of the cone), 

the plane at a radial distance X, X < R (parallel to the VZ plane), 

and the surface of the function, Z", I must numerically integrate the 

volume beneath the curve Zl '(X,y) from x = 0 to x = X, and 
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I can scale uncertainties in data coordinates so that probability 

values for positions between 0 and R reflect the shape of the radial 

Gaussian curve from 0 and 2 s.d. Thus R'(maximum scaled uncertainty) 

= 2, Xl (scaled x) = 2 x/R. This is shown in Figure A-1d. 

Use of a lookup table with cumulative volume/probability values 

greatly increases the speed of computation of fit probabilities. For 

both the conical and the modified radial standardized Gaussian density 

functions, a table of 100 values was created for the cumulative 

probabilities defining intersections of a vertical plane with the 

functi on in the range x I /R I = 0 to X I /R I = 1. There are 100 steps 

within this range defining 1/2 the symmetric function (step size = 

.005), and the accuracy of any table lookup is one-half the step size. 

Therefore lookup accuracy is 1/400th or .25 %. Probabilities as 

determined by the volume of the func~ion intersected by 2 planes 

requires summation of two lookup values for a net error of .5%. If 

the 2 planes intersecting the pr,qbapility function, also intersect 

each other within the function, the volume calculations would be in 

error. This will only happen if 2 data density functions are 

extremely close to each other, or overlap, and have grossly different 

maximum uncertainties; in which case the volumes will be over

estimated. This rare situation has not occurred in any of the data 

sets that I have analyzed by this method. 
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Technique for Fitting by Small Circles 

The density functions for data locations from fracture zones can 

be constrained to align with small circles about the grid pole. This 

means that uncertainty regions of the reconstructed positions of 

transform boundary crossings must be intersected simultaneously by a 

small circle about the trial pole for a fit to be attained. The 

region of fit is calculated by transforming the reconstructed 

positions of the density functions defining the data point locations 

to coordinates about the trial pole. The latitude range of 

simultaneous small circle fits for all data of a boundary segment is 

defi ned by the southernmost, northern 1 imit, and the northernmost, 

southern limit within the set of reconstructed density functions (see 

Figure A-2). Generally, forcing a fit to small circles oriented about 

a specific pole is a much more rigorous constraint than a fit by great 

circles of constrained orientation. 

Technique for Fitting by Great Circles 

A fit by great circles requires that the reconstructed positions 

of density functions defining the location of data points within this 

segment must be simultaneously intersected by a great circle of 

restricted orientation. In the case of ridge segments, I would expect 

this great circle to be roughly orthogonal to transform directions. 

Therefore I explicitly require ridge segment great circles to make a 

minimum angle of 45 degrees to transform trends or small circles about 



Figure A-2. Geometry of small circle fit probabilities. 

Points I, 2, and 3 identify the reconstructed positions of 3 
fracture zone crossings and their uncertainty regions, from 
plates A and B. The shaded area indicates the portion of the 
uncertainty regions that can be simultaneously intersected by 
small circles about the trial rotation pole between A and B. The 
relative probability of a permissive fit for this segment is: .47 
x .24 x .11 = .0124. 
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the trial pole. This requirement is equivalent to restricting the 

angle (skew) of·the ridge great circle arc, relative to the trial pole 

great circle lines of longitude, to less than 45 degrees. 

Great circle fitting is most easily done by working within a map

ped 2-dimensional representation of the data segment. I reconstruct 

the data through a rotation specified by the grid point of the PDF for 

the rotation. I define a cartesian coordinate system with the Z axis 

equa 1 to one of the set of data poi nts (geographi c center of its 

density function). In the case of former ridge segments, the Y axis 

is defined by the cross product of the grid pole, and the Z axis. The 

X axis is therefore defined by the cross product of the Y and Z axes, 

and lies in the plane containing the grid pole, and the selected data 

point (also the equatorial great circle). If I take the dot product 

of the data point locations, with the X and Y axes, I make an 

orthographic projection of the data, with the selected data point (Z 

axis) as the point of tangency. For grid points that provide a high 

degree of fit, crossings of magnetic anomalies tend to align along the 

X axis. 

Although I have projected the data points orthographically, I 

maintain the uncertainty regions as circles. This is shown in Figure 

A-3a. Intersections of the uncertainty regions are made along their Y 

range (Figure A-3b). Mod~l error due to the maintaining of circular 

uncertainty regions is a function of the Y position of the data point. 

Data poi nts centered 1 ess than 8 degrees from the equatori a 1 great 

plane woul d have i ntersecti on errors of 1 ess than 1%. As most data 
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points lie close to the X axis, this error is negligible. A second 

source of error is caused by projecting great circles as straight 

lines when calculating regions of simultaneous intersection. This 

process is equivalent to using a gnomonic projection which has 

positional differences of less than 1% when compared to the 

orthographic projection, at a point 8 degrees from the point of 

tangency of the projection. Thus, great circles are positioned by R 

Tan 0, and data points by R Sin 0; while uncertainty regions are 

measured by R O. As 

tan 0 > 0 > sin 0, and 

(tan 0- sin 0) / tan 0 < .01 for 0 <8° , 

the errors tend to be offsetting and small. These differences are 

depicted in Figure A-3c. 

The thi rd and probably the 1 argesto s'ource of error is that I 1 imit 

the region of simultaneous intersections, to the internal Y axis of 
I: I 

the density functions for the data point positions as was shown in 

Fi gure A-3b. The actual regi on is defi ned by 1 i nes tangent to the 

outer 1 imits of the densi ty functi ons as is shown in Fi gure A-3d. 

Errors of this type are larger if the data are skewed relative to the 

X axis. As the data usually aligns with the X axis, the error 

introduced by this model simplification is generally less than several 

percent and is insignificant when compared to the precision in the 



Figure A-3. Geometry of great circle fit probabilities. 

a) 

b) 

c) 

d) 

VI, V2, and V3 and their associated uncertainty regions (shown 
by dashed lines) are projected from the'lr spher-icalp'osltions to 
an orthographic plane centered at VI. This plane which was 
originally tangent to the sphere at VI has been translated along 
VI so that it passes through the center of the sphere. The great 
circle line of longitude about the trial pole which illtersects 
VI, defines the X-Z plane. The intersect'ion of this plane with 
the orthographic plane provides the X axis. The X and V 
coordinates of Vi are the dot products of the vector: Vi, with 
the X and V axes vectors respectively. Arb'ltrary great circles 
intersect this plane as approximate straight lines. The shaded 
region on the X-V plane indicates the portion of the 
uncertainty regions that can be simultaneously intersected by 
straight lines. Probabilities are based upon cone volumes above 
the shaded limits of intersection. 

Radial fit (shown by heavy lines) is approximated by 
intersections of linear uncertainties in the V direction. 
Straight lines which connect maximum and/or minimum V values for 
pairs of uncertainty regions, and which pass through all 
uncertainty regions, provide limits for possible simultaneous 
fits. 

Comparison of distance errors using various assumptions in the 
fl at surface representat'i on of a spheri ca 1 surface. Cumul at i ve 
distance error of a point P depends on its distance from the 
point of tangency T, for the orthographic and gnomonic 
projections. Distances are reduced to R sin (theta) for the 
orthographic projection, while they are increased to R tan 
(theta) for a gnomonic projection. The circular limits of the 
density functions describing the data positions (uncertainty 
region) are maintained at true scale of r * phi. C, 0, G would 
reflect the mapped positions of the point of tangency (map 
center), the orthographic position, and the gnomonic position of 
P along the X axis. 

The true measure of radial fit which would be limited by 
tangentially controlled intersects, is shown by heavy lines. 
This region of possible fit is slightly greater than that 
approximated in b). For most cases, the skew is slight, and point 
separation is large relative to the radii of uncertainty regions, 
thus minimizing errors introduced by these approximations. 
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assignment of uncertainty regions to the data points. I restrict this 

skewness to less than 45 degrees. 

A similar analysis appl ies to the fitting of transform faults/ 

fracture zones by great circles. In this case the arbitrary point and 

the t ri a 1 po 1 e are used to determi ne the X axis and an ana 1 ogous 

fitting with skewness is performed. 

Grid Fineness and Replications Required for Generation of 
Probability Density Functions 

The spaci ng of gri d poi nts for the PDF descri bi ng a rotation 

depends on the ultimate shape of the PDF. There is no requirement to 

have the grid spacing the same in all directions. Generally one would 

decrease the grid spacing in the direction exhibiting the largest grid 

density changes. It also makes sense to adj ust the gri d spaci ng so 

that steps through the gri din any di recti on cause simil ar 

displacements of the data locations. A grid spacing which provides a 

good record of the changing densities in all directions, and provides 

300 - 500 non-zero gri d values adequately defi nes the PDF for 1 ater 

usage in combined rotations, or in determining positional 

uncertainties of specific locations within a reconstruction. Usually 

several computer runs must be made to adequately define a good grid 

for the PDF, but the program provides statistics which allows for 

analysis and adjustment of successive runs. 

Determination of fit probabilities for the 185,000 grid points for 

the density function of the anomaly 13, Pacific-Antarctic rotation: 
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with 9 boundary segments, and 28 data pOints, required 4.55 minutes of 

CPU time on a VAX 8650. 50,000 trials for the set of 4 successive 

rotations for the density function of the anomaly 6, Pacific-North 

America rotation required 6.13 minutes of CPU time on a VAX 8650. As 

the grid densities for the PDFs presented in this article were 

increased to provide better illustrations, typical CPU times are much 

shorter. The usual PDF grid contains about 10,000 grid points, while 

the usual number of trials to determine the PDF for combined rotations 

is about 10,000. 
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APPENDIX B. STATISTICS FOR THE ANOMALY 13 ROTATION BETWEEN THE 
PACIFIC AND ANTARCTIC PLATES 

I ~ t 



Table 8-1. Data set and grid statistics of the probability 
density function for the anomaly 13 rotation between the 
Pacific and Antarctic plates. 

Data was obtai ned from Hell i nger (1981). Probability of fit 
determined for a .1 x .1 x .1 grid, through great circle 
intersection of conical density functions for data locations. 
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TABLE B-1 

a) INPUT DATA SET 

SEGMENT PLATE 1 PLATE 2 
LAT(N) LONG (E) ERR (KM) LAT(N) LONG (E) ERR (KM) 

l-R -55.59 -100.38 20.0 -51.19 -133.64 20.0 
-56.39 -100.97 15.0 

2-R -57.61 -119.37 30.0 -51. 67 -150.00 15.0 
-58.84 -121.16 15.0 

3-R -59.28 -121. 98 17.5 -51.90 -150.59 15.0 
-60.18 -123.74 15.0 -52.57 -151.89 15.0 

4-R -59.95 -130.56 12.5 -53.23 -159.05 15.4 
-54.37 -160.64 12.5 

5-T -56.97 -104.60 15.0 -50.10 -137.00 4.1 
-50.95 -134.70 6.1 

6-T -60.24 -125.60 3.2 -53.77 -151.82 9.6 
-59.76 -127.50 3.2 

7-T -59.08 -104.88 8.1 -52.48 -137.00 13.1 
-58.49 -107.23 10.5 

9-T -57.71 -115.66 7.1 -50.30 -146.85 10.8 
-50.90 -145.00 6.1 

10-T ,-59.01 -110.17 12.7 -52.42 -140.17 7.5 
-51.70 -142.83 10.3 

* PLATE 2 ROTATED RELATIVE TO PLATE 1 * 



TABLE B-1 (Continued) 

b) STATISTICS FOR PROBABILITY DENSITY GRID DESCRIBING ROTATION 

HORIZONAL (LATITUDINAL) GRID ALIGNMENT POINT 
LATITUDE (E): 77.03 LONGITUDE (N): -38.74 

INITIAL GUESS POLE 
LATITUDE (E): 74.83 LONGITUDE (N): -56.87 ROTATION (CC): 28.00 

BEST-FIT POLE 
LATITUDE (E): 74.83 LONGITUDE (N): -56.87 ROTATION (CC): 28.00 

.*. COORDINATE TRANSFORMATION MATRICES ••• 

GEOGRAPHIC TO GRID 
GRID(3x3) • X(3x1) - X-(3x1) 

GRID 

. 0.143067 -0.219172 0.965140 
0.380234 0.912505 0.150855 

-0.913758 0.345397 0.213887 

RAW PROBABILITIES 

GEOGRAPHIC FROM GRID 
X (3x1) - GRIDINV (3x3) • X- (3x1) 

GRIDINV 

0.143068 0.380234 -0.913758 
-0.219172 0.912504 0.345397 

0.965140 0.150855 0.213887 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 4696 
1.00000E-10 

59.816 
TOLERANCE LEVEL: 
SUM OF PROBABILITIES: 

NORMALIZED PROBS. 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 
TOLERANCE LEVEL: 
SUM OF PROBABILITIES: 

CUMULATIVE PROBS. 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 
TOLERANCE LEVEL: 
MAXIMUM GRID VALUE (PROBABILITY) 
MINIMUM GRID VALUE (PROBABILITY) 
SUM OF PROBABILITIES: 

4696 
1. 67179E-12 

1.0000 

4696 
1.67179E-12 

.00443 
1.68E-12 

1. 0000 

187 
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APPENDIX C. DATA AND FIT STATISTICS FOR THE ANOMALY 6 ROTATION 
BETWEEN THE PACIFIC AND NORTH AMERICAN PLATES 

Data sets for the Pacific - Antarctic, Australia (India) - Africa, 

and Africa - North America, anomaly 6 reconstructions were obtained 

from J. Stock. These data sets and statistics for the resulting PDFs 

are provided in Tables C-1, C-2, and C-3. Figures C-1, C-2, and C-3 

show details of the reconstruction for these plate pairs as well as 

the limits of their PDFs. No data locations were available for the 

Australia (India) - Africa reconstruction. 

Stock and Molnar (1983) developed their measures of uncertainty 

(Partial Uncertainty Rotations or PURs) for the Australia (India) -

Africa reconstruction through analysis of data from Tapscott and 

others (1980). These data have a limited geographi c range (23 to 25 

degrees S.), and thus do not provide very rigorous constraints on 

uncertainty limits determined through PURSe In order to more tightly 

constrain this rotation, I include fracture zone and anomaly locations 

as far north as the Owen Fractm'e Zone (11.0oN.). Because I did not 

have large scale charts identifying crossings of features, but only 

the journal articles, I felt the safest approach was to use numerical 

values presented in tables, or values that could be reasonably 

measured from i 11 ustrati ons with smaller scales. A 1 so, as fi gures 

providing observed magnetic profiles often did not include coordinates 

(due to projection onto a straight line track), I felt it was safer to 

stick with identifications of the axial anomaly usually well located), 



Table C-l. Data set and grid statistics of the probability density 
function for the anomaly 6 rotation between the Pacific 
and Antarctic plates. 

Probability of fit determined for a .05 x .05 x .05 grid, through 
great circle intersection of conical density functions for data 
locations. 
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TABLE' C-1 

a) INPUT DATA SET 

SEGMENT PLATE l' PLATE 2 
LAT (N) LONG (E) ERR (I<M) LAT(N) LONG (E) ERR (I<M) 

1-R -44.74 -101.13 10.0 -40.90 -118.88 10.0 
-43.00 -100.70 75.0 -43.26 -120.42 10.0 

-44.31 -120.92 20.0 

2-R -59.35 -137.42 20.0 -55.28 -155.47 10.0 
-60.15 -138.83 10.0 -56.11 -156.62 10.0 
-61.05 -140.26 10.0 -56.45 -157.30 20.0 

3-T -46.88 -108.08 20.0 -44.45 -121.40 10.0 
-48.55 -97.85 20.0 -44.75 -120.25 20.0 

4-T -50.60 -110.00 75.0 -47.33 -126.50 20.0 
-51.19 -103.45 20.0 -48.60 -119.97 20.0 

5-T -57.66 -111.25 20.0 -53.64 -132.84 10.0 
-57.74 -110.08 20.0 -53.83 -132.03 10.0 

-54.42 -129.20 20.0 
-54.72 -127.50 10.0 
-55.18 -125.70 10.0 

6-T -55.48 -127.55 20.0 -51.72 -142.83 10.0 
-55.92 -126.45 20.0 -52.42 -140.17 20.0 
-56.86 -120.10 30.0 -52.55 -139.75 20.0 

7-T -56.82 -141.20 10.0 -53.78 -151.82 20.0 
-58.21 -135.22 20.0 -54.40 -149.80 20.0 
-58.29 -134.90 20.0 

* PLATE 2 ROTATED RELATIVE TO PLATE 1 * 



TABLE C-l (continued) 

b) STATISTICS FOR PROBABILIT~ DENSIT~ GRID DESCRIBING ROTATION 

HORIZONAL (LATITUDINAL) GRID ALIGNMENT POINT 
LATITUDE (E): 73.00 LONGITUDE (N): -72.00 

INITIAL GUESS POLE 
LATITUDE (E): 71.50 LONGITUDE (N): -72.00 ROTATION (CC): 15.500 

BEST-FIT POLE 
LATITUDE (E): 71.60 LONGITUDE (N): -71.68 ROTATION (CC): 15.500 

••• COORDINATE TRANSFORMATION MATRICES *** 

GEOGRAPHIC TO GRID 
GRID (3x3) • X(3xl) • XA(3x1) 

GRID 

0.098052 -0.301775 0.948324 
0.293048 -0.901909 -0.317305 
0.951056 0.309017 0.000000 

RAW PROBABILITIES 

GEOGRAPHIC FROM GRID 
X(3x1) .. GRIDINV(3x3) * XA(3x1) 

GRIDINV 

0.098052 0.293048 
-0.301775 -0.901909 

0.948324 -0.317305 

0.951056 
0.309017 
0.000000 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 1182 
1.00000E-10 
0.26673E-05 

TOLERANCE LEVEL: 
SUM OF PROBABILITIES: 

NORMALIZED PROBS. 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 
TOLERANCE LEVEL: 
SUM OF PROBABILITIES: 

CUMULATIVE PROBS. 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 
TOLERANCE LEVEL: 
MAXIMUM GRID VALUE (PROBABILIT~) 

MINIMUM GRID VALUE (PROBABILITY) 
SUM OF PROBABILITIES: 

1182 
3.74918E-05 

1.0000 

1182 
3.74918E-05 

.00672 

.0000378 
1.0000 
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Figure C-l. Data and fit of the anomaly 6 reconstruction of the 
Pacific and Antarctic plates. 

a) Magnetic anomaly and fracture zone crossings which have been used 
to determine the PDF for the anomaly 6 rotation. Data set is the 
same that was used by Stock and Molnar (1983) and was provided by 
J. Stock (1984). Plus signs and squares represent magnetic 
anomaly and fracture zone crossings of the Antarctic plate, while 
exes and triangles represent similar features on the Pacific 
plate. Numbers identify segments of the data which contain 
groupings of observations of a single feature. The stereographic 
projection pole is the antipole of the best fit rotation, and is 
located at 71.600S., -251.68°E. 

b) Illustration of the data fit for the individual segments. 
Data of the Pacific plate (shaded) have been rotated 15.5 degrees 
about the best fit pole at 71.600N., -71.68°E., and are now 
aligned with their counterparts on the Antarctic plate. Each 
segment is plotted in an orthographic projection, centered on one 
of the data points within the segment. Great circles would 
approximate straight lines in this projection. 

c) Geographical extent of PDF. Best fit pole is shown by a cross. 
The grid of the PDF is aligned with its X axis passing along the 
line of -72.00 degrees east longitude, and centered at 71.50 
degrees north latitude. The partial uncertainty rotations (PURs) 
of Stock and Molnar (1983) are shown by diamonds. 

d) Cross section of Xl, Yl, and XY planes. Shading represents 
relative probabilities expressed as: probability per 1% of 
volume. Dotted lines identifies the 95% confidence level. A 
grid of .2 degrees is centered at (71.50 0N., -72.000E., 15.5 
degrees). Actual grid density is (.05 x .05 x .05) for X, Y, l 
respectively. Note that the X axis is aligned in a north-south 
direction, and not along the long axis of the ellipsoid as was 
done in Figures 6 and 8 of the main text. A similar orientation 
is adopted for all PDFs presented in this appendix. 
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Table C-2. Data set and grid statistics of the probability density 
function for the anomaly 6 rotation between the Antarctic 
and Australian-Indian plates. 

Probability of fit determined for a .4 x .4 x .04 grid, through 
great circle intersection of conical density functions for data 
locations. 
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TABLE'C-2 

a) INPUT DATA SET 

SEGMENT PLATE l' PLATE 2 
LAT(N) LONG (E) ERR (I<M) LAT(N) LONG (E) ERR (I<M) 

1-R -37.90 95.13 25.0 -48.25 88.40 25.0 
-47.26 86.38 25.0 

2-R -57.05 154.91 25.0 -65.61 168.02 25.0 
-56.69 157.22 25.0 -64.76 169.93 25.0 

3-R -44.43 132.94 25.0 -55.81 129.57 25.0 
-44.30 131. 55 25.0 -55.75 132.60 25.0 
-44.38 132.04 25.0 -55.80 132.03 25.0 
-44.34 132.02 25.0 
-44.30 131.49 25.0 

4-T -45.60 144.40 25.0 -56.35 148.75 25.0 
-46.75 144.75 25.0 -57.40 149.25 25.0 
-47.80 145.20 25.0 ' -62.05 152.25 25.0 

-62.35 152.45 25.0 

5-R -40.06 99.93 25.0 -49.97 90.72 25.0 
-39.40 98.29 25.0 

6-R -44.32 135.00 25.0 -55.80 135.00 25.0 
-44.47 137.04 25.0 -55.78 137.41 25.0 

• PLATE 2 ROTATED RELATIVE TO PLATE 1 * 



TABLE C-2 (Continued) 

b) STATISTICS FOR PROBABILITY DENSITY GRID DESCRIBING ROTATION 

HORIZONAL (LATITUDINAL) GRID ALIGNMENT POINT 
LATITUDE (E): 6.00 LONGITUDE (N): 30.80 

INITIAL GUESS POLE 
LATITUDE (E): 10.90 LONGITUDE (N): 30.80 ROTATION (CC): 11.900 

BEST-FIT POLE 
LATITUDE (E): 10.50 LONGITUDE (N): 30.80 ROTATION (CC): 11,!l60 

*** COORDINATE TRANSFORMATION MATRICES *** 

GEOGRAPHIC TO GRID 
GRID(3x3) * X(3)(1) - X"(3)(1) 

GRID 

0.843463 0.502805 0.189096 
0.162425 0.096825 -0.981959 

-0.512043 0.858960 0.000000 

RAW PROBABILITIES 

GEOGRAPHIC FROM GRID 
X(3)(1) co GRIDINV(3)(3) * X" (3)(1) 

GRIDINV 

0.843463 0.162426 -0.512043 
0.502805 0.096825 0.858960 
0.189096 -0.981959 0.000000 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 1097 
1.00000E-10 

1.2819 
TOLERANCE LEVEL: 
SUM OF PROBABILITIES: 

NORMALIZED PROBS. 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 
TOLERANCE LEVEL: 
SUM OF PROBABILITIES: 

CUMULATIVE PROBS. 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 
TOLERANCE LEVEL: 
MAXIMUM GRID VALUE (PROBABILITY) 
MINIMUM GRID VALUE (PROBABILITY) 
SUM OF PROBABILITIES: 

1097 
7.80074E-ll 
1.0000 

1097 
7.80074E-ll 

.0245 

.903E-10 
1. 0000 

193 



Figure C-2. Data and fit of the anomaly 6 reconstruction of the 
Antarctic and Australian-Indian plates. 

a) 

b) 

c) 

d) 

Magnetic anomaly and fracture zone crossings which have been used 
to determine the PDF for the anomaly 6 rotation. Data set is the 
same that was used by Stock and Molnar (1983) and was provided by 
J. Stock (1984). Segments 1 and 3 of Stock and Molnar (1983) 
were subdivided to create segments 5 (from 1) and 6 (from 3). 
Plus signs and squares represent magnetic anomaly and fracture 
zone crossings of the Australian-Indian plate, while exes and 
triangles represent similar features on the Antarctic plate. 
Numbers identify segments of the data which contain groupings of 
observations of a single feature. The stereographic projection 
pole is the pole of the best fit rotation, and is located at 
10.5°N., 30.8°E. 

Illustration of the data fit for the individual segments. Data 
of the Antarctic plate (shaded) have been rotated 11.86 degrees 
about the best fit pole at 10.5°N., 30.8°E, and are now aligned 
with their counterparts on the Australian-Indian plate. Each 
segment is plotted in an orthographic projection, centered on one 
of the data points within the segment. Uncertainty regions have 
been increased by 67% over those of stock and Molnar so that the 
limits of the uncertainty region encompass the PURls of Stock and 
Molnar (1983), shown in Figure C-2c. 

Geographical extent of PDF. Best fit pole is shown by a cross. 
The grid of the PDF is aligned with its X axis passing along the 
line of 30.80 degrees east longitude, and centered at 10.90 
degrees north latitude. The partial uncertainty rotations (PURs) 
of Stock and Molnar (1983) are shown by diamonds. 

Cross section of XZ, VZ, and XV planes. Shading represents 
relative probabilities expressed as: probability per 1% of 
volume. Dotted line identifies the 95% confidence level. A grid 
~f 2 x 2 x .02 degrees is centered at (10.90 o N., 30.80o E., 11.90 
degrees). Actual grid density is (.4 x .4 x .04) for X, V, Z 
respectively. 
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Table C-3. Data set and grid statistics of the probability density 
function for the anomaly 6 rotation between the African 
and North American plates. 

Probability of fit determined for a .5 x .5 x .05 grid, through 
great circle intersection of conical density functions for data 
locations. 
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TABLE C-3 

a) INPUT DATA SET 

SEGMENT PLATE l' PLATE 2 
LAT(N) LONG (E) ERR (I<M) LAT(N) LONG (E) ERR (I<M) 

1-T 30.69 -45.72 20.0 29.35 -38.48 20.0 
30.60 -45.18 20.0 29.43 -39.00 20.0 
30.47 -44.53 20.0 29.67 -40.00 20.0 

2-R 30.20 -45.38 15.0 29.23 -40.20 15.0 
30.00 -45.50 15.0 28.35 -40.70 15.0 
27.98 -46.50 15.0 28.05 -40.95 15.0 
27.85 -46.60 15.0 27.05 -41.50 15.0 

26.20 -41.95 15.0 

3-R 35.90 -36.85 15.0 34.90 -32.15 15.0 
36.33 -36.50 15.0 35.20 -31. 75 15.0 

35.91 -31.00 15.0 
36.25 -30.65 15.0 

4-T 24.30 -49.00 10.0 23.20 -42.50 10.0 
24.18 -48.48 10.0 23.35 -43.03 10.0 
23.97 -47.50 10.0 23.49 -43.80 10.0 

5-R 23.80 -47.85 15.0 23.03 -42.65 15.0 
23.67 -47.90 15.0 22.85 -42.70 15.0 
23.35 -48.00 15.0 

* PLATE 2 ROTATED RELATIVE TO PLATE 1 * 



TABLE C-3 (Continued) 

b) STATISTICS FOR PROBABILITY DENSITY GRID DESCRIBING ROTATION 

HORIZONAL (LATITUDINAL) GRID ALIGNMENT POINT 
LATITUDE (E): 78.93 LONGITUDE (N): 35.03 

INITIAL GUESS POLE 
LATITUDE (E): 81.03 LONGITUDE (N): 35.03 ROTATION (CC): -5.320 

BEST-FIT POLE 
LATITUDE (E): 81. 03 LONGITUDE (N): 35.03 RO'tATION (CC): -5.320 

••• COORDINATE TRANSFORMATION MATRICES •• w 

GEOGRAPHIC TO GRID 
GRID(3x3) • X(3x1) - XA (3x1) 

GRID 

0.127673 0.089497 0.987770 
0.808837 0.566985 -0.155917 

-0.574005 0.818852 0.000000 

RAW PROBABILITIES 

GEOGRAPHIC FROM GRID 
X(3x1) - GRIDINV(3x3) • XA (3xl) 

GRIDINV 

0.127673 0.808837 -0.574005 
0.089497 0.566985 0.818852 
0.987770 -0.155917 0.000000 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 1739 
TOLERANCE LEVEL: 
SUM OF PROBABILITIES: 

NORMALIZED PROBS. 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 
TOLERANCE LEVEL: 
SUM OF PROBABILITIES: 

CUMULATIVE PROBS. 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 
TOLERANCE LEVEL: 
MAXIMUM GRID VALUE (PROBABILITY) 
MINIMUM GRID VALUE (PROBABILITY) 
SUM OF PROBABILITIES: 

1. 00000E-I0 
6.5098 

1739 
1.53616E-ll 

1.0000 

1739 
1.53616E-ll 

.0190 

.154E-ll 
1. 0000 
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Figure C-3. Data and fit of the anomaly 6 reconstruction of the 
African and North American plates. 

a) Magnetic anomaly and fracture zone crossings which have been used 
to determine the PDF for the anomaly 6 rotation. Data set is the 
same that was used by Stock and Molnar (1983) and was provided by 
J. Stock (1984). Plus signs and squares represent magnetic 
anomaly and fracture zone crossings of the North American plate, 
while exes and triangles represent similar features on the 
African plate. Numbers identify segments of the data which 
contain groupings of observations of a single feature. The 
stereographic projection pole is the pole of the best fit 

, rotation, and is located at 81.03°N., 35.03°E. 

b) Illustration of the data fit for the individual segments. Data 
of the North American plate (shaded) have been rotated -5.32 
degrees about the best fit pole at 81.03°N., 35.03°E., and are 
now aligned with their counterparts on the African plate. Each 
segment is plotted in an orthographic projection, centered on one 
of the data points within the segment. Great circles would 
approximate straight lines in this projection. 

c) Geographical extent of PDF. Best fit pole is shown by a cross. 
The grid of the PDF is aligned with its X axis passing along the 
line of 35.03 degrees east longitude, and centered at 81.03 
degrees north latitude. The partial uncertainty rotations (PURs) 
of Stock and Molnar (1983) are shown by diamonds. 

d) Cross section of XZ, VZ, and XV planes. Shading represents 
relative probabilities expressed as: probability per 1% of 
volume. Dotted lines identifies the 95% confidence level. A 
grid of 2 x 2 x .02 degrees is centered at (81.03°N., 35.03°E., 
-5.32 degrees). Actual grid density is (.5 x .5 x .05) for X, V, 
Z respectively. 
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and assume that the published rotations indeed represented a best-fit 

to the data. 

Fracture zone data are presented as locations with an azimuth. A 

set of 3 points for each fracture zone was created by passing a great 

circle through the fracture zone location with the correct azimuth. I 

then i denti fi ed poi nts whi ch were one degree to either si de of the 

initial location and which lay on the great circle. Axial or active 

ridge position data were obtained at selected locations along ship's 

tacks. Synthetic data were created by rotating alternating points 

about the best-fi t po 1 e, ei ther northeast or southwest, by one-ha 1 f 

the total rotation quoted by Stock and Molnar (1983) or 5.3 degrees. 

Data used to make the synthetic data are as follows. From 

McKenzie and Sclater (1971), the following ridge positions are 

obtained. The assumed error in position is *20 kilometers. 

8.000 N, 59.300 E, 
7.25°N, 60.000 E, 
7.000 N, 60.300 E, 
5.300 N, 61.75°E, 
4.200 N, 62.650 E. 

(Segment 1) 

From Tapscott and others (1980) the following ridge positions were 

obtained. The position error is assumed to be ~10 kilometers. 

23.55°S, 69.41°E, 
23.81°S, 69.57°E, 
24.03°S, 69.690 E, 

(Segment 2) 



24.33°S, 69.71°E, 
24.400 S, 69.77°E, 
24.52°S, 69.830 E, 

24.76°S, 69.82°E, 
24.93°5, 69.92°E, 
25.12°5, 70.060 E. 

199 

(Segment 3) 

(Segment 4) 

Fisher and others (1971) provide the following fracture zone data. 

The assumed error is *10 kilometers. 

11.00 N, 57.5°E, 300 NE, 
9.00 S, 67.00 E, 52°NE, 

17.50 S, 66.00 E, 63 0 NE. !segment 5) 
Segment 6) 
Segment 7) 

The set of synthetic data generated by these data points is presented 

in Table C-4. The resultant reconstruction and statistics for the PDF 

are given in Figure C-4 and Table C-4. 

Statistics for the PDF describing the anomaly 6 rotation between 

the Pacific and North American plates are provided in Table C-5. 



Table C-4. Data set and grid statistics of the probability density 
function for the anomaly 6 rotation between the 
Australian-Indian and African plates. 

Probabll ity of fit determined for a .4 x .4 x .1 grid, through 
great circle intersection of conical density functions for data 
locations. 
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TABLE C-4 

a) INPUT DATA SET 

SEGMENT PLATE 1 PLATE 2 
LAT(N) LONG (E) ERR (I<M) LAT(N) LONG (E) ERR (I<M) 

1-R 7.08 58.55 15.0 8.29 60.74 15.0 
6.00 59.45 15.0 6.50 62.65 15.0 
3.01 61.55 15.0 

2-R -25.49 65.94 10.0 -21.59 72.79 10.0 
-22.05 73.11 10.0 

3-R -26.02 66.03 10.0 -22.41 73.22 10.0 
-26.22 66.1:l 10.0 

4-R -26.63 66.18 10.0 -22.77 73.31 10.0 
-23.11 73.58 10.0 

5-T 11.05 57.62 10.0 11.81 57.90 10.0 
9.41 56.44 10.0 

6-T -10.52 64.74 10.0 -6.61 69.85 10.0 
-7.97 68.37 10.0 

7-T -18.52 63.94 10.0 -15.85 68.87 10.0 
-19.27 61.98 10.0 

• PLATE 2 ROTATED RELATIVE TO PLATE 1 * 



TABLE C-4 (Continued) 

b) STATISTICS FOR PROBABILITY DENSITY GRID DESCRIBING ROTATION 

HORIZONAL (LATITUDINAL) GRID ALIGNMENT POINT 
LATITUDE (E): 10.00 LONGITUDE (N): 46.60 

INITIAL GUESS POLE 
LATITUDE (E): 15.50 LONGITUDE (N): 46.60 ROTATION (CC): -10.60 

BEST-FIT POLE 
LATITUDE (E): 15.0 LONGITUDE (N): 46.60 ROTATION (CC): -10.60 

*** COORDINATE TRANSFORMATION MATRICES *** 

GEOGRAPHIC TO GRID 
GRID (3x3) * X (3x1) - X" (3x1) 

GRID 

0.637260 
0.176726 

-0.750111 

0.722630 0.267236 
0.200459 -0.963630 
0.661312 0.000000 

RAW PROBABILITIES 

GEOGRAPHIC FROM GRID 
X(3x1) - GRIDINV(3x3) * X"(3x1) 

GRIDINV 

0.637260 0.176726 -0.750111 
0.722630 0.200459 0.661312 
0.267236 -0.963630 0.000000 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 1474 
1.00000E-I0 

99.741 
TOLERANCE LEVEL: 
SUM OF PROBABILITIES: 

NORMALIZED PROBS. 

NUMBER OF PROBABILITIES ABOVE TOLERANCEl,l.;vl~L: 

TOLERANCE LEVEL: 
SUM OF PROBABILITIES: 

CUMULATIVE PROBS. 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 
TOLERANCE LEVEL: 
MAXIMUM GRID VALUE (PROBABILITY) 
MINIMUM GRID VALUE (PROBABILITY) 
SUM OF PROBABILITIES: 

1474 
1. 00260E-12 
1. 0000 

1474 
1. 00260E-12 

.00991 

.104E-ll 
1. 0000 
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Figure C-4. Data and fit of the anomaly 6 reconstruction of the 
Australian-Indian and African plates. 

a) 

b) 

c) 

d) 

Synthetic magnetic anomaly and fracture zone crossings which have 
been used to determine the PDF for the anomaly 6 rotation. Plus 
signs and squares represent magnetic anomaly and fracture zone 
crossings of the African plate, while exes and triangles 
represent similar features on the Australian-Indian plate. 
Numbers identify segments of the data which contain groupings of 
observations of a single feature. The stereographic projection 
pole is the pole of the best fit rotation, and is located at 
lS.soN., 48.6°E. 

Illustration of the data fit for the individual segments. Data 
of the Indian plate (shaded) have been rotated -10.60 degrees 
about the best fit pole at lS.soN., 48.6°E, and are now aligned 
with their counterparts on the African plate. Each segment is 
plotted in an orthographic projection, centered on one of the 
data points within the segment. 

Geographical extent of PDF. Best fit pole is shown by a cross. 
The grid of the PDF is aligned with its X axis passing along the 
line of 48.60 degrees east longitude, and centered at 15.50 
degrees north latitude. The partial uncertainty rotations (PURs) 
of Stock and Molnar (1983) are shown by diamonds. 

Cross section of XZ, VZ, and XV planes. Shading represents 
relative probabilities expressed as: probability per 1% of 
volume. Dotted line identifies the 95% confidence level. A grid 
of 2 x 2 x .5 degrees is centered at (lS.S0oN., 48.60oE., -10.60 
degrees). Actual grid density is (.4 x .4 x .1) for X, V, Z 
respectively. 
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Table C-5. Data set and grid statistics of the probability 
density function for the anomaly 6 rotation between the 
Pacific and North American plates. 

Probabil ity of fit determined for a .6 x .6 x .2 grid, through 
50,000 Monte Carlo selections from probability density functions 
describing the rotations linking these two plates. 
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TABLE C-5 

a) INPUT DATA 

Africa-North America, anomaly 6 RPDF: .5 x .5 x .05 gr.id, ~onical DPDF 
'PROB: 1739 MIN PROB: 1.53616E-11 FRACTURE ZONES FIT BY GREAT CIRCLES 
POSITIVE ROTATIONS HAVE BEEN USED. 

Australia-Africa, anomaly 6 RPDF: .4 x .4 x .1 grid, conical DPDF 
'PROB: 1474 MIN PROB: 1.00260E-12 FRACTURE ZONES FIT BY GREAT CIRCLES 
POSITIVE ROTATIONS HAVE BEEN USED. 

Antarctica-Australia, anomaly 6 RPDF, .4 x .4 x .04 grid, conical DPDF, 
published uncertainties * 1.67 

'PROB: 1097 MIN PROB: 7.80074E-11 FRACTURE ZONES FIT BY GREAT CIRCLES 
POSITIVE ROTATIONS HAVE BEEN USED. 

Pacific-Antarctica, anomaly 6 RPDF: .05 x .05 x .05 grid, conical DPDF 
'PROB: 1182 MIN PROB: 3.74918E-05 FRACTURE ZONES FIT BY GREAT CIRCLES 
POSITIVE ROTATIONS HAVE BEEN USED. 

b) STATISTICS FOR PROBABILITY DENSITY GRID DESCRIBING ROTATION 

*** COORDINATE TRANSFORMATION MATRICES *** 

GEOGRAPHIC TO GRID 
GRID (3x3) * X (3x1) - X" (3x1) 

GRID 

0.269895 -0.614899 
0.872802 0.481232 

-0.406661 0.624751 

CUMULATIVE PROBS. 

0.740983 
0.081439 
0.666568 

GEOG~HIC FROM GRID 
X(3x1) - GRIDINV(3x3) * X"(3x1) 

GRIDINV 

0.269895 
-0.614899 

0.740983 

0.872802 -0.406661 
0.481232 0.624751 
0.081439 0.666567 

NUMBER OF PROBABILITIES ABOVE TOLERANCE LEVEL: 1709 
O.OOOOOE+OO 

.0064 

.200E-04 

TOLERANCE LEVEL: 
MAXIMUM GRID VALUE (PROBABILITY) 
MINIMUM GRID VALUE (PROBABILITY) 
SUM OF PROBABILITIES: 
NUMBER OF TRIALS/REPLICATES: 

1. 0000 
50000 



204 

APPENDIX D. TIME SCALE USED IN TECTONIC MODELING AND GLOBAL PLATE 
RECONSTRUCTION 

The geologic and magnetic polarity time scale used in this 

research is based on Berggren and others (1985), Kent und Gradstei n 

(1985) and Handschumacher and others (1988), and extends into the 

mi ddl e Jurassi c. The age ass; gnments of Handschumacher and others 

(1988) for the late and middle Jurassic magnetic anomalies, M25 

through M39, were adjusted slightly to reflect an orderly continuation 

of the Jurassic magnetic polarity time scale presented by Kent and 

Gradstei n (1985). Handschumacher and others (1988) deri ved ages for 

this portion of the time scale by assuming constant rate spreading 

between anomalies M39 and M21, using the time scale and spreading 

rates that Larson and Hilde (1975) previously identified for the 

interval M25 to M21. I determine a correction factor based on the 

ratio of the age assignments at this interval (using the young edges 

of anoma 1 i es M21 and M25), between the"m,ode 1 s of Larson and Hil de, and 

Kent and Gradstein. 

the formul a 

I then reassign ages for the anomalies based on 

RATIO = 

(KG age 
M25y 

- KG age ) 
M21y 

(LH age - LH age 
M25y M21y 

(0-1) 
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Anom ageM = KG ageM21Y + (HSHB ageM - LH ageM21Y) x RATIO (0-2) 

where: 

KG = Kent and Gradstein (1985), 

LH = Larson and Hilde (1975), 

HSHB = Handschumacher and others (1988), 

M = Magnetic anomaly ranging from M25 through M39, and 

M21y, M25y = young ends of interval identified by anomalies M21 

and M25. 

Some of the marine magnetic anomalies have been identified through 

the use of apostrophes, especially in the Pacific basin. Comparing 

the time scale of Berggren and others (1985) with the block model 

polarities of Herron and others (1981), I equate anomaly 21 with 2A, 

3 I with 3A, and 31 I with the peri od of normal polarity between 

anomalies 3A and 4. I equate anomaly 51 used by Royer and Schlich 

(1988) with the second interval of normal polarity following anomaly 

5, just before anomaly 5A. I did not find the original block models 

for anomaly 41, but assume that it is equivalent to anomaly 4A, which 

represents the first two normal polarity intervals after anomaly 4. 

The Iyl, IC I, and 101 designations following a polarity identifier 

indicate the younger boundary, center, and older boundary of the 

polarity interval. When assigning ages to marine magnetic 

anomalies/reconstructions, the age of the center of the polarity 

interval is used unless a boundary is specified. Age assignments for 

the composite time scale are provided in Table 0-1. 



Table 0-1. Marine magnetic anomaly age assignments. 

The codes "y", "C", and "0" refer to the young edge, center, and 
old edge of the magnetic interval. 
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TABLE 0-1 

I.D. Age (Ma) Source of Age Assignment Source of Polarity I.D. 
-----------------------------------------------------------------------
1y 0.00 Berggren and others (1985) 
1c 0.37 Berggren and others (1985) 
10 0.73 Berggren and others (1985) 
Je 0.94 Berggren and others (1985) 
2y 1. 66 Berggren and others (1985) 
2e 1. 77 Berggren and others (1985) 
20 1. 88 Berggren and others (1985) 
2Ay 2.47 Berggren and others (1985) 
2'e 2.94 Berggren and others (1985) Herron and others (1981) 

2Ae 2.94 Berggren and others (1985) 
2Ao 3.40 Berggren and others (1985) 
3y 3.88 Berggren and others (1985) 
3e 4.33 Berggren and others (1985) 
30 4.77 Berggren and others (1985) 
3Ay 5.35 Berggren and others (1985) 
3Ae 5.62 Berggren and others (1985) 
3'e 5.62 Berggren and others (1985) Herron and others (1981) 

3Ao 5.89 Berggren and others (1985) 
3Be 6.44 Berggren and others (1985) Royer and Sehlieh (1988) 

3" e 6.44 Berggren and others (1985) Herron and others (1981) 
4y 6.70 Berggren and others (1985) 
4c 7.05 Berggren and others (1985) 
40 7.41 Berggren and others (1985) 
4Ay 7.90 Berggren and others (1985) 
4Ae 8.20 Berggren and others (1985) 
4'e 8.20 Berggren and others (1985) Assumed 
4Ao 8.50 Berggren and others (1985) 
Sy 8.92 Berggren and others (1985) 
Se 9.67 Berggren and others (1985) 
50 10.42 Berggren and others (1985) 
S'e 11. 06 Berggren and others (1985) Royer and sehlieh (1988) 

SAy 11.55 Berggren and others (1985) 
SAc 11.84 Berggren and others (1985) 
SAo 12.12 Berggren and others (1985) 
SMy 12.83 Berggren and others (1985) 
SMe 12.92 Berggren and others (1985) 
SMo 13.01 Berggren and others (1985) 

.SABy 13.20 Berggren and others (1985) 
SABe 13.33 Berggren and others (1985) 
SABo 13.46 Berggren and others (1985) 
5ACy 13.69 Berggren and others (1985) 
SACe 13.89 Berggren and others (1985) 
SACo 14.08 Berggren and others (1985) 
5ADy' 14.20 Berggren and others (1985) 
5AOe 14.43 Berggren and others (1985) 
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TABLE 0-1 ( Centinued) 

I.D. Age (Ma) Seuree ef Age Assignment Seuree ef pelarity I.D. 

-----------------------------------------------------------------------
SAD 0' 14.66 Berggren and ethers (1985) 
SBy 14.87 Berggren and others (1985) 
SBc 15.07 Berggren and ethers (1985) 
5Be 15.27 Berggren and ethers (1985) 
5Cy 16.22 Berggren and ethers (1985) 
SCe 16.60 Berggren and ethers (1985) 
5Ce 16.98 Berggren and ethers (1985) 
50'1 17.57 Berggren and ethers (1985) 
5Dc 17.85 Berggren and ethers (1985) 
500' 18.14 Berggren and ethers (1985) 
SEy 18.56 Berggren and ethers (1985) 
SEc 18.83 Berggren and others (1985) 
SEe 19.09 Berggren and ethers (1985) 
6'1 19.35 Berggren and ethers (1985) 
6c 19.90 Berggren and ethers (1985) 
60 20.45 Berggren and others (1985) 
6Ay 20.88 Berggren and others (1985) 
6Ae 21.30 Berggren and others (1985) 
6Ao 21.71 Berggren and ethers (1985) 
6My 21.90 Berggren and ethers (1985) 
6Mo 22.13 Berggren and others (1985) 
6Mo 22.35 Berggren and others (1985) 
6By 22.57 Berggren and others (1985) 
6Be 22.77 Berggren and ethers (1985) 
6Bo 22.97 Berggren and others (1985) 
6Cy 23.27 Berggren and ethers (1985) 
GCe 23.74 Berggren and ethers (1985) 
6Ce 24.21 Berggren and others (1985) 
7'1 25.50 Berggren and ethers (1985) 
70 25.74 Berggren and ethers (1985) 
70' 25.97 Berggren and ethers (1985) 
7A'/ 26.38 Berggren and ethers (1985) 
7Ae 26.47 Berggren and ethers (1985) 
7Ae 26.56 Berggren and ethers (1985) 
8'1 26.86 Berggren and ethers (1985) 
8e 27.30 Berggren and ethers (1985) 
80' 27.74 Berggren and ethers (1985) 
9,/ 28.15 Berggren and ethers (1985) 
ge 28.68 Berggren and ethers (1985) 
90' 29.21 Berggren and ethers (1985) 
10'1 29.73 Berggren and ethers (1985) 
10e 30.03 Berggren and ethers (1985) 
100' 30.33 Berggren and others (1985) 
11'/ 31.23 Berggren and ethers (1985) 
110 31.65 Berqgren and ethers (1985) 
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TABLE 0-1 (Continued) 

I.D. Age (Ma) Source of Age Assignment Source of Polarity I.D. 
-----------------------------------------------------------------------
110 32.06 Berggren and others (1985) 
12y 32.46 Berggren and others (1985) 
12c 32.68 Berggren and others (1985) 
120 32.90 Berggren and others (1985) 
13y 35.29 Berggren and others (1985) 
13c 35.58 Berggren and others (1985) 
130 35.87 Berggren and others (1985) 
15y 37.24 Berggren and others (1985) 
15c 37.46 Berggren and others (1985) 
150 37.68 Berggren and others (1985) 
16y 38.10 Berggren and others (1985) 
16c 38.67 Berggren and others (1985) 
160 39.24 Berggren and others (1985) 
17y 39.53 Berggren and others (1985) 
17c 40.32 Berggren and others (1985) 
170 41.11 Berggren and others (1985) 
18y 41.29 Berggren and others (1985) 
18c 42.01 Berggren and others (1985) 
180 42.73 Berggren and others (1985) 
19y 43.60 Berggren and others (1985) 
19c 43.83 Berggren and others (1985) 
190 44.06 Berggren and others (1985) 
20y 44.66 Berggren and others (1985) 
20c 45.42 Berggren and others (1985) 
200 46.17 Berggren and others (1985) 
21y 48.75 Berggren and others (1985) 
21c 49.55 Berggren and others (1985) 
210 50.34 Berggren and others (1985) 
22y 51.95 Berggren and others (1985) 
22c 52.28 Berggren and others (1985) . 
220 52.62 Berggren and others (1"985) 
23y 53.88 Berggren and others (1985i 
23-1c 53.95 Berggren and others (1985) Lonsdale (1988) 
23c 54.29 Berggren and others (19B5) 

23-2c 54.39 Berggren and others '(198's) Lonsdale (1988) 
2,30 54.70 Berggren and others (1985) 
24y 55.14 Berggren and others (1985) 
24-1c 55.25 Berggren and others (1985) Lonsdale (1988) 
24Ac 55.25 Berggren and others (1985) Assumed 
24c 55.64 Berggren and others (1985) 
24-2c 55.90 Berggren and others (1985) Lonsdale (1988) 

24Bc 55.90 Berggren and others (1985) Assumed 
240 56.14 Berggren and others (1985) 
25y 58.64 Berggren and others (1985) 
25c 58.94 Berggren and others (1985) 
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TABLE 0-1 (Continued) 

I.D. Age (Ma) Source of Age Assignment Source of Polarity I.D. 
-----------------------------------------------------------------------
250 59.24 Berggren and others (1985) 
26y 60.21 Berggren and others (1985) 
26c 60.48 Berggren and others (1985) 
260 60.75 Berggren and others (1985) 
27y 63.03 Berggren and others (1985) 
27c 63.28 Berggren and others (1985) 
270 63.54 Berggren and others (1985) 
28y 64.29 Berggren and others (1985) 
28c 64.71 Berggren and others (1985) 
280 65.12 Berggren and others (1985) 
29y 65.50 Berggren and others (1985) 
29c 65.83 Berggren and others (1985) 
290 66.17 Berggren and others (1985) 
30y 66.74 Berggren and others (1985) 
30c 67.58 Berggren and others (1985) 
300 68.42 Berggren and others (1985) 
30Rc 68.47 Berggren and others (1985) stock and Molnar (1988) 
31y 68.52 Berggren and others (1985) 
31c 68.96 Berggren and others (1985) 
310 69.40 Berggren and others (1985) 
32y 71.37 Berggren and others (1985) 
32Ac 71.51 Berggren and others (1985) Mammerickx and Sharman (1988) 

32c 72.46 Berggren and others (1985) 
32Bc 72.73 Berggren and others (1985) Mammerickx and Sharman ( 1988) 

320 73.55 Berggren and others (1985) 
32Rc 73.87 Berggren and others (1985) Mammerickx and Sharman (1988) 
33y 74.30 Berggren and others (1985) 
33c 77 .24 Berggren and others (1985) 
330 80.17 Berggren and others (1985) 
33Rc 80.17 Berggren and others (1985) 
34y 84.00 Berggren and others (1985) 
34c 101.00 Berggren and others (1985) 
340 118.00 Berggren and others (1985) 
MOy 118.00 Kent and Gradstein (1985) 
MOc 118.35 Kent and Gradstein (1985) 
MOo 118.70 Kent and Gradstein (1985) 
M1y 121. 81 Kent and Gradstein (1985) 
Mlc 122.03 Kent and Gradstein (1985) 
Ml0 122.25 Kent and Gradstein (1985) 
M2y 122.25 Kent and Gradstein (1985) 
M2c 122.64 Kent and Gradstein (1985) 
M20 123.03 Kent and Gradstein (1985) 
M3y 123.03 Kent and Gradstein (1985) 
M3c 124.19 Kent and Gradstein (1985) 
M30 125.36 Kent and Gradstein (1985) 
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TABLE 0-1 (Continued) 

I.D. Age (Ma) Source of Age Assignment Source of Polarity I.D. 
-----------------------------------------------------------------------
M4y 125.36 Kent and Gradstein (1985) 
M4c 125.91 I<ent and Gradstein (1985) 
M40 126.46 Kent and Gradstein (1985) 
M5y 126.46 Kent and Gradstein (1985) 
M5e 126.76 I<ent and Gradstein (1985) 
M50 127.05 Kent and Gradstein (1985) 
M6y 127.21 Kent and Gradstein (1985) 
M6e 127.28 Kent and Gradstein (1985) 
M60 127.34 Kent and Gradstein (1985) 
M7y 127.52 Kent and Gradstein (1985) 
M7e 127.75 Kent and Gradstein (1985) 
M70 127.97 Kent and Gradstein (1985) 
M8y 128.33 Kent and Gradstein (1985) 
M8e 128.47 Kent and Gradstein (1985) 
M80 128.60 Kent and Gradstein (1985) 
M9y 128.91 Kent and Gradstein (1985) 
M9c 129.17 Kent and Gradstein (1985) 
M90 129.43 Kent and Gradstein (1985) 
M10y· 129.82 Kent and Gradstein (1985) 
M10e 130.01 I<ent and Gradstein (1985) 
M100 130.19 Kent and Gradstein (1985) 
M10Ny 131. 36 Kent and Gradstein (1985) 
MIONe 131.51 Kent and Gradstein (1985) 
MI0Ae 131.51 Kent and Gradstein (1985) 
MI0No 131. 65 Kent and· Gradstein (1985) 
Mlly 132.53 Kent and Gradstein (1985) 
Mlle 133.01 Kent and Gradstein (1985) 
Mllo 133.50 Kent and Gradstein (1985) 
M12y 134.75 I<ent and Gradstein (1985) 
M12e 135.15 Kent and Gradstein (1985) 
M120 135.56 Kent and Gradstein (1985) 
M13y 136.64 Kent and Gradstein (1985) 
M13e 136.87 Kent and Gradstein (1985) 
M130 137.10 Kent and Gradstein (1985) 
M14y 137.39 Kent and Gradstein (1985) 
M14e 137.85 Kent and Gradstein (1985) 
M140 138.30 Kent and Gradstein (1985) 
M15y 139.01 Kent and Gradst:ein (1985) 
M15e 139.29 Kent and Gradstein (1985) 
M150 139.58 Kent and Gradstein (1985) 
M16y 141.20 Kent and Gradstein (1985) 
M16e 141. 53 Kent and Gradstein (1985) 
M160 141.85 Kent and Gradstein (1985) 
M17y 142.27 Kent and Gradstein (1985) 
M17e 143.01 Kent and Gradstein (1985) 



TABLE 0-1 (Continued) 

I.D. Age (Ma) Source of Age Assignment Source of Polarity I.D. 
--------------------------------------------------------------.-.------
M170 
M18y 
M18c 
M180 
M19y 
M19c 
M190 
M20y 
M20c 
M200 
M21y 
M21c 
M210 
M22y 
M22c 
M220 
M22Ac 
M23y 
M23c 
M230 
M24y 
M24c 
M240 
M24Bc 
M25y 
M25c 
M250 
PM26y 
PM26c 
PM260 
PM27y 
PM27c 
PM270 
PM28y 
PM28c 
PM280 
PM29y 
PM29c 
PM290 
M25y 
M25c 
M250 
M26y 
M26c 
M260 

143.76 
144.33 
144.54 
144.75 
145.98 
146.21 
146.44 
147.47 
147.90 
148.33 
149.42 
149.65 
149.89 
151. 69 
152.11 
152.53 
153.35 
153.52 
153.84 
154.15 
154.88 
154.98 
155.08 
155.61 
156.29 
156.42 
156.55 
157.85 
157.93 
158.01 
158.21 
158.29 
158.37 
158.66 
158.76 
158.87 
159.80 
160.07 
160.33 
156.29 
156.42 
156.55 
158.05 
158.17 
158.30 

Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) Fullerton and others (1989) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) Fullerton and others (1989) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Kent and Gradstein (1985) 
Handschumacher and others (1988) 
Handschumacher and others (1988) 
Handschumacher and others (1988) 
Handschumacher and others (1988) 
Handschumacher and others (1988) 
Handschumacher and others (1988) 
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TABLE 0-1 (Continued) 

I.D. Age (Ma) Source of Age Assignment Source of Polarity I.D. 
-----------------------------------------------------------------------
M27y 158.52 Handschumacher and others (1988) 
M27c 158.64 Handschumacher and others ( 1988) 
M270 158.76 Handschumacher and others (1988) 
M28y 158.97 Handschumacher and others (1988) 
M28c 159.08 Handschumacher and others (1988) 
M280 159.19 Handschumacher and others (1988) 
M28Ay 159.40 Handschumacher and others (1988) 
M28Ac 159.43 Handschumacher and others (1988) 
M28Ao 159.46 Handschumacher and others (1988) 
M28By 159.71 Handschumacher and others (1988) 
M28Bc 159.72 Handllchumacher and others (1988) 
M28Bo 159.74 Handschumacher and others (1988) 
M29y 159.89 Handschumacher and others (1988) 
M29c 159.95 Handschumacher and others (1988) 
M290 160.01 Handschumacher and others (1988) 
M30y 160.49 Handschumacher and others (1988) 
M30c 160.63 Handschumacher and others (1988) 
M300 160.78 Handschumacher and others (1988) 
M30Ay 160.82 Handschumacher and others (1988) 
M30Ac 160.86 Handschumacher and others (1988) 
M30Ao 160.90 Handschumacher and others (1988) 
M31y 161.06 Handschumacher and others ( 1988) 

oM31c 161.13 Handschumacher and others (1988) 
M310 161.21 Handschumacher and others (1988) 
M32y 161.60 Handschumacher and others (1988) 
M32c 161.69 Handschumacher and others ( 1988) 
M320 161.78 Handschumacher and others (1988) 
M32Ay 161. 83 Handschumacher and others (1988) 
M32Ac 161.86 Handschumacher and others (1988) 
M32Ao 161. 89 Handschumacher and others (1988) 
M33y 162.13 Handschumacher and others (1988) 
M33c 162.23 Handschumacher and others (1988) 
M330 162.33 Handschumacher and others (1988) 
M34y 162.61 Handschumacher and others (1988) 
M34c 162.69 Handschumacher and others (1988) 
M340 162.77 Handschumacher and others (1988) 
M34Ay 162.84 Handschumacher and others (1988) 
M34Ac 162.90 Handschumacher and others (1986) 
M34Ao 162.95 Handschumacher and others (1988) 
M34By 163.00 Handschumacher and others (1988) 
M34Bc 163.06 Handschumacher and others (1988) 
M34Bo 163.13 Handschumacher and others (1988) 
M34Cy 163.45 Handschumacher and others (1988) 
M34Cc 163.50 Handschumacher and others (1988) 
M34Co 163.56 Handschumacher and others (1988) 
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TABLE 0-1 (Continued) 

I.D. Age (Ma) Source of Age Assignment Source of Polarity I.D. 
-----------------------------------------------------------------------
M35y 163.74 Handschumacher and others (1988) 
M35c 163.82 Handschumacher and others (1988) 
M350 163.90 Handschumacher and others (1988 ) 
M35Ay 163.96 Handschumacher and others (1988) 
M35Ac 164.00 Handschumacher and others ( 1988) 
M35Ao 164.04 Handschumacher and others (1988) 
M35By 164.30 Handschumacher and others (1988) 
M35Bc 164.32 Handschumacher and others (1988) 
M35Bo 164.35 Handschumacher and others (1988) 
M36y 164.50 Handschumacher and others (1988) 
M36c 164.60 Handschumacher and otheL"S (1988) 
M360 164.70 Handschumacher and others (1988) 
M37y 164.99 Handschumacher and others (1988) 
M37c 165.05 Handschumacher and others (1988) 
M370 165.10 Handschumacher and others (1988) 
M37Ay 165.15 Handschumacher and others (1988) 
M37Ac 165.21 Handschumacher and others (1988) 
M37Ao 165.26 Handschumacher and others (1988) 
M37By 165.33 Handschumacher and others (1988) 
M37Bc 165.38 Handschumacher and others (1988) 
M37Bo 165.42 Handschumacher and others (1988) 
M37Cy 165.64 Handschumacher and others (1988) 
M37Cc 165.65 Handschumacher and others (1988) 
M37Co 165.66 Handschumacher and others (1988) 
M38y 165.85 Handschumacher and others (1988) 
M38c 166.16 Handschumacher and others (1988) 
M380 166.47 Handschumacher and others (1988 ) 



214 

Age assignments for polarity intervals are apt to change as more 

tie points are established. This 'is especially true for Mesozoic 

anoma 1 i es (M-serf es). where good tf e poi nts are· non-exi stent. and 

magnetic time-scale projections back in time are based on a constant 

spreading hypothesis. Detailed discussion of the evolution and 

quality of the geologic time scale are available in Harland and others 

(1982). Berggren and others (1985). and Kent and Gradstein (1985). 
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APPENDIX E. MATHEMATICS AND GEOMETRY FOR QUANTIFICATION OF PAST PLATE 
POSITIONS 

Introduction 

In the first section of this appendix, I present the mathematical 

tools to describe rotations. I also provide a derivation of the net 

rotation which sums a sequence of rotations. This mathematical 

development is based on earlier work by Cole (1976) and forms the 

basis for the rotation software used in this research. A similar 

development is given by Cox and Hart (1986), in their textbook titled: 

"Plate Tectonics, How It Works." This textbook is an excellent 

reference for how to correctly perform plate reconstructions. The 

techniques used in this research for global reconstructions, for the 

calculation of finite difference or stage poles, and for interpolation 

of rotations are identical to those presented by Cox and Hart, and 

will not be described here. 

The second section of this appendix describes data fitting 

techniques for determining past relative plate motions. A technique 

for the determi nati on of probability density functions defi ni ng past 

finite rotations from marine magnetic and fracture zone data was 

presented in Chapter 2, with analytical details in Appendix A. This 

section presents additional techniques, including those based on other 

types of data, other coordi nate reference frames, and other models 

describing the relict plate boundaries. 
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Mathematics of Finite Rotations on a Sphere 

Pole of Rotation 

Euler long ago proved that a single rotation would be sufficient 

to superpose two separate but congruent (identically shaped and sized) 

objects randomly located on the surface of a sphere. The location of 

the pole of this rotation can be found by identification/location of 

two pairs of congruent or matching points on the separate objects. A 

point (vector) which lies on the great circle plane which bisects one 

of the pairs of matching points, will be equidistant (and equiangular) 

from these poi nts. Conversely, these two poi nts will be at equal 

1 ati tudes from any poi nt on thi s great ci rc 1 e. As the 1 atitude must 

remain constant for a point that is rotated about a pole, a pole of 

rotation for these points must lie on this great circle. Through 

applying identical logic to the second pair of points, and locating 

the second bisecting great circle, the locus of permissab1e poles for 

the second pair of points can be identified. The intersection of 

these two great circle planes, provides 2 points for which the pairs 

remain at a constant latitude, and is the pole (or antipo1e) of the 

rotation, keeping the points at constant latitude while superposing 

them. The congruency of the lines is maintained by the rotation as is 

shown in Figure E-1. 



Figure E-I. Superposition of a "displaced" arc through a simple 
rotation. 

An arc on the surface of a sphere, defined by itserrd points PI 
and P2, has been moved through a series of rotations to a new 
position defined by PI ' and P21. The locus of points which are 
equidistant from PI and PI ' defines a plane which intersects the 
sphere as a great circle, shown by a dashed line as GCI. Any 
point on this great circle is equidistant and at equal spherical 
angles from PI and PI'. By similar logic the great circle shown 
as GC2, is equidistant from P2 and P21. These two great circles 
intersect at T. The two spherical triangles defined by {T, PI, 
P2} and {T, PI ' , P2 1} are congruent and can be rotated about T 
until they are superposed. If GCI and GC2 are collinear then T 
is defined by the intersection of the great circle plane 
containing PI and P2 with that containing PIland P21. 
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Figure E-1 
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Matrix Formulation of a Single Rotation 

The rotation of a poi nt on the surface of a sphere about an 

arbitrary point or pole can be described by a linear or matrix 

transformation of the original cartesian coordinates of the point. 

[
PX] I [PX] Py = U(3x3) Py 
pz pz , 

(E-l) 

Where P is the coordinates prior to rotation, pi is the coordinates 

after the rotation, and U is a 3x3 matrix which transforms (rotates) 

the point. The transformation matrix: U can be considered as the 

product of 3 matrices: a coordinate axis transformation ( A ), a 

rotation within the new coordinate system ( R ), and an inversion of 

the coordinate axes to their original position ( A - inverse). 

Points on a sphere are generally defined by a latitude (angle 

from the equatorial plane), and longitude (angle from the zero 

meridian). The Z axis is defined by convention as the North Pole, at 

90 degrees latitude. The mutually orthogonal X and Y axes lie in the 

equatorial plane. For the purpose of the development here, X will be 

set at zero degrees longitude and Y at 90 degrees. Thus positive 

angles/rotations about Z correspond to east longitudes. In order to 

do a rotation about an arbitrary pole, the coordinate axes are 

redefined so that the arbitrary pole position is coincident with the 

new Z axis: ZI. To achieve this positioning, the X (and Y) axes are 

rotated about the Z axis (geographic pole) until X is at the longitude 
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of the arbitrary pole. Then both X and Z are rotated about the new y 

axis, y' by the amount of the colatitude of the arbitrary pole. The 

net effect is as follows. 

1) The Y axis remains in the original equatorial plane, but is 

rotated about the geographical pole by an amount equal to the 

longitude of the pole of rotation, placing the axis 90 degrees from 

this line of longitude. 

2) The X axis is rotated about the geographic pole by a similar 

amount, placing it at the rotation pole longitude. In addition, it is 

then rotated along this line of longitude (about the new Y-axis) by an 

amount equal to the rotation pole colatitude. 

3) The Z axis is similarly rotated along the line of the rotation 

pole longitude (about the new Y-axis), to the correct latitude of the 

rotation pole. 

The positions of the new axes are shown in Figure E-2. The 

matrix which performs the coordinate transformation has the direction 

cosines of the new axes relative to the original coordinate axes as 

its entries. For example A(l,l) is the direction cosine from the 

original X axis to the new X axis; A(l,2) is the direction cosine from 

the original Y axis to the new X axis; A(3,2) is the direction cosine 

from the original Y axis, to the new Z axis (pole); etc. An easy way 

to determine the direction cosines of the new axes, relative to the 

old axes is as follows. 



Figure E-2. Coordinate system for rotation about a pole. 

Rotations occur about the Z' axis. See text for details. 
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Figure E-2 
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[X]I [al1,ll y = a 2,1 
z a 3,1 

al1,2l a 2,2 
a 3,2 

a (1, 3l a{2,3 
a{3,3 ] [~]. 

Chose (x, y, z) = (I, 0, 0). Then 

Xl = a{l,l) * 1 = a{l,l) 

which equals the projection of x = 1 on XI, the equivalent of the 

direction cosine between X and XI. From geometric considerations, it 

can be shown that a(1,l) therefore equals: SIN (lat) * COS (long). 

The (I, 0, 0) vector can also be used to calculate values for a(2,1) 

and a{3,1). The vectors (0, I, 0) and (O, 0, 1) can be used in a 

similar manner to determine the remainder of the direction cosines. 

The A matrix for the coordinate transformation is: 

[ 
SIN(lat) COS (long) 

A = -SIN(long) 
COS(lat) COS (long) 

SIN(lat) SIN (long) -COS(lat) 1 
COS (long) 0 
COS(lat) SIN{long) SIN(lat) • 

(E-2) 

Rotation about the arbitrary pole in this new coordinate system 

can now be described by a simple rotation matrix, R, in which P(ZI) 

remains constant. 

The R matrix is: 

R • [ 
cos{p) -sin{p) 0 
sin{p) cos(P) 0 
o 0 1 

" , 

1 

where beta is the amount of rotation about this pole. 

(E-3) 
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After performing the simpl Hied rotation in the new coordinate 

system, the axes are returned to their initial positions. This is 

simply the inverse of the earlier coordinate transformation. As the 

X', V', and Z' axes are mutually perpendicular, the coordinate 

transformation matrix is orthogonal, and thus its inverse is equal to 

its transpose. 

Therefore 

[~~l = AT RA [~~l = u [~~l where AT = A-transpose. (E-4) 

Note that as U premultiplies P, U = AT R A; i.e., P is first 

multiplied by A, then R, then AT as described earlier. 

Matrix Formulation for a Series of Rotations 

For successive rotations, 

[
PX1 ' [PXl n-1 
~i = A(n)T R(n) A(n) ~i 

= U(n) U(n-1) ••• U(1) {Py} 

= T [m 

[PX] 
[pz] 

(E-5) 

(E-6) 
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where 

T = product for i = n to I of: A(i)T R(i) A(i) • 

The T matrix, which is the product matrix of the individual 

rotations, can be considered as representing a single rotation 

equivalent to the sums of the other rotations. Specifically, 

T (total) = A(total)T R(total) A(total) , (E-7) 

with the A(total) and R(total) matrices being of the same form as A 

and R. T(total) is calculated from matrix products, and thus is 

known. The entries of the A(total) and R(total) matrix are not known 

and therefore must be calculated from my knowledge of the source/form 

of entries in T, A, and R. In reality, there are only three unknowns: 

pole latitude, pole longitude, and rotation about this pole (the pole 

describing the total rotation). 

The amount of rotati on, beta, is easi est to determi ne. As 

T(total) is an orthogonal matrix, its trace remains invariant under 

rotation (the coordinate transformation). Thus, 

Trace of T = Trace (ATAT) = Trace of R (as R = ATAT) 

so that 

Trace (T) = Trace (R) = T(l,l) + T(2,2) + T(3,3) 

From equation E-3 one can see that 

Trace (R) = cos(p) + cos(P) + I , (E-8) 

where Beta represents the amount of rotation described by R (total). 
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Thus, the net rotation 

p = Ar~os ( (T(l,l) + T(2,2) + T(3,3» / 2 - 1) (E-9) 

Determining the A(total) values is more difficult. However, only 

the direction cosines of the pole or Z· axis are needed. Thus we need 

solve only for A(3,l), A(3,2), and A(3,3). By expanding the product 

of the three matrices of equation E-7, 

or 

T(total) = A(total) R(total) A(total) 

[
All A2l A3l] 

T = A12 A22 A32 
A13 A23 A33 [

COSB -sinB O~] 
sinB cosB 
o 0 [

All A12 A13] 
A2l A22 A23 
A3l A32 A33 

(note: B = p, All = A(l,l), etc.) 

we find that: 

T13 = All A13 cosB - All A23 sinB + A2l A13 sinB 
+ A2l A23 cosB + A3l A33 

T3l = All A13 cosB - A2l A13 sinB + All A23 sinB 
+ A2l A23 cosB + A3l A33 

T23 = A12 A13 cosB - A12 A23 sinB + A22 A13 sinB 
+ A22 A23 cosB + A32 A33 

T32 = A12 A13 cosB - A13 A22 sinB + A12 A23 sinB 
+ A22 A23 cosB + A32 A33 

T12 = All A12 cosB - All A22 sinB + A12 A2l sinB 
+ A2l A22 cosB + A3l A32 

T2l = All A12 cosB - A12 A2l sinB + All A22 sinB 
+ A2l A22 cosB + A3l A32 • 

we also know from equation E-2 that: 

A23 = 0 
A3l = -A13 A22 
A32 = A13 A2l 
A33 = All A22 - A12 A2l • 

With a little algebraic manipulation we obtain 

T32 - T23 = -2 A13 A22 sinB = 2 A3l sinB 
T13 - T3l = 2 A2l A13 sinB = 2 A32 sinB 
T21 - Tl2 = 2 sinB ( All A22 - A12 A21 ) = 2 A33 sinB , 



which provides me with 

A31 = ( T32 - T23 ) / 12 sinB) 
A32 = ( Tl3 - T31 ) / 2 sinB) 
A33 = ( T21 - Tl2 ) / 2 sinB) 
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Remembering that A3l, A32, and A33 are the direction cosines of the 
new Z'-axis (the rotation pole) relative to the original X, Y, and Z 
axes, we deduce that 

Pole longitude = Arctan ( A32/A31 ) 
Pole colatitude = Arccos ( A33 ) 
Pole latitude = Arcsin ( A33 ) 

The Record of Finite Rotations 

(E-IO) 

(E-ll) 

A single rotation can superpose formerly coincident points which 

have been separated through relative motions on the surface of a 

sphere. Techniques for determining this single rotation from formerly 

coincident data are described in Chapter 2. This single rotation or 

total reconstruction pole can be used to make a plate reconstruction 

for a particular time in the past. From a set of time-equivalent, 

total reconstruction poles for all plates we can make global plate 

reconstructions. And, from a set of total ~econstruction poles for a 

single plate representing different times, we can calculate stage or 

finite difference poles for the plate, which allow us to model the 

evolving directions of travel for the plate. 

Sometimes we do not have sufficient data to directly calculate 

total reconstruction poles, perhaps due to the accretionary record 

being lost by subduction. In other cases, i.e., absolute motions, 

on ly the hi story of the evo 1 vi ng stage poles is documented in the 
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geologic record. For these situations we need to quantify the set of 

individual or stage rotations, which can then be combined to determine 

total reconstruction poles. Techniques to determine stage poles from 

data observations are usually less exact than those described in 

Chapter 2 for the determination of total reconstruction poles. There 

are varied types of data which directly or indirectly provide evidence 

of the actual absolute or re 1 ati ve paths of the plates. And the 

analysis of each data type relies on implicit models/assumptions/ 

hypotheses of geological phenomena. 

In this section I will describe data types, and the implicit 

mathematical models and assumptions that have been used in the 

determination of rotation poles from such data. 

Relative Motion Data 

There are numerous types of data that can constrain models for 

the pre-rift configuration of plates. For example, structural trends 

or faunal diversity can be used to deter~ine the pre-rift geometry and 

time of bt'eakup of Gondwana. Of t~e various data that document the 

evolving post-rift geometry (relative rotations) of the major plates, 
! ~ t 

only data from the ocean basins can provide a high degree of 

resolution. 

Marine magnetic and bathymetric data have provide the cornerstone 

for detailed plate reconstructions. A record of the geometry of the 

active ridges and transform faults is recorded on each of the plates 

at an accreting plate boundary as magnetic lineations and fracture 
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zones. As the time-equivalent set of magnetic lineations and fracture 

zones on either side of a spreading' center were once coincident, it 

should be possible to superpose them through a single, finite 

rotation. This is not possible if the geometric record has been 

disturbed by ridge jumps, creation of new plate boundaries, etc: but 

even in this case, if we can model the disturbance and reconstruct the 

former geometry, we should be able to superpose earlier anomalies and 

fracture zones to determine finite rotations. Superposition 

techniques to determine rotations from "complete" data are described 

in detail in Chapter 2. 

Our knowledge of current and former geometries of plate 

boundaries is based on a limited number of data observations. In some 

cases large portions of the data record have been destroyed through 

subduction. In other cases, the original data are poor (i.e., the 

magnetic record for oceanic crust created near the magnetic equator), 

or non-exi stent (oceani c crust created duri ng the long i nterva 1 of 

norma 1 magnetic pol a rity in the Cretaceous). To fill the gap in the 

data record, certain assumptions are made regarding the geometry and 

the geometric record of accreting plate boundaries. We need to test 

these assumptions before devising a scheme to determine poles of 

rotation. 

1. Fracture Zones as Small Circles about Finite Rotation Poles 

Most attempts to determine stage rotation poles are based on the 

trends of fracture zones (i.e., Francheteau and others, 1970), or on 
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the intersection of these trends with those of marine magnetic 

anomalies (Engebretson and others, 1984). These determinations assume 

that the morphology of fracture zones approximates small circles about 

a pole of finite rotation, at least for limited time periods. We need 

to test this assumption, at least within the uncertainties of my data 

observations, before we can develop any data fitting technique. 

Figure E-3a shows the relationship between instantaneous and 

finite poles for the simplest possible geometry of a stable, ridge

ridge-ridge, 3-plate system. The 3 plates are given constant absolute 

rotations within a mantle reference frame so that the location of the 

triple junction, and the location of instantaneous poles between the 

plates remain constant through time, relative to the mantle. However, 

as shown by McKenzie and Morgan (1969), it is not possible for three 

obj ects to rotate through fi ni te angl es about thei r instantaneous 

relative rotation axes in a reference system attached to one of the 

objects. Plate A and plate B rotate a finite amount about their 

instantaneous pole relative to the mantle. Therefore, the finite pole 

between A and B cannot be fixed within the mantle reference frame. 

From Figure E-3b, we can see that the finite po'le migrates away from 

the instantaneous pole, and that the plates migrate a sizeable amount 

toward the instantaneous pole and a lesser amount toward the finite 

pole. For this simple model, rotations of 10 degrees by plates A 

and B about their mantle poles cause a 5 degree migration of a ridge

transform intersection toward the instantaneous pole, as shown in 

Figure E-3b. 



Figure E-3. The migration of the finite pole of rotation for 
constant, instantaneous rotations, for the simplest case 
of a ridge-ridge-ridge plate configuration. 

a) Plates A, B, and C are symmetrically separating from each other 
at constant velocity. If one considers the position of the 
ridge-ridge-ridge triple junction as fixed at the'north pole 
within a mantle reference frame, then the poles of relative 
rotation between plates A, B, C and the mantle lie within the 
mantle equatorial plane. The instantaneous and finite poles of A 
relative to the mantle and the mantle relative to B are shown. 
The instantaneous pole of A relative to B can be obtained through 
vector addition and also lies on the equatorial great plane. The 
stable position of the ridge boundary between plates A and B 
extends from the north pole, to the instantaneous pole between A 
and B. 

b) Plate A has been rotated 10 degrees about its pole relative to 
the mantle. If Plate B is also rotated 10 degrees about its pole 
relative to the mantle, the net finite rotation between A and B 
would be 17.315 degrees about a pole at 2.5°5., O.ooE. Points 
PI' and P2' represent crust of plate A which was formed over 
mantle positions PI and P2 on the active ridge. Both points 
migrate similar, but not identical amounts toward the 
instantaneous and finite poles between plates A and B, 4.98 
degrees toward the instantaneous pole, and 2.51 degrees toward 
the finite pole. If PI' and P2' represent magnetic anomaly
fracture zone intersections, they can be superposed over PI and 
P2 by a rotation about the finite pole, only if PI and P2 also 
migrate 2.51 degrees toward the finite pole. 

c) Plates A and B are rotated 10 degrees about their pole relative 
to the mantle. Mantle positions PI and P2 are located at either 
end of an active transform fault, at time TI. PIA represents 
crust originally formed at point PI, which has rotated as part of 
plate A by a similar amount as in b). P1B, P2A, and P2B have 
similar representation. PIA, P1B, P2A, and P2B all lie on the 
same small circle to the finite relative pole between plates A 
and B. PI' and P2' represent the new mantle positions of the 
ridge-transform intersections at time T2 and bisect the offset of 
P1A-P1B and P2A-P2B respectively. The spherical offset of the 
two pOints was slightly reduced from 4.99 to 4.97 degrees, but 
the small circle arc length relative to the instantaneous pole 
was increased from 5.8 to 6.1 degrees. The amount of migration 
of PI and P2 toward the finite relative pole approximates the 
amount of polar migration shown by points PIA, P2A, etc. 
Superposition of PIA and P2A onto PI' and P2' will therefore 
identify the finite relative rotation pole with reasonable 
accuracy. 
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SPHERICAL DISTANCES 

P1 P1' P2 P2' 
90· 90· 41.4· 41.4· 

90· 85.02· 30· 25.01 

92.50 87.49 32.50· 27.53 

Figure E-3 
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The offset points from each ridge-transform intersections lie on 

a small circle about the pole of finite rotation. If we knew the 

rotated positions of the intersection from either side of the ridge, 

we could determine the finite rotation. If we have information from 

only one side of the ridge, we can try to determine stage poles by 

overlapping successive ridge-transform intersections from a single 

plate (one side of the ridge). From Figure 3, we know that the active 

position of the transfOl~m fault will migrate within the mantle 

reference frame, toward both the instantaneous and relative poles 

between the two plates. We need to determine whether this new 

position will be at the same latitude to the finite pole, as are the 

past positions, which have been recorded within the plate and rotated 

about the absolute pole of the plate. We thus must model the new 

position that the ridge-transform intersection would occupy after we 

have rotated the two plates within the mantle system. 

I as~ume that the ridge will migrate to a position which bisects 

the offset plates (as most ridge segments display symmetric spreading 

patterns), but finding the new position of the ridge-transform 
I ~ 

intersection is problematic. If we assume that the transform fault is 

a passive feature, defined by a zone of highly fractured crust which 

can accommodate evolving geometry, then after small finite rotations, 

newly offset points representing the former ridge-transform 

intersection will migrate towards the instantaneous pole by differ'ing 

amounts, and the new tranform morphology will reflect a tighter 
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curvature due to the poleward shift. Due to the complexity of the 

spherical geometry, I model the migration of the ridge-transform 

through computer simulation. I locate two ridge-transform 

intersections on either end of an ~ctive transform fault, similar to 

that shown by the geometry of Figure E-3c. The former positions of 

these intersections are rotated by a small amount in each of the 

plate-mantle systems, away from the active ridge. The new 

intersection positions are determined by plotting both pairs of offset 

poi nts wi thi n the instantaneous reference frame. The 1 ongi tude of 

each new intersection is determined by the bisection of each pair of 

points. The latitude of both new intersections is set to the average 

of the 4 rotated poi nts. I conti nue to, perform small rotati ons and 

redefine the current position of the active intersections. Finally, 

after numerous iterations, I determine the finite rotation pole, and 

the latitude of the active and former intersections relative to this 

pole. 

The results of this simulation technique for 6 models of finite 

rotations, transform lengths, and transform latitudes are provided in 

Table E-l. My results indicate that active transform faults migrate 

so that although resultant fracture zone curvature does not define a 

small circle about a finite pole; time-offset positions of ridge

transform intersections will lie at apprOXimately the same latitude to 

their finite rotation pole. Thus we can overlap former and current 

ridge-transform positions by the appropriate finite rotation with a 



Table E-l. Migration of the 
intersection between 
motions. 

position 
plates 

of a 
having 

ridge-transform 
constant mantle 

The difference in latitude relative to the finite rotation pole 
between the rotated original position, and the currently active 
position of the intersection is provided for 6 models of finite 
rotations. All values are given in degrees. See text and Figure 
E-3 for details on the model of ridge-transform migration. 
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TABLE E-1 

CASE 1 2 3 4 5 6 

CJ) 

M A 

Latitude (N.) 0.00 0.00 0.00 0.00 0.00 0.00 
Longitude (E.) 30.00 30.00 30.00 60.00 10.00 80.00 
Rotation 10.00 10.00 10.00 10.00 10.00 10.00 

CJ) 

M B 

Latitude 0.00 0.00 0.00 0.00 0.00 0.00 
Longitude -30.00 -30.00 -30.00 -60.00 -10.00 -80.00 
Rotation 10.00 10.00 5.00 5.00 5.00 5.00 

CJ) 

B A 

Latitude 0.00 0.00 0.00 0.00 0.00 0.00 
Longitude 0.00 0.00 10.89 30.00 3.36 62.12 
Rotation 17.32 17.32 13.23 8.66 14.80 5.57 

Original Transform Fault 
------------------------
Center Latitude 60.00 30.00 60.00 60.00 45.00 60.00 
Center Longitude 0.00 0.00 0.00 0.00 0.00 0.00 
Small Circle Arc Length 10.00 10.00 10.00 5.00 5.00 5.00 
Spherical Arc Length 8.66 5.00 8.71 4.51 3.54 4.86 

Final Transform Fault 
---------------------
Small Circle Arc Length 10.57 11. 83 10.35 5.23 5.10 5.06 
Spherical Arc Length 8.66 4.99 8.71 4.51 3.54 4.86 

Latitude of Ridge-Transform Intersection (P1) 
---------------------------------------------
Relative to Instantaneous Pole 
(initial position) 30.00 60.00 29.41 25.66 44.90 13.52 
Relative to Instantaneous Pole 
(final position) 34.98 64.98 32.64 30.39 46.05 16.16 
Relative to Finite Pole 
(final position) 32.49 62.49 31. 04 28.07 45.48 14.89 

Pole of Finite Rotation 
-----------------------
Latitude -2.50 -2.50 -1. 64 -2.50 -0.58 -1.53 
Longitude 0.00 0.00 10.92 30.06 3.37 62.18 
Rotation 17.31 17.31 13.23 8.66 14.80 5.57 

Difference in Latitude Relative to Finite Reconstruction Pole for Rotated 
Ridge-Transform Intersections 
------------------------------------------- .. __ .. ------------------------------_. 
Initial - Final 0.01 0.01 0.04 0.07 0.00 0.07 
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latitudinal error of less than .1 degrees or 11 kilometers, which is 

less than the uncertainties from the original data observations. Note 

that in all these models of constant rotations and passive boundary 

development, the spherical length of the active transform remains 

constant, the small circle length of the transform increases, and the 

transform mi grates toward both the instantaneous and fi nite rotati on 

poles. 

I also investigate models of variable rotations with passive 

boundari es. I present the results for two model s. For the fi rst 

model, pl ate A retai ns a constant rotati on with the mantl e, whil e 

plate B has an instantaneous pole which continually migrates (Table 

E-2). The second model also retains a constant rotation for plate A. 

Plate B has a constant instantaneous rotation relative to the mantle 

for a certain number of iterations, and then experiences an abrupt 

change to a new constant rotation (Table E-3). Such a model would 

apply to the motion of the Pacific plate during the past 68 m.y., as 

evidenced by the abrupt bend in the Hawaiian-Emperor seamount chain. 

In both these cases, migration of transform faults relative to poles 

of finite rotation can differ from the migration of the fracture zone 

relative to the same pole by amounts greater than a degree. Thus, 

overlap of the past and current positions of a ridge-transform 

intersection, for periods of variable rotation can lead to sizable 

errors in the resulting determination of finite pole positions, on the 

magnitude of .5 degrees of arc per degree of rotation. 



Table E-2. Migration of the position of a ridge-transform 
intersection between a plate with constant motion relative 
to the mantle, and a plate whose pole migrates at a 
constant rate relative to the mantle. 

The difference in latitude relative to the finite rotation pole 
between the rotated original position, and the currently active 
position of the intersection is provided for 3 models of finite 
rotations. All values are given in degrees. See text and Figure 
E-3 for details on the model of ridge-transform migration. 



Cl) 

M A 

CASE 

Latitude (N.) 
Longitude (E.) 
Rotation Step Size 

Cl) 

M B 

Initial Latitude 
Initial Longitude 
Initial Rotation SLep Size 

ACl) 

M B 

ALatitude 
ALongitude 
ARotation 
Number of Steps 

Original Transform Fault 

Center Latitude 
Center Longitude 
Small Circle Arc Length 
Spherical Arc Length 

Final Transform Fault 

Small Circle Arc Length 
Spherical Arc Length 

TABLE E-2 

1 

0.00 
30.00 

0.10 

0.00 
-30.00 

0.10 

0.20 
0.20 
0.001 

100 

30.00 
0.00 

10.00 
5.00 

7.9 
4.99 

2 

0.00 
10.00 
0.10 

0.00 
-10.00 

0.10 

0.20 
0.20 
0.001 

100 

60.00 
0.00 

10.00 
8.66 

9.08 
8.66 

Latitude of Ridge-Transform Intersection (P1) 

Relative to Instantaneous Pole 
(initial position) 60.00 30.00 
Relative to Instantaneous Pole 
(final position) 51.00 17.60 
Relative to Finite Pole 
(final position) 55.68 24.39 

Pole of Finite Rotation 

Latitude 
Longitude 
Rotation 

-9.40 
1. 38 

22.61 

-6.83 
5.42 

24.64 

3 

0.00 
80.00 
0.10 

0.00 
-80.00 

0.10 

0.20 
0.20 
0.001 

100 

60.00 
0.00 

10.00 
8.66 

8.71 
8.62 

30.00 

8.30 

12.68 

-23.71 
-28.47 

8.42 

Difference in Latitude Relative to Finite Reconstruction 
Pole for Rotated Ridge-Transform Intersections 

-Initial - Final 0.21 0.74 1.95 
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Table E-3. Migration of the position of a ridge-transform 
intersection between a plate with constant motion relative 
to the mantle, and a plate whose pole relative to the 
mantle abruptly changes by 30 degrees in both longitude 
and latitude. 

The difference in latitude relative to the finite rotation pole 
between the rotated original position, and the currently active 
position of the intersection is provided for 3 models of finite 
rotations. All values are given in degrees. See text and Figure 
E-3 for details on the model of ridge-transform migration. 



co 
M A 

CASE 

Latitude (N.) 
Longitude (E.) 
Rotation step Size 

co (1) 
M B 

Latitude 
Longitude 
Rotation Step Size 
Number of Steps 

co (2) 
M B 

Latitude 
Longitude 
Rotation step Size 
Number of Steps 

Original Transform Fault 

Center Latitude 
Center Longitude 
Small Circle Arc Length 
Spherical Arc Length 

Final Transform Fault 

Small Circle Arc Length 
Spherical Arc Length 

TABLE E-3 

1 

0.00 
30.00 

0.10 

0.00 
-30.00 

0.10 
50 

-30.00 
120.00 

0.10 
50 

60.00 
0.00 

10.00 
8.66 

14.73 
8.29 

2 

0.00 
30.00 
0.10 

0.00 
-:10.00 

0.10 
50 

30.00 
120.00 

0.10 
50 

60.00 
0.00 

10.00 
8.66 

3 

0.00 
30.00 

0.10 

0.00 
-30.00 

0.10 
50 

30.00 
180.00 

0.10 
50 

60.00 
0.00 

10.00 
8.66 

8.79 8.71 
8.51 8.32 

Latitude of Ridge-Transform Intersection (P1) 

Relative to Instantaneous Pole 
(initial position) 
Relative to Instantaneous Pole 
(final position) 
Relative to Finite Pole 
(final position) 

Pole of Finite Rotation 

Latitude 
Longitude 
Rotation 

30.00 

55.66 

40.98 

6.14 
-5.72 
15.34 

30.00 30.00 

14.43 17.21 

22.62 24.29 

-12.48 
-3.63 
15.46 

-9.63 
9.14 

17.72 

Difference in Latitude Relative to Finite Reconstruction Pole 
for Rotated Ridge-Transform Intersections 

Initial - Final 1.19 0.86 1.16 
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2. Ridges as Great Circles Intersecting the Pole of Instantaneous 
Rotation 

Another assumption that has been used in describing ridge 

geometry is that active ridge segments lie on great circle planes that 

intersect the instantaneous pole of rotation. This is equivalent to 

assuming that oblique (not perpendicular to the ridge) spreading does 

not occur. Nelson and others (1981) incorporate this assumption in 

determining the evolution of the instantaneous pole between the 

Pacifi c and Antarcti c plates. They model the moti on of each of the 

plates within the mantle reference frame. The great circle plane 

containing the absolute poles for these plates will also contain the 

relative instantaneous pole between the plates (as can be seen in 

Figure E-3 of the preceding section). The location of the 

instantaneous relative pole within this great circle plane is 

determined by a best-fit of intersections with great circle planes 

defined by former ridge positions from a given time interval. This 

past instantaneous pole is assumed to approximate the stage pole for 

the time interval. 

Atwater and MacDonald (1977) test the hypothesis that ridges are 

perpendicular to transforms based on detailed mapping of the mid

Atlantic Ridge. They observe angles of obliqueness ranging from 6 to 

38 degrees for this slow-spreading region spreading rates of less than 

6 centimeters per year. Based on 1 imited-detail mappi fig withi n the 

Pacific, they also determine that perpendicular spreading occurs for 

ridges with spreading rates greater than 15 centimeters per year. 
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I test this assumption at the resolution of the scale of my data 

set. Locations of active ridge segments were di~itized from the map 

of Cande and others (1989). I determine the intersections of great 

circles defined by active ridge segments along the Pacific-Nazca, 

Pacific-Antarctica, Australia-Antarctica, and South America-Africa 

spreadi ng centers. A wei ghted mean for each set of intersections ; s 

obtained through the product of the angular length of the two ridge 

sections, and the angular length of the latitudinal (relative to the 

intersection pole) offset of the two ridge sections. Table E-4 

compares poles defined by these intersections with present-day plate 

motion poles from the NUVEL-1 global model of DeMets and others 

(1989) • Weighted averages of the intersection of ridge segments 

provide pole determinations which vary greatly with those determined 

by the NUVEL-1 model, at angular distances ranging from 5 to 35 

degrees from the NUVEL-1 po 1 es. The poorest fit occurs along the 

Pacific-Nazca boundary, while the best fits are obtained for 

Australia-Antarctica and Africa-South America. 

Measurements of obliqueness for the active ridge segments are 
I: : 

a 1 so cal cul ated. Ob 1 i queness is measured by the angl e formed at the 

intersection of a longitudinal great circle arc of the NUVEL-1 pole 

with the midpoint of the great circle arc formed by the ridge segment. 

Average obliqueness for the active ridges ranges from 3 to 5 and one

half degrees, with a maximum at anyone ridge segment of 13 and one

half degrees. The values are lower than those obtained by Atwater and 



Table E-4. Statistics of the intersections and orientations of ridge 
segments. 

Pacific-Nazca ridge segments extend from the Galapagos triple 
junction to the Easter microplate. Pacific-Antarctic ridge 
segments extend from the Pacific-Nazca-Antarctic triple junction 
to fracture zone XII in the southwest Pacific. Australia
Antarctic ridge segments extend from MacQuarie Ridge to the 
Africa-India-Antarctic triple junction. South America-Africa 
ridge segments extend from the Fifteen Twenty fracture zone to 
the South America-Africa-Antarctic triple junction. See text for 
discussion of mean weighted pole and obliqueness. 



Number of ridge segments (N) 

Number of intersections 
N ( N-1 ) I 2 

Angular Distance between 
Intersection and NUVEL-1 
Pole (in degrees) 

Maximum 
Minimum 
Average 

Mean Weighted Pole 
Latitude 
Longitude 

NUVEL-1 Pole 
Latitude 
Longitude 

Angular Distance bee ween 
Mean Weighted and NUVEL-1 
Pole (in degrees) 

Obliqueness of Ridge 
Segments 

Maximum 
Minimum 
Average 

TABLE E-4 

RIDGE SYSTEM 

Pacific 
Nazca 

7 

21 

88.1 
6.7 

58.0 

76.8 
-9.2 

55.6 
-90.1 

34.5 

8.9 
.7 

4.2 

Pacific Australia 
Antarctica Antartica 

15 

105 

88.6 
.9 

31.4 

76.4 
-52.6 

64.3 
-84.0 

15.6 

11.1 
.3 

5.4 

38 

703 

89.9 
.1 

42.7 

17.0 
34.5 

13.2 
38.2 

5.2 

12.1 
.2 

3.1 
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South America 
Africa 

52 

1326 

89.9 
.1 

33.8 

55.4 
-35.9 

62.5 
-39.4 

7.3 

13.3 
.03 

3.3 
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MacDonald (1977) for slow-spreading ridges such as the South Atlantic 

Ridge, but higher for fast-spreading ridges such as the East Pacific 

Rise. 

Results of my study show that it is extremely risky to determine 

pole positions from the intersection of ridge segments, at, least on a 

"macro" scale. At a very fine scale, ridge segments that I consider 

as single great circle arcs may be composed of numerous smaller ridge 

segments with minor transform offsets, or overlapping spreading 

centers with nontransform offsets. The 1 atter is probab ly the case 

for the Pacific-Nazca boundary (see Naar and Hey, 1989), and could 

partially explain the misfit incurred. At ,increased resolution, 

spreading which appears to be oblique, may more properly be explained 

by a regul arly-offset seri es of perpendi cul ar ri dges and transforms 

conforming to the spreading direction. Detailed studies of ridge 

propagation at fine scales (Wilson, 1988; Hey and others, 1988) 

indicate a degree of complexity in the evolution of the orientation of 

small ridge segments, which seems to preclude the determination of 

relative rotation poles through ridge intersections. 

Absolute Motion Data 

Absolute plate motion data are based on the premise that such 

data provide global positioning of the plates relative to some fixed 

reference frame. Knowledge of past relative plate motions, coupled 

with assumptions on the dynamics of plate interactions have also been 

used to develop or test models of absolute plate motions (Solomon and 
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Sleep, 1974; Gordon and Jurdy, 1986), but such an approach does not 

include absolute positioning data in the forward analysis and will not 

be considered here. Various types of data and models provide 

determinations of the absolute motions of plates. Generally, for 

absolute plate motion data to be useful, one must assume a model of 

constant absolute stage rotati ons, at 1 east for peri ods 1 asti ng for 

ten's of millions of years. 

1. Hotspot Tracks as Small Circles of Stage Poles Relative to the 
Mantle 

Hotspot data in the form of linear oceanic island chains, or 

"tracks" on continents are believed to record the motion of plates 

over the mantle. If the rotation of the plate is constant relative to 

a melting anomaly in the mantle for a period (stage) of time, the 

hotspot data being generated will form a small circle about the 

rotation pole. The premise of a fixed reference frame requires that 

the sources of the melting anomalies remain at fixed positions within 

the reference frame or else all rotate together about a single pole in 

this reference frame. Determination of stage poles requires data that 

provide both the time and position of the passage of the melting 

anomaly beneath a plate (evidence/data are left on the plate and 

records movement of the mantle relative to the plate although the 

model assumes the plate is moving relative to the mantle). If the 

absolute pole and melting anomaly remain coincident in time and space, 

the "track" will be a single volcanic pile at the pole/melting anomaly 

and no measure of the true absolute rotation will be obtainable. 
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2. Apparent Polar Wander Paths (APWPs) as Small Circles of Stage 
Poles Relative to the Spin Axis 

APWPs can record absolute plate motions in an analogous manner to 

hotspot trac~s. In essence, the spin axis (assumed equivalent to the 

time-averaged geomagnetic axis) functions as a pseudo-hotspot. As a 

plate moves relative to this spot, a record of the spot's position is 

preserved in the plate. In this case the record consists of the 

magnetic signatures within newly-formed rocks which point to the 

pseudo-hotspoF position; while for a true hotspot, the record consists 

of the actual position preserved as an island or seamount. Gordon and 

others (1984) first applied this concept in the development of an APWP 

for North America. Similar to the case of hotspots, there is one 

l.ocation of the absolute rotation pole that will not provide data. 

Absolute motions about the spin axis will leave no paleomagnetically

detectable record of motion. 

3. Relative Stage Poles as Small Circles of Stage Poles to a 
Constant Motion Reference Frame 

The instantaneous pole of rotation between two plates that have 

constant finite rotation vectors (Hnd,therefore constant instantaneous 

rotations) in some absolute reference frame, is also constant relative 

to the absolute coordinate system. Within the coordinate system of 

either of the plates however, the record of the past positions of the 

pole defining instantaneous relative motion between the two plates 

would migrate in a small circle direction, about the absolute pole 

(but in a contrary sense) for that plate (See Cox and Hart, 1986, 
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pages 256 and 257). Stage poles of constant time duration will also 

track about the absolute pole. 

These three models for generation of absolute motion data are 

illustrated in Figure E-4. 

Determination of Rotations 

In this section I present the data fitting techniques that are 

used for the reconstructions presented in Chapter 3, and Appendices F 

and G of this work, based on the discussions of the preceding section. 

Relative Finite Rotations - Data Available from Both Plates 

Direct accurate determinations of finite rotations for plate 

reconstructions are possible only for plates that. have been separated 

by accreting margins back to the time of the reconstructions; or that 

can be linked by a set of plates fulfilling this condition. The 

quality of the reconstruction is dependent on the quality and 

availability of marine magnetic, bathymetric and other data which 

provide information on the morphology of the ancient plate boundary, 

and its relict position on the two plates. In Chapter 2 I review 

various schemes that have been employed to determine the pole of 

rotation between plates separated by accreting margins, and present a 

method for quantification of the uncertainties for poles of rotation, 

and for the resul tant pl ate reconstructi ons. Methods of thi s type 

work best where relict positions of the former plate margins can be 



Figure E-4. Small circle generation through the absolute motions of 
plates. 

a) A hotspot track is generated along a line of latitude about the 
pole reflecting motions between the crust, and a heat source 
fixed in position in some reference frame. 

b) A pointer to the position of the Geomagnetic Pole (GP) is 
recorded in rocks during their genesis. As the plate containing 
the rocks travels about its absolute pole, these pointers are 
also rotated in similar fashion. The older pointers rotate away 
from the Geomagnetic Pole to become Virtual Geomagnetic Poles 
(VGPs), along a line of latitude to the absolute pole. New VGPs 
will form along this same line of latitude if the absolute pole 
remains constant. 

c) If two separating plates have constant absolute motions, then for 
constant time increments, stage poles and amounts will be the 
same. The anomaly and fracture zone geometry of each of the 
separating plates points to the stage pole position, analogous to 
the preceding case where magnetic grains in the rocks point to 
the VGPs. As a plate rotates about its absolute pole, this stage 
pole will travel along a line of latitude to the absolute pole. 
The stage pole for the next equal time interval, will occupy the 
former position of the rotated stage pole. 
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determined from both sides of the actively accreting plate boundary. 

The mathematics· employed in this type of analysis are based on the 

goodness-of-fit for superpositi on of the re 1 i ct margi ns, and assume 

only that the former plate boundary was composed of straight line 

(great or small circle) segments at the time of the reconstruction. 

Ridge jumps, asymmetric spreading, or evolving morphology of the 

active boundary between the relict margins will not affect the 

validity of the superposition. Only if the relict margin is 

intersected by a realignment of the plate boundary, will superposition 

be impossible: and such events can usually be identified from the data 

set. 

Reanalysis of all marine data in order to obtain updated best-fit 

poles and uncertainties by the method presented in chapter 2 of this 

work, is beyond the scope of thi s proj ect. I feel that pub 1 i shed 

rotation poles generally reflect the best fit to original data, when 

data are available for both plate at an accreting boundary. I also 

feel that the outer uncertainty limits determined by Hellinger's 

method (1981) are reasonably accurate. I assume that my anomaly 6, 

Pacific-North America reconstruction which provides an accurate 

quantification of combined uncertainties, can be used to qualitatively 

define limits for the combined uncertainties of other reconstructions. 

Relative Finite Rotations - Data Available from One Plate 

When data are available for only a portion of an ancient 

spreading system, accurate reconstructions are much more difficult to 



245 

obtain, and certain assumptions regarding the geometry and behavior of 

the evo 1 vi ng plate boundary must be made. In the northeast Pacifi c 

Ocean basin there is ample evidence of long-term spreading between the 

Pacific and Farallon plates. However almost fifty percent of the sea 

floor generated at this boundary has been subducted beneath the 

western edge of the Ameri cas. And only about fifty percent of the 

remaining seafloor contains data helpful to plate reconstructions, due 

either to lack of coverage, lack of measurable magnetic anomalies 

(Cretaceous normal superchron or equatorial magnetics), and/or thermal 

overprints from hotspots or broad thermal anomalies. 

For most of the northeast Pacific we must determine the rotations 

of the evolving plate system from the relict boundary positions 

recorded on a single plate, using various models and assumptions. For 

a given model (with its set of assumptions) applied to a data set 

(with uncertainties), we can usually determine a best-fit solution. 

Due to the limits of the data, the critical problem is determination 

of the best-fit scenario or model. ,_For-example, evidence of differing 

amounts of spreadi ng along the Pacifi c-Fara 11 on ri dge may i ndi cate 

asymmetric spreading, plate boundary realignment (ridge jumps), or 

changes in the plate system (new plate or microplate boundaries). 

Careful study of the available data within the Pacific plate has 

defined an increasingly complex pattern of plate boundary/ridge 

reorganization, including the presence of short-lived microplates 

(Tamaki and Larson, 1988, Mammerickx, Naar, and Tyce, 1988), abrupt 

changes in spreading direction (Caress and others, 1988), and a major 
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plate boundary reorganization which involved incorporation of large 

portions of the Farallon plate within the Pacific plate (Mammerickx 

and Sharman, 1988). With only data from one plate available, it is 

difficult to quantify ridge jumps and asymmetric spreading, especially 

if it is part of a major plate reorganization. In the case where 

ridge jumps or asymmetric spreading occur in a limited area, say in a 

zone bounded by two transform faults, with normal spreading occurring 

to either side of this zone, we can recognize the anomalous behavior 

by a study of the residuals (goodness-of-fit) to the rotation 

determination scheme. If a systematic misfit (residuals all have the 

same sign) occurs at one of the ends of a plate boundary, we may have 

indication of an additional plate in the system (for an example, see 

Engebretson, 1982). 

I util i ze different approaches in my ana lysi s of the Mesozoi c 

history of the Pacific Ocean. These approaches are predicated by the 

type, quant ity, and qua 1 ity of the avail ab 1 e data. In a 11 cases, I 

develop a model and then minimize the misfit to this model. However, 

in none of the cases, is the model unique. Typically I apply Ockham's 

razor, using the model requiring the minimum amount of assumptions. 

Although it is possible to provide theoretical quantification of 

uncertainties based on a particular model and numerical technique 

(such as was done by Engebretson and others, 1984), I feel that the 

most important uncertainties are those regarding the choice of model. 

My quantification or presentation of uncertainties is done a l 

posteri ori, usually through a mappi ng of the data fit, or through a 
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comparative quantification of the misfit of data to alternative 

models. I will describe several data availability scenarios, and the 

types of analysis/numerical methods that are used to determine 

relative finite and stage rotations. 

1. Magnetic Anomalies without Fracture Zone Trends 

For cases where only magnetic anomaly trends are present, or 

where the eXisting fracture zone data are oblique to small circles of 

the inferred spreading direction (i.e., a scenario where oblique 

transforms are more likely than oblique spreading), we must make some 

assumptions in order to identify identify a pole of relative rotation 

define by the magnetic anomaly data. If we assume normal (normal 

meani ng non-ob li que or perpendi cular-to-ri dge) spreadi ng, then ri dge 

segments and resulting magnetic anomaly trends will align with great

circle longitude lines for the pole of relative rotation. 

Intersections of the great circle planes defined by anomaly segments 

will identify the former pole position. 

Earlier in this appendix (Table E-4) I determined that present

day spreading is almost always oblique (within my scale of 

measurement) with angles of obliqueness ranging from 3 to 13.5 

degrees. I also pOinted out that errors in present-day pole 

determinations based of the intersection of oblique, active ridge 

segments coul d exceed 35 degrees. Nonethe 1 ess, stand-alone ri dge 

orientation data are better than no data and can provide useful models 

of plate rotations. If we assume a relatively constant stage pole for 

the period of our determination, then our uncertainties will be less 
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than the present-day case as we can analyze the trend of 

intersections. The overall trend will span a longer time interval, 

usually resulting in a larger angle of rotation and thus allowing 

better constraints on the pole position. 

My approach for Table E-4 was to determine all possible 

intersections of the great-circle projections of active ridge 

segments, weighted by the arc lengths and angular separations of the 

segments. In the approach presented here, leva 1 uate the set of 

angular separations of a single segment through time. My set of data 

for each segment (or set of segments) contains important time-trend 

data which helps constrain the range of possible pole positions. I 

fully utilize this data through the following technique. I determine 

the great c1 rcl e for each magneti c anomaly withi n a gi ven segment. 

Based on my assumption of orthogonal spreading, I know that the pole 

of rotation creating an anomaly segment should lie somewhere on its 

associated great circle. As a consequence, the pole to this great 

circle will lie along the equator (separated by 90 degrees) to the 

rotation pole. The set of poles associated with the set of great 

circles should therefore sequentially trend along the equatorial great 

circle to the pole of rotation between the anomalies as shown in 

Figure E-S. I find the pole whose equatorial great-circle best-fits 

the trend of the set of po 1 es (or sets of poles in the case of 

multiple ridge segments) through Euler Pole (EP) analysis. The 

details of my EP technique are provided in a following section. In 

this particular application of EP analysis I provide the additional 



Figure E-5. Euler Pole analysis of orthogonal spreading using 
magnetic anomaly data. 

If spread,1ng is orthogonal, then magnetic anomalies' will align 
along longitudinal lines (great circles) to the pole of relative 
rotation. As poles to longitude lines must lie on the equator, 
orthogonal anomaly segments can be used to define the equator of 
the pole of rotation. The pole of the best-fit equatorial plane 
is the pole of relative rotation for the plates generating the 
magnetic anomalies. 
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constraint that the best-fit latitude to this set of poles to great 

circles must equal zero. 

2 •. Sparse Fracture Zone Trends and Spreading Fabric Combined with 
Irregular Crossings of Magneti~ Anomalies 

In cases where fracture zones are only weakly defined and the 

approximate trends of magnetic anomalies have been defined through 

several crossings. I use a two step procedure. First I perform an EP 

analysis of the fracture zone trends and any lineations in the 

bathymetry/gravity which cross magnetic anomaly trends at approxi

mately right angles. My data consist of approximately equally-spaced 

points along these features. I am careful to exclude those data which 

might reflect absolute motions. I then obtain rate data about my 

Euler Pole (or poles) through a minimization technique which takes 

into account the irregular spacings of anomalies due to minor ridge 

jumps or to the low resolution of the data. 

The minimization technique. is applied as follows. I draw 

equally-spaced tracks across the trend of the magnetic anomalies, and 

digitize the points where these tracks cross numbered (identifiable) 

anomalies. I consider the angular separation between each adjacent 

anomaly present in the total data set as an unknown. I then use the 

measured distances as sums of the unknown distances. For example, if 

our anomaly set consists of anomalies M29, M27, M24, and M23; and we 

have observations from tracks which cross the following sets of 

anoma 1 i es: (M29, M23), (M27, M24), and (M29, M27, M24), we cou 1 d 
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create the following relationships (0 = observed value, m = model 

value to be determined). 

M29->M23 = M29->M27 + M27->M24 + M24->M23 from data set 1. 
o m m m 

M27->M24 = M27->M24 from data set 2. 
o m 

M29->M24 = M29-)M27 + M27->M24 from data set 3. 
o m m 

M29->M27 = M29->M27 from data set 3. 
o m 

M27->M24 = M27->M24 from data set 3. 
o m 

These relationships are not independent. However, due to the 

possibility of ridge jumps, asymmetric spreading, and uncertainties in 

the data, sums of the anomaly separations may be as important as the 

simple anomaly separations. For example, if there were a succession 

of minor, non-simultaneous, ridge jumps within the area studied, all 

of which were in the same direction, then a positive or negative bias 

would occur in the rotation angle determinations. By al so 

constraining the fit for sums of rotations, a ridge jump in one track 

will have 1 ess of a bi as in the determi nat i on of the overa 11 set of 

rotations (See Figure E-6). 

The function to be minimized is: 

n 
F = E 

i=1 

m 2 
[ Vi - E Aj Xij ] 

j=1 
(E-12) 



Figure E-6. Determination of spreading rates/amounts about a known 
pole of rotation using spacings of magnetic anomaly 
crossings. 

. , 
If separations are determined by finding the best-fit distances 
for adjacent anomalies, then the modeled rate and distance of 
separation for anomalies M9-M6 is based on the average separation 
of this anomaly pair in ridge segments 1 and 2. If we require 
our model to also best-fit summations of distance, the separation 
between anomalies MIO-M2 on segment 3 provide an additional 
constraint and reduces the overestimation of separation due to a 
ridge jump. 
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where n equals the number of relationships obtainable from the tracks, 

and m equals the number of rotations defined by the set of anomalies. 

If there are M anomalies present in our total set of observations, the 

number of rotations m = M - 1. The Xij values would be either +1 or 0 

based on the presence or absence of the anomaly withi n the i nterva 1 

measured by Yi. The relationships from our earlier data set would be: 

YI (M29-)M23) = Al + A2 + A3 
Y2 (M27-)M24j = A2 
Y3 (M29-)M24 = Al + A2 
Y4 (M29-)M27 = Al 
Y5 (M27-)M24 = A2 

where Al is the rotation from M29-)M27, A2 is the rotation from 

M27-)M24, etc. 

We determine the values for AI, A2, and A3 such that 

2 2 2 2 2 
F = [YI-(AI+A2+A3)] + [Y2-A2] + [Y3-(AI+A2)] + [Y4-AI] + [Y5-A2] 

is a minimum. 

Standard multiple regression or inversion techniques can be used 

to obtain a solution for this m-in'iniization. Once the set of 

rotations for my best fit poles has been determined, I do a trivial 
r: I 

minimization to determine the "start" point for my data fit along each 

track in the data set, and quanti fy the mi sfit between model and 

actual anomaly crossings. 

3. Well-Defined Fracture Zone Trends and Spreading Fabric Combined 
with Irregular Crossings of Magnetic Anomalies 

There are several options available for analysis of this data 

set. Engebretson and others (1984) use a technique that is a joint 
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application of the two minimizations presented in the preceding 

section. Their technique uses intersections of magnetic anomal ies 

with fracture zones for a data set. After preprocessing to determine 

periods of fairly constant stage poles, they identify the rotations 

which best overlap the intersections along the set of fracture zones. 

Thi s approach assumes that fracture zones approximate small ci rcl es 

about the stage pole, and thus tacitly assumes non-oblique spreading. 

This method requires projection of magnetic anomaly trends to the 

fracture zone, and limits trend information along the fracture zone to 

only these points of intersection. 

I feel that doing the minimization in two stages is a better 

approach. Both methods requi re the assumpti on that fracture zones 

approximate small circles about a stage pole. With a two-step 

process, it is possible to more tightly constrain the trend (fabric) 

of spreading, through more-closely-spaced data points along fracture 

zones, and data points along non-transform fabric. I also can choose 

the position and spacing of 1 ines of spreading amount/rate data in 

order to avoid zones with obvious disruption in the spreading patterns 

which are often near fracture zones. 

Euler Pole Analysis 

Euler's theorem states that any displacement of a spherical 

surface over itself 1 eaves one poi nt fi xed. That fi xed poi nt is 

called the Euler pole. Euler Pole (EP) analysis involves 
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determination of this pole of rotation from various data such as 

hotspot, paleomagnetic, or fracture zone information. Successful 

application of the method depends on the assumption that plates 

undergo stable or constant motions for periods lasting tens of 

millions of years. This premise is best-supported by observations of 

curvilinear island chains formed by passage of the plates over 

hotspots, the Hawaiian-Emperor chain perhaps being the best example. 

Gordon and others (1984) successfully applied this type of analysis to 

paleomagnetic data, deriving an APWP for the North American Plate. 

Hotspot and paleomagnetic data provide a record of the motions of 

a plate relative to a fixed reference frame such as the mantle or spin 

axis. These data track as small circles about the Euler Pole. 

Typically, Euler Pole analysis involves finding the pole whose small 

circles best-fit the trends of the data set. Techniques can also take 

into account the ages of the data and therefore resolve rates about 

the best fit pol e. Gordon and others (1984) and Mardi a and Gadsen 

(1977) use a maximum likelihood formulation for this problem. Gray 

and others (1980) use a least-squares approach and also consider the 

problem of fitting variously-constrained small circles. 

My method of Euler pole analysis provides the degree of fit for 

any possible Euler pole. A similar degree of fit can normally be 

found for poles within an elongated ellipse oriented perpendicular to 

the trend of the data. Uncertainties in the data allow the best-fit 

pole to migrate within this larger region. Thus it is important to 

map the ent ire so 1 ut i on space, deta 11 the degree of fi t for all 
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possible Euler poles, and then define the geographic limits of a best

fit regi on. Through such an approach one can then determi ne whether 

two different sets of data indicate motion about the same absolute 

pole, by seeing if the best-fit regions overlap. 

I calculate the small-circle fit of my data set for poles on a 

grid (usually 1/2 by 1/2 degree) over an entire hemisphere as was done 

by Gordon and others (1984). For each pole, I calculate the latitude 

of the best-fit small circle (or circles if I am considering more than 

one data trend). The small circle latitude that minimizes the squared 

misfit of data latitudes is simply the mean value of the transformed 

latitudes. I sum the misfit of all data for each grid point (pole) 

and provide a map of residuals. It is possible to assign weights to 

the data through various criteria and minimize the misfit by the 

weighted mean value. 

It is difficult to determine a well-constrained Euler Pole for 

highly-scattered data. The pole which minimizes offsets to a small 

circle arc may lie in the middle of the data set in these cases, and 

would not provide consistent age-progression trends relative to 

longitude. In such circumstances, time window averages can assist in 

redefining reference poles for use in the EP analysis. Windowing 

tends to smooth out trends in the data; moving the EP away from the 

long axi s of the data set and thus reduci ng the best-ff t 1 at ftude. 

Smoothing errors of this type can be minimized by reducing the size of 

the time window. 



257 

I illustrate the use of Euler Pole analysis with a study of stage 

pole trends between Africa and South America (data type 3 of Figure E-

4). Cande and others (1988) present a detailed spreading history for 

the South Atlantic with total reconstruction poles available at 

approximate 2-million-year intervals. From their total reconstruction 

poles I calculate stage poles for 5 million year intervals. If both 

South Ameri ca and Afri ca have constant absolute motions, then the 

trend of the stage poles representing equal increments of time should 

align with small circles about the respective absolute poles. 

Specifically, the trend of the stage poles defining rotations of South 

America with respect to Africa, should align with small circles about 

the absolute pole(s) for Africa; while the trend of the stage poles 

defi ni ng rotati ons of Afri ca with respect to South Ameri ca shoul d 

align with small circles about the absolute pole(s) for South America. 

Cande and others (1988, figure 7) identify cusps in a plot of 

stage pole trends at approximately 28 and 63 Ma, which indicate major 

changes in relative and thus the underlying absolute rotation 

directions. Based on this information as well as the trend for the 5-

million year stage poles, I perform an Euler Pole analysis for two 

time intervals: 85-60 Ma and 65-35 Ma. Although I was able to closely 

fit the stage poles for 85-60 Ma about an Euler Pole, the age 

progression of stage poles along the small circle to this pole is 

inconsistent with my model. Stage poles for 35 to 65 Ma are almost 

uniformly spaced along a small circle about an Euler Pole at 31 South, 

97 East, shown in Plate E-l (microfiche). However, the rate and total 
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amounts of displacement of the stage poles along this small circle are 

approximately four times those obtained from hotspot models of 

absolute motion. A comparison of absolute pole determinations based 

on hotspots, with those derived via the Euler Pole analysis of stage 

poles is provided in Table E-5. This analysis indicates that the 

absolute motions of South America and/or Africa were not constant 

within the 35 to 65 million year time interval but changed in a 

systematic manner. 

All of the rotation determination techniques presented in the 

preceding section are tools that can be used in Euler Pole analysis. 

Numerous examples of their application are presented in Appendices F 

and G. 



Table E-5. Models of absolute motion for the African Plate during the 
interval 65 - )35 Ma. 



Time Period 
(in m.y.) 

65 -> 35 
48 -> 37 
55 -> 36 
69 -> 38 
65 -> 21 
60 -> 40 
65 -> 35 

Table E-5 

Forward Stage Pole 
Latitude Longitude Rotation 

30.9 S. 97.1 E. 43.5 
46.0 S. 131. 6 E. 2.9 
25.8 S. 137.3 E. 3.5 
24.1 S. 143.8 E. 7.0 
40.3 S. 112.3 E. 8.8 
34.3 S. 109.8 E. 4.6 
54.8 S. 311.6 B. 20.7 
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Data Source 

EP Analysis, this work 
Engebretson and others (1985) 
Duncan (1981) 
DUncan (1984) 
Morgan (1981) 
Morgan (1983) 
North American APWP, this work 
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APPENDIX F. DATA AND MODELS FOR EVOLUTION OF THE PACIFIC OCEAN BASIN 

Objectives 

An anal ys is of the evo 1 ut i on of the ocean i c plates with in the 

Pacific basin is done as a first step in quantifying interactions 

between these plates and the western margin of the Americas. I 

integrate the voluminous published data (magnetic reversal lineations, 

bathymetry, sediment thi ckness, gravity and DSDP drill hole data), 

with recently published tectonic syntheses of selected portions of the 

Pacific, in order to provide a coherent scenario of relative plate 

interactions. I relate these results to global models of absolute 

plate rotations which are developed in Appendix G through analysis of 

paleomagnetic and hotspot data. Lastly, I present my "best" model for 

the evolution of the Pacific basin from 150 to 55 Ma, and integrate 

this model with recent studies of the Cenozoic history of the Pacific. 

Specific objectives include: 

1. Determination of the relative past positions, and motion vectors 

between the oceanic plates. 

2. Integration of relative and absolute motion models of the Pacific 

plate in order to constrain models of oceanic plateau development 

and dispersion. 
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Methodology 

I begin my analysis by developing data which help define the 

motions between the oceanic plates. I perform graphical and 

statistical analyses of new data and obtain updated relative motion 

vectors between adjacent plates. I concurrently evaluate the absolute 

motions of the oceanic plates which are consistent with paleomagnetic 

and hotspot track constraints. Lastly, I provide a model of evolution 

for the Pacific plate, which includes the generation and dispersion of 

hotspot tracks and oceanic plateaus. 

Plate F-1 provides the location of the major physiographic and 

tectonic elements within the Pacific basin, plotted on the SEASAT, 

5-minute gridded, free-air gravity anomaly data of Haxby (1987). 

Locations of the present-day plate boundaries are shown in Figure F-l. 

My 5 '-gri dded data bases extend from 130 degrees East to 70 degrees 

West, and 70 degrees South to 60 degrees North. I excl ude those 

regions that are not a part of either the Pacific plate, or a plate 

that was joined to the Pacific plate by an accreting boundary. The 

marine magnetic data coverage extends further east into the Scotia Sea 

region, and also include Mesozoic anomaly data northwest of Australia 

in the Indian Ocean. 



Figure F-1. Location of present-day plate boundaries in the Pacific 
region. (From: Kvenvolden and von Huene, 1985). 
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Age of Pacific Oceanic Crust 

Magnetic Ages 

Ages of formation are assigned to existing oceanic crust. Where 

possible this is done using published marine magnetic (anomaly) data. 

The magnetic patterns recorded by magnetic minerals within the upper 

layer of the oceanic crust provide an isochron which can be correlated 

to the dated polarity reversal history for the geomagnetic pole, and 

in this manner absolute ages can be assigned. Plate F-2 shows the 

mapped positions of magnetic lineations in the Pacific basin which 

have been digitized from the map of Cande and others (1989), or from 

other sources as listed on the plate. Throughout the discussions that 

follow I use the term chron to indicate the time or age of some 

anomaly. For example, chron MO represents the age of magnetic anomaly 

MO or 118 Ma (million years or million years ago). 

There are large regions within the Pacific plate which cannot be 

accurately dated by their magnetic signature. This is due to either a 

sparcity of observations, crust formation at the magnetic equator (low 

amplitude anomalies), complications in the magnetic record caused by 

ridge jumps, or crustal formation during perioLs not having 

geomagnetic reversals. A significant portion of the Central Pacific 

was formed during the lengthy interval. (approximately 35 m.y.) of 

stable, normal geomagnetic polarity from Santonian through Aptian 

times, known as the "quiet zone" or Cretaceous normal superchron 

(eNS). 
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Bathymetric (Thermal) Ages 

A simple cooling model can be used to explain subsidence in ocean 

crust as it moves away" from an active ridge. This model predicts a 

linear relationship between depth and the square root of the age of 

the ocean crust, such that 

D = Ao + Bo t1/2 (F-1) 

where D is the depth to the isostatically compensated oceanic crust 

with sediments removed, t is the age in millions of years, and Ao, Bo 

(and Co) are constants. Renkin and Sclater (1988) show that at least 

for the Pacific, this relationship applies only for crust 80 Ma or 

younger; and that the depth curve flattens for older crust. Hayes 

(1988) provides evidence that in some oceans, the constants Ao and Bo 

of equation F-1, can vary significantly between "corridors" of crust 

generated by adjacent ridge sections; or can vary for the crust 

generated on opposing sides of a ridge section. Thermal rejuvenation 

of seafloor by hotspots or thermal swells can bi as the depth-age 

relationship indicating ages that are too young (Heestand and Crough, 

1981). In spite of these 1 imitations, bathymetry can be used as a 

predictive tool for determination of absolute and relative ages of 

oceanic crust, and can assist in the evaluation of the spreading 

history of oceanic plates (for an example, see Sclater and others, 

1971) • 
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Early studies were based on a few selected data points (Parsons 

and Sclater, 1977), while more recent studies are based on 1 x 1 

degree (Schroeder, 1984, Hayes, 1988) or 1/2 x 1/2 degree (Renkin and 

Sclater, 1988 ) age and bathymetric averages. New global data bases 

for sea floor bathymetry/topography such as ETOP05 are available from 

the National Geophysical Data Center on a 5-minute grid, and allow 

further refinement in the empirical fit of age to depths. A model 

formation age for oceanic crust can be assigned by the relationships: 

t = { ( D - Ao ) / 80 }2 (F-2) 

for crust younger than approximately 80 Ma. The empirical 

relationship 

t = Co ~n { 80 / ( Ao - D ) } (F-3) 

has also been used for crust older than 80 Ma (Parsons and Sclater, 

1977). Crust older than 100 Ma may have reached thermal equilibrium, 

with the bathymetry now dominated by swells and valleys reflecting 

convection processes (Renkin and Sclater, 1988). Values for constants 

used in empirical curve fitting of depths as a function of age for the 

Pacific basin are presented in Table F-1. 



Table F-l. Summary of empirical models for depth-age relationships in 
the Pacific Ocean. 



TABLE F-l 

D .. 110 + Bo t 1/2 D a Ao - Bo e(-t\Co) 
110 fu1. 110 !lE. Co 

(0 - 70 Mal (>20 Ma). 
2,500 350 6,400 3,200 62.8 

(0 - 80 Mal (>76.2 Ma).· 
2,967 305 
2,681 337 
2,890 314 6,400 3,116 54.9 

2,700 300 

* Functions are equal at 26.2 Ma. *. Functions are equal at 73.8 Ma. 

Region 

North Pacific 

North of 25 5. 
South of 25 5. 
Pacific *** 

Global average 

Reference 

Parsons and 
sclater (1977) 

Schroeder (1984) 
" 
" 

Hayes (1988) 
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••• Data within the depth anomaly low of the central eastern Pacific, and data 
closer than 800 km to hot spot tracks are not included in analysis. 
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Model (thermal) ages based on the depth of the Pacific Ocean 

crust are determi ned for a 5-mi nute gri d extendi ng from 130 degrees 

East to 70 degrees West, and from 70 degrees South to 60 degrees 

North. Basement depths are obtai ned through ana lysi s of sediment 

thickness and bathymetric data. Sediment thickness data are obtained 

from the isopach map of sediments in the Pacifi c (Ludwi g and Houtz, 

1979). These data are converted into gridded format through a 

procedure in which isopach lines are digitized and then serve as input 

for a program whi ch rasteri zes contours to a gi ven data gri d and 

interpolates between them. Details of this program are provided in 

Appendix H. 

Plates F-3A and F-3B show the digitized contours from Ludwig and 

Houtz (1979) and the results of the interpolation for the North and 

South Pacific respectively. There is generally an excellent match at 

the control points (contour lines) with few exceptions. Slight 

differences occur due to: irregularly-spaced contours, contours which 

overlapped onto the same 5-minute square area (in which case an 

averaged value was assigned to the line pixel), mismatch at the 

equator between the 2 sheets containing the contour data, or to the 

conversion of values to the nearest integer (mismatch occurs where 

near-flat slopes cross contours). The differences are usually less 

than 50 meters and of short wavelength. 

These sediment thickness data are combined with bathymetric data 

from the ETOP05 data base to obtain crustal elevations. The procedure 
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involves obtaining "corrected" bathymetry based on a water velocity 

adjustment, converting sediment thickness to travel times, and then 

applying a sediment correction to the corrected bathymetry which is 

based on travel times. 

The water velocity correction for the effects of temperature, 

salinity, and pressure can be accomplished using a function presented 

by Schroeder (1984) in which 

-4 -6 2 
~ D = 5.45 + 8.6 x 10 D + 5.5 x 10 D (F-4) 

where D is depth in meters. Schroeder considers that application of 

this single function to the entire Pacific is precise to within 20 

meters, even though the Pacific is divided into several velocity zones 

in standard tables such as those of Matthews (1939), and corrections 

can be on the order of several hundred meters. 

Sediment thickness data are inverted to travel times based on the 

relationship: 

2 
H = Va T + K T / 2 , which can be solved for T such that 

2 1/2 
T = { - Vo + (Vo + 2 K H) } / K (F-5) 

where T is the one-way vertical travel time within the layer of 

sediment (in sec), Va is the intercept velocity at T = 0 (in km/sec), 

K is a constant (km/sec2), and H is the sediment thickness (in km). A 
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set of values for Vo and K are obtained from Tab 1 e 1 of Ludwi g and 

Houtz (1979), and applied to regions identified in their figure 3. 

The sediment thickness in the Mariana basin is modified in the 

manner suggested by Renkin and Sclater (1988) to incorporate recent 

observations that true basement is .3 seconds (one-way travel time) 

below the reflector identified as basement by Ludwig and Houtz. This 

correction involves multiplying one-way travel times which were less 

than .1 second by 4, and adding .3 seconds to travel times greater 

than .1 second. 

The sediment correction accounts for the increase in depth due to 

removal of sediments from the basement, as well as the decrease in 

depth due to the isostatic rebound. Crough (1983) identified a 

highly-correlated, linear relationship between travel time and 

sediment correction in which 

fj 0 = 1200 t (F-6) 

where tis the one-way traveltime in seconds, and 0 is the depth 

value in meters which must be added to the corrected bathymetry (if 

the bathymetry is portrayed as negative, then this correction is 

negative). Application of the sediment correction to the corrected 

bathymetry provides the depth to the top of the oceanic crust. 

Plates F-4A and F-4B provide the digital bathymetry of the 

Pacific basin that is contained in the ETOPOS data base. Plates F-SA 
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and F-5B provide the depth to the top of oceanic crust for th~ same 5-

minute grid. In both these plates, depths are represented by colors 

that identify 10 million-year intervals based on the empirical depth

age model of Schroeder (1984). 

Minimum Ages Determined from Drill Holes 

Resul ts from the Deep Sea Drilli ng Project (DSDP) also provi de 

cont ra i nts on the age of ocean i c crust. A 1 though igneous materi a 1 

from basement penetration is usually too altered to provide meaningful 

radiometric ages, it is often possible to obtain paleontological ages 

from the overlyi ng sediments. For most reasonable scenari os, the 

sediments will be younger than the underlying oceanic crust (except in 

the case of slumping or reworking of fossiliferous material, which is 

more apt to occur near continental margins). Usually there is. a 

hiatus of several million years before paleontologically datable 

sediments appear, and sometimes 1 arge porti ons of the dri 11 site 

history are not represented by sediments. Thus data obtained from the 

DSDP provide minimum ages of formation for the oceanic crust. 

Observations from several hundred drill sites in the Pacific 

basin are available in the "Initial Reports of the DSDP" series. 

Drill site locations and their minimum ages are presented in Plates F-

6A and F-6B. Numerical values (in m.y.) are assigned to the 

geological ages of the deepest sediments drilled, based on the time 

scales of Berggren and others (1985), and Kent and Gradstein (1985). 

These values reflect the upper boundary (minimum age) of the epoch or 
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stage identified by the faunal evidence. Plates F-7A, F-7B, and F-7C 

provide a comparison of DSDP site data with the interpolated sediment 

thi ckness, corrected bathymetry, and depth-to-basement contained in 

the 5-minute gridded data bases. 

Age Constraints from Paleomagnetic Data 

There is a large quantity of paleomagnetic data of various types 

for the Pacific plate, including measurements from seamounts, 

sediments, basalt basement, oceanic islands and continental fragments. 

These data provide the basis for models of the apparent polar wander 

(APW) path for the Pacific plate. Models of the Pacific apparent 

polar wander path are provided in Appendix G. From the polar wander 

path, one can calculate the evolving paleolatitude for any site on the 

plate. One can thus match paleolatitude measurements at a site with 

the modeled paleolatitude to determine the time that magnetization was 

acquired. This age date the time of crustal formation in the case of 

basalt basement, or provide a minimu~ ~ge if the measurement is from 

overlying sediment. 

The problems inherent in!! bbtaining "good" paleolatitude 

measurements for an oceanic site, and the uncertainties in the APW 

path for the Pacific plate, limit the usefulness of paleomagnetic age 

constraints. However, if other data are lacking, paleomagnetic 

information can provide coarse age constraints. 
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Morphology of the Pacific Ocean Crust 

Morphological information is shown in the plots of the depth to 

oceanic crust and SEASAT gravity' data bases, and can be further 

enhanced by studyi ng the gradi ents of thi s data. Dependi ng on the 

choice of the gradient direction (there are 4 logical choices within 

my gri dded data bases: N-S, E-W, NE-SW, NW-SE) , and the ori entat i on 

of crustal structure, features such as fracture zones, troughs, and 

the tectonic spreading fabric (Mammerickx and Sharman, 1988) are 

enhanced. Plates F-8A and F-8B show the northeast-to-southwest 

gradient of the SEASAT gravity data. Lineations align with the 

spreading fabric in the eastern portions of the Pacific plate, and 

align with the direction of absolute motion (the trend of the Hawa'iian 

Island chain) in the mid-Pacific region. The fracture zones are also 

highlighted. 

The tectonic fabric at any point in the Pacific basin consists of 

a latitude and longitude component (X-Y in a standard map projection) 

as well as an elevation component (Z). While the X-V component of the 

tectonic fabric is generally due to the former ridge geometry and thus 

static, the Z component is not. The elevation of a portion of oceanic 

crust can reflect cooling and contraction following crustal creation 

as well as any subsequent thermal perturbations due its passage over 

hotspots or other thermal anomalies. Loading due to volcanic material 

or sediments, coupled with the resultant flexure of the elastic crust, 
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and dynamic processes within the mantle also affect the elevation 

values. 

The data base of depths to oceani c crust is presented in the 

previous section, and is derived from observational data. From a 

model of the spreading history of the Pacific basin, one can determine 

creation ages for the Pacific plate, and can calculate model depths 

due to the normal cooling and subsidence of oceanic crust. Comparison 

of these model depths with the observed depths can provide a map of 

residual depths due to subsequent thermal perturbations, dynamic 

processes within the mantle, etc. With the residual data one can 

model the major thermal perturbations, as well as the mantle source 

regions for island chains and oceanic plateaus and rises. Such 

modeling can provide the evolving elevation values for the Pacific 

plate, as well as for portions of the adjacent plates sharing common 

spreading centers with the Pacific plate. While such modeling is 

beyond the scope of thi s effort, it waul d be a frui tful area for 

future research. 

Calculation of Relative Motion Vectors 

New rotation parameters have recently been published for selected 

plates within the Pacific basin for Cenozoic times (Rosa and Molnar, 

1988; Pardo-Casas and Molnar, 1987; Stock and Molnar, 1988). I 

therefore direct my efforts toward revised Mesozoic reconstructions, 

as much new data have been gathered si nce the earl i er studi es of 
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Engebretson (1982), Engebretson and others (1984), and Engebretson and 

others (1985). I will concentrate on plates/interactions that are 

germane to understanding plate interactions at the western Americas' 

margin. These include interactions that can link the dispersing 

pl ates of Eastern Gondwana and laurasi a with oceani c pl ates of the 

Pacific basin. I use a variety a techniques to determine relative and 

abso 1 ute plate rotations. These method of Eu 1 er pole anal ys is are 

described in detail in Appendix F. 

I begin by evaluating rotations between the major plate pairs 

that existed during the Mesozoic. I quantify directions and rates of 

spreading using data sets exhibiting extremely-variable' quantity and 

qua 1 ity. I determi ne best-fit spreadi ng amounts between all we 11-

identified anomalies. Due to the brief time intervals between some of 

the Mesozoic magnetic anomalies and to the uncertainty in age 

assignments for the anomalies, modeled spreading rates probably 

exhi bit much more vari abil ity than actually exi sts. More real i st i c 

spreading rates are probably reflected by rates averaged over 10's of 

millions of years. My method reduces spreading rate errors due to 

ridge jumps if sufficient observations are available. For some plate 

pairs, it is difficult to ascertain whether one is observing local 

patterns of asymmetric spreading and/or ridge jumps, or actually 

seeing evidence for an additional plate in the system. Generally I 

require the burden of proof to support the presence of a new plate, 

before I depart from more simple models. Often there are subsets of 



275 

observations of plate pair data which indicate a third plate, while 

the total set of data much more strongly supports a simp1 e 2-p1 ate 

system. Models of plate interactions for the long Cretaceous interval 

of normal magnetic polarity are poorly constrained and require 

projections based on interactions before and after this interval. 

I do not present formal error bounds for my reconstruction 

parameters. While it is possible to quantify the fit to an 

approximate statistical model given certain assumptions about the 

uncertainties in the observations, such a quantification ignores the 

larger uncertainties involved in the data and model selections. My 

typical approach is to quantify the goodness-of-fit for all possible 

rotation parameters using a given model. The respective locations of 

rotation poles providing the best-fit, and a near best-fit, can be 

qui te di fferent. And perhaps the near best-fit provi des a more

reasonable evolutionary model of behavior for the plate pair. A map 

of the fit of all possible solutions identifies local minima and 

alternative near-best fits, and provides a measure of the uncertainty 

for resultant models. 

Rotations for each plate pair are discussed. I then present a 

summary of data locations and derived rotation parameters. 

Pacific-Phoenix 

The Phoenix lineations provide evidence for a southward-migrating 

spreading center and oceanic plate (the Phoenix plate) from late 

Jurassi c through early Cretaceous times (Larson and Chase, 1972). 
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Although there is a cryptic reference to north-south trending Mesozoic 

anomalies south of the Manihiki Plateau (Keating, 1987), such 

information has not been incorporated in any of the more recent 

syntheses or maps (i.e., Cande and others, 1989), and will not be 

considered in my analysis. Bathymetric and gravity gradient trends 

(including those south-southwest of the Manihiki Plateau) suggest that 

a southward-migrating pattern (with east-west trends) persisted until 

1 ate Cretaceous times; when subducti on of the Pacifi c-Phoeni x ri dge 

caused the various continental blocks in the New Zealand area to rift 

away from the western margin of Gondwana. This scenario is described 

in detail in Appendix G. The remaining eastern portion of the Phoenix 

plate (northeast of the Udi ntsev and El tani n fracture zone systems) 

conti nued to subduct beneath the western edge of Gondwana until at 

least the mid-Tertiary. 

There are few well-identified fracture zones within the Phoenix 

lineations'. For my analysis I supplement the trends of fracture zones 

shown by Cande and others (1989)," wi th bathymetri c and gravity 

gradient trends which can be seen in Plates F-9A and F-9B, and obtain 
I' , 

a single stage pole from late Jurassic to mid-late Cretaceous times. 

Younger trends of the Heezen and Udintsev fracture zones, and anomaly 

separation amounts for anomalies 30 through 34 of this region indicate 

a change in the pole position after 84 Ma. My best-fit stage pole 

which is located at 22°N., 269°E., (see Plate F-9C) can be compared 

with that of Engebretson (1982) at 17°N., 254°E., and the pole of 
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Larson and Chase (1972) at lOoN., 242°E. The different fit of earlier 

poles may be due to previous considerations that the Louisville ridge 

was a continuation of the Eltanin Fracture Zone system. The 

Louisville Ridge has since been shown to be a hotspot track (Lonsdale, 

1988; see also Appendix G). The best-fit direction of absolute motion 

for the Louisville ridge is close to the relative motion direction 

between the Pacific and Phoenix plates, but intersects it at a slight 

angle. Thus, any analysis which treated the Louisville Ridge as an 

extension of the Eltanin Fracture Zone system would bias the relative 

stage pole toward the early Tertiary position of the Pacific absolute 

stage pole. 

My spreading amount/rate analysis for the same time interval 

provides a model with an average misfit of anomaly crossings of only 

.15 degrees, or less than 20 kilometers. This is approximately 20 

percent better than the fit obtained using the pole of Engebretson 

(1982). Spreadi ng amounts and rates for the i nterva 1 defi ned by 

anomaly 34 to 30 are constrained by the limited anomaly orientation 

data north of the Heezen Fracture Zone. The stage pole for this 

interval is determined through Euler Pole (EP) analysis of poles to 

anomaly segments and is located at 90 S., 256°E. Details of this 

analysis are shown in Plate F-9D. Angular separations between 

anomalies of this set are determined by direct measurement. Plate 

F-9E provides a comparison between observed anomaly crossings, and 

those predicted my analysis of Pacific-Phoenix spreading. 
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The trend of spreading during the Cretaceous normal polarity 

interval appears to have remained constant. However v the projected 

half-rate of spreading for this time interval is 1.16 degrees/m.y., as 

compared to .5 degrees/m.y. for the preceding 15 m.y. interval (anom

aly M13 to Ml), and .81 degrees/m.y. for the subsequent 15 m.y. inter

val (anomaly 34 to 31). It is quite likely that ridge jumps occurred 

during this time period. Winterer (1976) suggests progressive spread

ing center migration (jumps) from the Nova-Canton Trough to the 

Manihiki Plateau, and then further south to the vicinity of Palmerston 

Island during the interval 110 to 100 Ma. His model is shown as 

Figure F-2. Figure F-3 shows possible migrations of ridge positions 

at an equatorial distance from the newly-defined stage pole, using 

projections of observed spreading rates from time intervals before and 

after the Cretaceous normal superchron. Based on the updated time 

scale of Kent and Gradstein (1985), and a slightly different model for 

evolution of the Farallon-Pacific-Phoenix triple junction I determine 

ridge jumps at 116 and 111 Ma. These jumps added approximately 1450 

kilometers (13 degrees) of Phoenix crust to the Pacific plate. The 

preferred model is shown in Figure F-4a, and results in an average 

spreading half-rate for the Cretaceous normal polarity interval of .75 

degrees/m.y. This model is dependent on a young age (113 Ma) for the 

Manihiki Plateau which has a poorly defined faunal age of older than 

Aptian-Barremian (1) (113-124 Ma), and a K/Ar minimum age of 106 "'3.5 

Ma (Jackson and Schlanger, 1976). Alternative models are required if 



L 

Figure F-2. Model of the Pacific-Farallon-Phoenix boundary from 
Winterer (1976). 

a) The spreading center between the Pacific and Phoenix plates is 
located in the vicinity of the Nova-Canton trough. The ridge 
between the Pacific and Farallon plates is at the present-day 
location of the Line Islands. 

b) The ridge jumps from the Nova canton trough to the Manihiki 
plateau. There may be a small extra plate on the Manihiki 
plateau. 

c) Reorientation of plates at 105 Ma causes abandonment of 
of ridges on the Manihiki plateau, with the triple junction 
probably migrating to the vicinity of Palmerston Island. 
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Figure F-2 



Figure F-3. Graph showing the evolution of spreading rates at the 
Pacific-Phoenix ridge during the Cretaceaous normal 
superchron. 

The location of anomalies Ml (122 Ma) and 34 (84 Ma) provide the 
left (older) and right (younger) tie points for the period of no 
data. 

The initial slope in degrees/million years is based on the 
spreading rate for the interval between chrons MI0N and MI. 
Chrons and positions of DSDP sites are projected onto a track 
centered on ridge segment that passes through Manihiki Plateau 
region, between the Menard and Heezen fracture zones at its 
southern end. The timing and amounts of ridge jumps are based 
upon the intersection of spreading rate amounts with indicators 
of abandoned spreading centers in the bathymetry. If offsets due 
to ridge jumps are excluded, the average half-spreading rate 
between anomalies Mlc and 34y was .75°/m.y. 
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Figure F-4. Models for evolution of the Pacific-Farallon-Phoenix 
between 120 and 100 Ma. 

Alternative models are based on the age of the Manihiki Plateau 
which is poorly constrained to being older than Aptian
Barremian(?) (older than 113 Ma). 

a) The Manihiki hotspot is assumed to facilitate a ridge jump at 116 
Ma. Formation of the Manihiki Plateau continues in the vicinity 
of the triple junction over a 5 million year period with the 
active ridge migrating further south at 111 Ma. Note that the 
Nova Trough is modeled as an early extension of the Clipperton 
fracture zone. 

b) The Manihiki Plateau forms at the time of anomaly M1 and 
travels south with the Phoenix plate. A single ridge jwnp occurs 
at 111 Ma. In this model, the Nova Trough is shown as an 
abandoned spreading center. Older magnetic anomalies should be 
present in the oceanic crust beneath the Manihiki Plateau and 
further south (but north of the new ridge), but have not been 
observed. 
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b) HIGH PLATEAU FORMED 121·119 Ma 
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Figure F-4 (continued) 
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the Manihiki Plateau is older than 120 Ma. One possible model is 

shown in Figure F-4b. 

While I have confidence that the general direction of motion for 

the Phoenix plate relative to the Pacific plate is well constrained, 

the calculated rate of motion for the Cretaceous normal superchron is 

very dependent on the adopted model of ridge jumps. The bathymetry 

about 3 degrees south of magneti c anomaly M1 in the Central Pacifi c 

basin is certainly suggestive of an abandoned spreading center. 

Evidence for ridge jumps in the Samoa basin, south of the Manihiki 

Plateau, is equivocal as genesis of the Manihiki Plateau (and 

westward-trending bathymetric high) has obscured the normal 

bathymetric patterns of sea floor spreading over a large area. For 

this reason I feel that average rates and amounts of motion between 

the two plates could be in error by up to 20 percent for this time 

period. 

Australia-Argo 

Marine magnetic anomalies within'the Indian Ocean, northwest of 

Australia, document the rifting pf: ,some tectonic element, possibly 

western Sula, Sumba, and Timor, from the Australian region of Gondwana 

about 160 Ma (Parker and Gealey, 1985; referenced in Scotese and 

others, 1988). These lineations occur within the Argo Abyssal Plain 

of the North Australia basin. In reconstructions of Gondwana, they 

align with lineations of the Somali basin. Scotese and others (1988) 

and earlier researchers suggest that these two spreading centers were 
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once part of the same rift system, the Tethyan Rift, separating a 

"Neo-Tethyan" plate from Gondwana. For simplicity, I label this plate 

rifting from northwest Australia as the Argo plate. 

My interest in these lineations is due to their apparent 

alignment with the Japanese lineations of the western Pacific. These 

lineations could provide a link between spreading in the Tethys and 

ancestral Pacific Oceans, at least from approximately 164 to 138 Ma. 

For this link to be useful, the Argo plate would have to be contiguous 

with the Izanagi II plate of Engebretson (1982). 

My data set is from Fullerton and others (1989). The results of 

my analysis are shown in Plates F-I0A and F-I0B. Although the 

position of the stage pole at 2SoN., 231°E., is not well constrained, 

modeled anomaly crossings agree very well with observations, with an 

average error of about .14 degrees (20 kilometers). These data will 

be considered later in Appendix G. 

Pacific-Izanagi 

Analysis of rotations between the Pacific and Izanagi plates are 

based on the Japanese lineation of the northwestern Pacific. A recent 

comprehensive study by Nakanishi and others (1989) has resulted in 

major revision of the magnetic anomaly and fracture zone map for this 

area. I used the data of these authors (shown in Plate F-llA) in my 

Euler Pole analysis. Other recent studies of this region include 

those of Sager, Handschumacher, and others (1988), Handschumacher and 

others (1988), and Sharman and Risch (1988). 
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The trends of the documented fracture zones are well-modeled by 

two stage poles with a change in spreading orientation occurring 

between the times of anomaly M20 and M21 (approximately 149 Ma). 

Details of the data fit are shown in Plates F-I1B and F-IIC. There is 

no compelling need for two Izanagi plates, as was the case with the 

more-limited data set used by Engebretson (1982). I also did not find 

reason to include additional changes in spreading d'irection at the 

time of Mll or M8 as were done in Engebretson's earlier model. The 

change in total residuals (misfit) was negligible when these 

additional spreading direction change were modeled, and the new poles 

were close to the single stage pole that I have adopted. My pre

anomaly M21 stage pole is located at 35 S., 101 E., and the region of 

acceptable fit does not overlap the acceptable-fit region of the post

anomaly M20 stage pole. My stage pole for the period of ~nomaly M20 

to M1 is located at 14°N., 116°E. The region in which the misfit is 

no greater than 10% of that of the best-fit pol e encompasses the 

locations of the Izanagi I (for anomalies M16 to MIl) and Izanagi II 

stage poles of Engebretson. In other words, the graphical mapping of 

the misfit demonstrates that the difference in location between these 

two poles of Engebretson is insignificant in terms of the data fit. 

Spreading rate data are well-modeled for the interval between 

anomalies M38 and M20, with an average error of about .12 degrees (20 

kilometers) between observed and modeled anomaly crossings. The data 

fit for anomaly crossing in the interval M20 to M1 is much poorer with 
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average errors of almost a half degree (55 kilometers). As there does 

not appear to be a systematic misfit, I do not add another plate to my 

model. Placing the stage pole further to the west (but remaining 

within the best-fit regions of the EP analysis) provides some 

improvement to the data fit, and results in more northerly spreading. 

I use my best-fit pole determination but caution that this particular 

fit is poorly constrained. This lack of rotation definition is 

particularly unfortunate as rotation trends must be projected across 

the lengthy period of the cretaceous normal superchron, with no tie

ins on the other side. 

The data fit is shown in Plate F-llD. The misfit of the data 

increases in an easterly direction and is possibly due to the 

interaction between the Shatsky hotspot and the migrating and evolving 

triple junction between the Pacific, Izanagi and Farallon plates. 

Nakanishi and others (1989) suggest the presence tif a microplate and 

numerous ridge jumps during this time interval. Sager, 

Handschumacher, and others (1988) suggest non-standard behavior during 

the interval defined by chrons M22 to MI0, with simultaneous triple 

junctions and the exi stence of a Shatsky mi cropl ate for about a 10 

m.y. interval. These is also a change in the orientation of anomalies 

and fracture zones east of Fracture Zone Jl, beginning at the time of 

anomaly M9 (129 Ma), which suggests more northwesterly spreading for 

this small region. This limited region of systematic misfit was 
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created close to the triple junction position and may reflect 

temporary readjustments of plate geometry. 

Pacific-Farallon 

The study of Nakanishi and others (1989) also includes much new 

data documenting motions between the Pacific and Farallon plates. The 

study by Tamaki and Larson (1988) provides additional constraints for 

the west central Pacific and documents the existence of the Magellan 

microplate from 138 to 129 Ma. Data coverage is shown in Plate F-12A. 

I fit the Mesozoic data with five stage poles for the intervals 

defined by chrons: M29-M20, M20-M10N, M10N-MO, MO-34, and 34-30. 

Details of these analyses are provided in Plates F-12B through F-12G. 

My rationale for assuming a reorientation of the spreading direction 

at the time of anomaly M20, is based on the major reorientation that 

took" place between the Pacific and Izanagi plates. Mappings of the 

best-fit regi ons for the M29-M20 and M20-M10N stage poles however, 

show considerable overlap, and the entire interval can be modeled by 

the M29-M20 pole. This pole provides a much better fit to anomaly 

orientations/spreading amounts for the M20-M10N interval, but a 

somewhat poorer fit to the fracture trends, which are quite variable. 

It is curious that the fracture zones would exhibit a change in trend 

at anomaly M20, oblique to the spreading direction, while spreading 

continued about an unchanged stage pole. I present the results of the 

Euler Pole analysis of fracture zones (as Plate F-12C), but ultimately 

use a single stage pole for the entire interval from anomaly M29 to 
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MION. A similar situation applies to the MION-MO and MO-34 poles. As 

in the previous case, best-fit regions overlap, with the MO-34 pole 

providing a 25% better fit to anomaly orientations/spreading amounts, 

and only a 2% poorer fit to the fracture zone trends of the interval 

MION-MO. Euler poles for the interval defined by anomalies 34 to 30 

are calculated through two methods: fracture zone trends, and anomaly 

orientations. Results are very similar despite observations that some 

fracture zones and anomaly trends are not orthogonal for this time 

interval. 

Spreading rate data generally could be well-modeled, with average 

misfits between modeled and observed. anomaly crossings ranging from 

.08 to .27 degrees. In the case of the analysis for the interval: 

M20 to MION, I excluded tracks X6 through X9 (see Plate F-13B) from my 

analysis. The observed repetition of certain anomalies along these 

tracks bias the results and prevents determination of an acceptable 

fit. Rate/amount of rotation determinations for the long Cretaceous 

normal interval are more problema~tc ~nd will be discussed in detail 

later. 

My results ar'e similar to th6'se 'of Engebretson and others (1984) 

except for the stage pole position during the Cretaceous normal 

superchron. My pole is based mainly on bathymetric trends and is the 

same as the MI0N-MO stage pole. I show a sign ifi cant change in 

spreading after chron 34 (84 Ma), coinciding with the major plate 

reorganization documented by Atwater (1989). Engebretson and others 

(1984) indicate a major change in spreading directions at chron MO, 
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but then only minor change in spreading directions until chron 25. My 

pole for the Cretaceous normal superchron is also quite different from 

that of Sager and others (1987). Their pole is based solely on trends 

of the Pi oneer, Murray, Mol oka i and Cl ari on fracture zones of the 

central Pacific, and is located at 11°S., 155°W. 

Analysis of rates and amounts of spreading for the Cretaceous 

normal superchron indicate that several major ridge jumps occurred 

during this time interval. The ridge offset across the Mendocino-pau 

Fracture Zone System increased by over 1,000 kilometers during this 

time interval. Engebretson and others (1984) assume an eastward jump 

of the ri dge, south of the fracture zone based on spreadi ng rates. 

Mammerickx and Sharman (1988) document a significant ridge jump north 

of the Surveyor Fracture Zone between 87 and 84 Ma. On the other 

hand, Atwater (1989) uses the consistency of fracture zones in the 

eastern'part of the quiet zone to postulate that ridge jumps would 

have occurred early in the Cretaceous normal superchron. 

I begi n my ana lysi s of spreadi ng duri ng the Cretaceous normal 

superchron by a study of bathymetri c trends from Pl ate F-12A, and 

determine spreading directions shown in Plate F-12E. Along the trend 

of the spreading direction, I project ages for oceanic crust, forward 

and backward in time, from the lower and upper boundaries of this 

interval.· I use the pole and average spreading rate for the interval 

MI0N to MO to project forward into the Cretaceous normal superchron. I 

use the pole and average spreading rate for chron 30 to 34y to project 
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backwards into the same time period. These crustal age projections 

can be seen in Plate F-12H. 

Based on the hypothesis of steady-rate spreading there is a clear 

need for addition of Fara110n (or microplate) crust to the Pacific 

plate in varying amounts, for all ridge segments north of the Murray 

Fracture Zone. North of the Surveyor Fracture Zone there is a need 

for about 600 kilometers of ridge jump. Between the Surveyor and 

Mendocino Fracture Zones 250 kilometers of ridge jump is required, and 

between the Mendocino and Murray Fracture Zones approximately 1200 

kilometers of ridge jump is needed. 

South of the Murray Fracture Zone I am unable to obtain good age 

projections. The mid-Pacific Mountains obscure magnetic anomaly 

patterns thus preventing quantification of possible ridge jumps 

between the early Cretaceous projections of the Murray and Molakai 

Fracture Zones. At the latitude of the Molakai and Clipperton 

Fracture Zones, in the vicinity of the Magellan Microplate, continued 

complexities in the evolution of the Pacific-Farallon-Phoenix triple 

junction are apparent from the skewed nature of anomalies MO, Ml, M2, 

etc. Ridge reorientation is necessary to align spreading directions 

in this region with those further north. The timing of this plate 

reorganization is unclear, and the process need not have involved the 

transfer of s i gnifi cant amounts of crust from the Fara 11 on to the 

Pacific plate. For all regions south of the Clipperton Fracture Zone 
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there is sufficient space for only minor ridge jumps of approximately 

250 kilometers or less. 

Possible sites of abandoned spreading centers in the northeast 

Pacific include the Emperor Trough (Mammerickx and Sharman, 1988), the 

Musician Seamounts (reviewed by Sager and Pringle, 1987), and portions 

of the Line Islands. 

Pacific-Kula 

Slow seafloor spreadi ng in the Chi nook Trough between the Ku 1 a 

and Pacific plates was initiated about 85 Ma with more rapid spreading 

occurring at 75 Ma (Mammerickx and Sharman, 1988). I feel that the 

Kula plate was created by a reorganization of the Pacific-Izanagi

Farallon triple junction and actually is the "new" Izanagi plate. I 

utilize data from Lonsdale (1988) and Mammerickx and Sharman (1988) in 

my analysis of spreading between the Izanagi (Kula) and Pacific 

plates. The results of my analysis are shown in Plates F-13A and F-

138. Pol es cal cul ated by Engebretson (1982) and Rosa and Mol nar 

(1988) lie within a region whose misfit is within 10% of my best-fit 

pole position (the magenta region of Plate F-13A). The position of 

the pole of Engebretson is closer to mine, while the linear average 

spreading rate of Rosa and Molnar is closer to my best-fit rate. The 

average misfit between the modeled and observed spreading rate data is 

only 10 kilometers. Table F-2 provides a comparison of the misfit of 

my model with that of other researchers, based on my set of 

anomaly crossings. 



Table F-2. Comparison of Pacific-Kula Stage Poles. 



TABLE F-2 

Pole Rotation Amount 
Latitude, Longitude (Anomaly 34Y to 30) 

Average Misfit of 
Anomaly crossing1 

18.0 N. 111.4 E. 15.95 0.108 degrees 

27.5 N. 126.25 E. 12 00 0.133 degrees 

4 • 8 S. 90.2 E. 9.16 0.098 degrees 

Data Source 

Engebretson (1982) 

Rosa and Molnar (1988) 

This work 

1 Based on synthetic tracks drawn across combined data of Lonsdale (1988) and 
Mammeric~~ and Sharman (1988). Data picks are shown in Plates F-13B, F-14A, 
and F-14B: 

N 
\0 
N 
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Summary of Data Set and Rotations 

Plates F-14A and F-14B summariie the location of data picks that 

are used to determine directions and rates of spreading for the 

Cretaceous plate system of the Pacific. The details of the spreading 

rate fits are provided in Table F-3. Table F-4 provides a summary of 

forward stage poles and total reconstruction poles (where possible) 

for the Pacific basin, from late Jurassic-early Cretaceous to present. 

Tectonic Model for the Cretaceous Evolution 
of the Pacific Ocean Basin 

Numerous recent studies provide detailed models of the Tertiary 

evolution of the Pacific Ocean basin, including those of Atwater 

(1989) and Rosa and Molnar (1988). There have also been numerous 

updated models of the Mesozoic evolution of restricted areas of the 

Pacific, many of which are described in the preceding section on 

relative motions. However, with the exception of earlier studies by 

Hilde and others, (1977), Engebretson (1982), and Engebretson and 

others (1984, 1985), there have been few regional syntheses of the 

pre~Tertiary evolution of the Pacific Ocean basin. In this section, I 

present my best-guess scenari 0 for the Cretaceous evo 1 ut i on of the 

Pacific Ocean basin, based on my analysis of relative and absolute 

plate motions. Figure F-5 is provided to assist in locating various 

features and physiographic provinces mentioned in the text. 



Table F-3. Details of spreading rate fits for stage poles of 
the Mesozoic Pacific Ocean basin. 



TABLE F-3 

Phoenix Relative to Pacific Spreading (Stage Pole at 17.0 N., 254.0 E.) 

Interval Observed anomaly separations along tracks1 Model2 
To From AB-M DE-L DE-R EF-L EF-R FG-L F'G-R GI-L GI-R Distance Rate 

34y ~11 43.00 45.09 44.00 1.157 
Ml ~12 0.31 0.24 0.37 0.19 0.28 0.454 
M2 M3 0.67 0.50 0.00 0.67 0.65 0.418 
M3 M4 1.37 1.27 1. 24 1.27 1.29 0.752 
M4 M5 0.91 0.99 0.06 0.79 0.90 1.054 
M5 M7 0.89 0.71 0.83 0.76 0.00 0.805 
M7 MO 0.44 0.47 0.44 0.605 
M7 MI0 1.35 1.32 1. 40 
M8 MI0 1.10 1.10 1.05 0.680 
MI0 MI0N 0.73 0.79 0.68 0.34 0.65 0.434 
MI0N Mll 0.53 0.53 0.36 0.240 
Mll M12 0.66 0.76 0.51 0.236 
Mll M15 1.72 1. 49 1.96 
M12 M13 0.53 0.71 0.53 0.306 
M12 M16 1.36 2.23 
M13 M14 0.37 0.22 0.30 0.304 
M14 M15 0.62 0.61 0.63 0.437 
M15 M16 0.54 0.67 0.78 0.348 
M15 M17 0.70 0.82 1.16 
M16 M17 0.51 0.35 0.68 0.64 0.38 0.258 
M16 Ml9 0.04 1. 94 
M17 M18 0.70 0.99 0.62 0.60 0.91 0.596 
MI0 M19 0.62 0.43 0.92 0.75 0.64 0.385 
M19 M20 0.50 0.75 0.57 0.60 0.68 0.405 
M20 M21 0.50 0.49 0.76 0.72 0.64 0.364 
M21 M22 1. 30 1. 34 1. 00 1.11 1. 21 0.491 
M22 M23 0.40 0.47 1. 02 0.95 0.77 0.444 
M23 M24 0.60 0.64 0.72 0.77 0.71 0.620 
M24 M25 0.62 0.53 0.67 0.77 0.66 0.459 
M25 M29 2.06 1. 84 1.58 0.448 

Model offsets (from oldest observed anomaly crossing) for each track which 
minimize spatial error. 

AB-M DE-L DE-R EF-L EF-R FG-L FG-R GI-L GI-R 
-1.03 0.13 -0.13 0.22 0.32 -0.34 -0.44 -0.14 -0.39 

Average spatial error (model anomaly position - observed position) 
per point: 0.180 

1 All distances are in degrees, rates in degr.ees/million years. 
2 Model distance provides rotation amount about the stage pole for time interval 

indicated. 
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TABLE F-3 (Continued) 

Phoenix Relative to Pacific Spreading (Stage Pole at 22.1 N., 26B.7 E.) 

Interval Observed anomaly separations along track Modol 
To From AB-M DE-L DE-R EF-L EF-R FG-L FG-R GI-L GI-R Distance Rate 

34y Ml 41.32 42.19 41. 48 1. 091 
Ml M2 0.29 0.23 0.36 0.18 0.27 0.436 
M2 -M3 0.65 0.4U 0.77 0.63 0.62 0.402 
M3 -M4 1.33 1.22 1.20 1.19 1.24 0.723 
M4 -M5 0.89 0.95 0.B3 0.74 0.86 1.015 
M5 -M7 0.B6 0.69 0.80 0.71 0.77 0.774 
M7 -MB 0.43 0.45 0.43 0.599 
M7 -MI0 1. 30 1.24 1. 43 
MB -M10 1.07 1.14 1. 00 0.647 
MI0 -MI0N 0.71 0.77 0.66 0.32 0.63 0.421 
MI0N-Mll 0.52 0.51 0.37 0.2'17 
Mll -M12 0.64 0.74 0.49 0.227 
Mll -M15 1. 68 1. 44 1. 92 
M12 -M13 0.53 0.70 0.53 0.308 
M12 -M16 1. 44 2.16 
M13 -M14 0.37 0.22 0.29 0.297 
M14 -Ml5 0.61 0.60 0.61 0.424 
Ml5 -Ml6 0.53 0.66 0.73 0.326 
M15 -M17 0.6B 0.79 1.12 
M16 -M17 0.53 0.36 0.67 0.63 0.39 0.260 
M16 -M19 0.8B 1. 94 
M17 -MIB 0.72 1. 00 0.61 0.67 0.91 0.592 
MIB -M19 0.64 0.43 0.91 0.74 0.65 0.387 
M19 -M20 0.51 0.76 0.56 0.67 0.68 0.401 
1-120 -M21 0.51 0.50 0.75 0.71 0.64 0.363 
M21 -M22 1. 43 1.36 1. 07 1. 09 1. 21 0.493 
M22 -M23 0.50 0.48 1. 00 0.93 0.76 0.442 
M23 -M24 0.70 0.65 0.71 0.76 0.71 0.621 
M24 -M25 0.64 0.54 0.67 0.76 0.66 0.459 
M25 -M29 2.13 1. 86 1. 70 0.481 

Model offsets (from oldest observed anomaly crossing) for each track which 
minimize spatial error. 

AB-M DE-L DE-R EF-L EF-R FG-L FG-R GI-L GI-R 
-0.94 0.18 -0.18 O.lB 0.25 -0.30 -0.44 -0.06 -0.51 

Average spatial error per point: 0.154 



TABLE F-3 (continued) 

Argo Relative to Australia Spreading (Rotations about pole at -25.1 N., 51.0 E.) 

Interval Observed anomaly separations along tracks 
To From GF-L GF-R FE-L FE-R ED-L ED-R DC-L DC-R CB-L CB-R BA-L BA-R AZ-L AZ-R 

H16 -H17 0.36 0.33 0.33 0.31 0.31 0.31 0.48 0.48 
H17 -H18 0.53 0.48 0.48 0.44 0.44 0.40 0.43 0.46 
H18 -H19 0.36 0.40 0.40 0.41 0.41 0.42 0.32 0.32 
M19 -H2O 0.57 0.55 0.55 0.59 0.59 0.58 0.46 0.45 0.49 0.47 
M20 -H2l 0.85 0.85 0.85 0.81 0.81 0.81 0.80 0.78 1.01 1.03 
M21 -H22 
M2l -H22A 0.26 0.32 0.46 0.48 1.20 1.18 1.20 1.19 1.14 1.14 
H22 -H22A 0.51 0.42 
H22A-M23 0.23 0.25 0.26 0.30 0.35 0.35 0.26 0.28 0.27 0.25 0.39 0.37 0.28 0.26 
M23 -M24 0.64 0.62 0.60 0.57 0.61 0.64 0.62 0.62 0.64 0.63 0.47 0.49 0.71 0.65 
M24 -H24A 0.53 0.53 0.51 _0.48 0.53 0.55 0.34 0.40 0.38 0.43 0.52 0.48 0.43 0.36 
M24A-M25 0.57 0.58 0.59 ·0.67 0~59 0.57 0.55 0.57 0.57 0.48 0.63 0.61 0.72 0.66 
M25 -H26 0.39 0.35 

Model offsets (from oldest observed anomaly· crossing) for each track which minimize spatial error. 

GF-L GF-R FE-L FE-!< ED-L ED-R DC-L DC-R CB-L CB-R B~.-!. BA-R AZ-L 
0.03 0.03 -0.27 -0.19 -0.09 -0.07 0.06 0.12 0.05 -0.05 0.~9 0.15 0.14 

Average spatial error per point: 0.140 

Model 
Distance 

0.36 
0.46 
0.33 
0.53 
0.85 
0.36 
0.85 
0.48 
0.30 
0.61 
0.46 
0.59 
0.41 

Rate 

0.245 
0.298 
0.197 
0.315 
0.485 
0.H7 

0.391 
0.605 
0.533 
0.727 
0.729 
0.234 

N 
\0 
0\ 



TABLE F-3 (Continued) 

Izanagi Relative to Pacific 
(Rotations about pole at -34.6 N., 101.1 E. ) 

Interval Observed anomaly separations along tracks Model 
To From Xl X2 X3 X4 X5 leG X7 Distance Rate 

M20 -M21 0.80 0.56 0.B2 0.56 0.318 
M20 -M22 0.95 1.85 
M21 -M22 1.29 1.19 1.11 1.29 0.526 
M22 -M23 1.25 1.10 1.11 0.94 1. 07 0.616 
M22 -M25 1. 91 1. 98 2.53 
M23 -M24 0.67 0.73 0.62 0.78 0.70 0.612 
M24 -M25 0.96 0.73 0.92 0.50 0.77 0.532 
M25 -M26 1.09 1.06 0.97 0.94 1. 03 0.87 0.98 0.558 
M26 -M27 0.25 0.31 0.20 0.15 0.27 0.575 
M26 -M28 0.68 0.61 
M27 -M28 0.37 0.23 0.25 0.34 0.779 
M28 -M29 1.17 1.15 0.B7 0.89 0.91 0.93 1. 073 
M29 -M30 0.29 0.27 0.26 0.388 
M29 -M37 3.99 3.92 4.07 
M30 -M31 0.22 0.30 0.26 0.516 
M31 -M32 0.33 0.30 0.32 0.568 
M32 -M33 0.33 0.56 0.45 0.826 
M33 -M34 0.60 0.B5 0.72 1.575 
M34 -M35 0.39 0.34 0.36 0.321 
M35 -M37 1. 70 1. 381 
M35 -M38 0.86 0.51 0.68 
M37-M38 -1.02 -0.916 

Model offsets (from oldest observed anomaly crossing) for each track 
which minimize spatial error. 

Xl X2 X3 X4 X5 X6 X7 
0.02 -0.01 -0.13 0.07 -0.07 -0.06 -0.46 

Average spatial error per point: 0.124 
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TABLE F-3 (Continued) 

Izanagi Relative to Pacific (Rotations about pole at 14.2 N., 116.2 E.) 

Interval Observed anomaly separations along tracks Model 
To From X4 X5 X6 X7 X8 X9 X10 XlI X12 X13 X14 XIS X16 X17 X18 Distance Rate 

M1 -M2 0.38 0.34 0.10 0.29 0.32 0.522 
M2 -M3 0.54 0.59 0.22 0.24 1.01 0.651 
M3 -M4 1.31 1.54 0.57 0.88 0.36 0.59 0.29 0.94 0.548 
M3 -M5 1.08 1.30 
M4 -HS 0.86 0.83 0.63 0.51 0.51 0.29 0.36 0.421 
HS -M6 0.26 0.54 0.49 0.47 0.54 0.48 0.42 0.41 0.47 0.33 0.38 0.26 0.43 0.832 
M6 -M7 0.55 0.45 0.36 0.32 0.21 0.29 0.26 0.22 0.19 0.17 0.38 0.33 0.699 
M6 -M9 0.58 1.59 
M7 -M8 0.76 0.64 0.63 0.69 0.49 0.48 0.40 0.40 0.27 0.46 0.641 
M7 -M9 1.69 1.87 1.26 
M8 -M9 0.54 0.76 0.62 0.65 0.59 0.47 0.48 0.54 0.80 1.147 
M9 -M10 0.74 0.84 0.79 0.87 0.63 0.92 0.70 0.68 0.56 0.54 0.73 0.869 
M10 -MION 1.54 1.22 1.19 1.36 0.53 0.53 0.69 0.76 0.74 1.32 0.90 0.603 
M10 -M13 2.88 4.01 
MI0N -Mll 0.87 0.83 1.14 1.01 0.36 0.43 0.63 0.58 0.68 0.74 0.72 0.478 
Mll -M12 0.91 0.65 1.48 1.45 1.41 1.43 0.81 0.71 0.74 0.68 1.07 0.498 
MIl -M14 1.69 2.77 
M12 -M13 1.30 1.87 1.00 1.19 1.06 0.77 1.27 1.32 0.767 
M12 -M14 0.91 1.09 1. 70 
M13 -M14 0.94 1.33 0.61 0.42 0.61 0.64 0.42 0.33 0.39 0.393 
M14 -MIS 0.97 1.13 1.25 1.01 0.78 0.68 1.08 0.751 
M14 -M16 2.39 2.76 
M14 -Ml1 3.60 2.91 3.59 
MIS -M16 1.05 0.81 2.03 1.90 1.72 1.68 0.750 
M16 -Ml1 1.27 0.46 1.10 0.99 0.65 0.83 0.563 
M16 -M19 2.35 3.40 
M17 -M18 0.89 1.72 2.04 1.85 0.91 1.51 0.987 
M17 -M19 1.67 2.56 
M17 -M20 5.70 3.83 
M18 -M19 1.35 1. 69 1.63 1.27 1.05 0.630 
M19 -M20 2.45 0.82 1.41 0.54 0.56 0.53 1.27 0.752 

Model offsets (from oldest observed anomaly crossing) for each track which minimize spatial error. 

X4 X5 X6 X7 X8 X9 XIO Xll X12 X13 X14 XIS X16 X17 X18 
0.99 0.25 1.09 0.52 2.28 -1.73 -2.00 -1.33 -1.27 -1.06 -1.20 -0.43 -1.29 -0.30 -0.88 N 

\0 

Average spatial error per point: 0.483 OJ 



TABLE F-3 (Continued I 

Farallon Relative to the Pacific (Rotations about pole at 11.2 N •• 15.1 E.I 

Interval Observed anomaly separations along tracks 
To From Xl X2 X3 X4 X5 X6 X7 X8 X9 XI0 Xll X12 X13 X14 X15 X16 xl? X18 

HO -HI 1.68 1.42 
HO -M2 2.09 
HO -M3 1.94 
HI -M2 0.23 0.32 0.18 0.16 0.19 0.24 0.29 0.25 0.24 0.28 
HI -M3 0.69 0.37 0.40 0.79 
HI -M5 1.58 1.88 
M2 -M3 0.26 0.23 0.17 0.25 0.28 0.28 0.32 0.33 
H2 -M4 1.64 1.44 
H2 -M5 2.16 
H3 -H4 0.27 0.47 0.42 0.60 0.62 0.95 1.08 1.04 1.24 0.76 
H3 -M5 1.54 1. 76 
H3 -M7 0.83 
H4 -M5 0.40 0.30 0.31 0.18 1.24 0.61 0.51 0.57 0.51 0.43 0.76 
H4 -M6 0.33 
M5 -M6 0.36 0.29 0.25 0.31 0.30 0.33 0.33 0.41 0.38 0.31 0.28 0.44 0.19 
M5 -M7 0.42 
M5 -M8 0.80 
M5 -M9 1.47 
M6 -H7 0.22 0.47 0.26 0.29 0.26 0.30 0.27 0.16 0.21 0.22 0.32 0.30 0.28 C.23 
M7 -118 0.14 0.45 0.19 0.25 0.33 0.43 0.40 0.39 0.30 0.47 0.44 0.29 0.36 0.28 
M7 -M9 0.82 
M7 -M10N 1.32 
M8 -M9 0.45 0.19 0.38 0.39 0.53 0.46 0.36 0.34 0.37 0.42 0.34 0.38 0.28 0.39 0.44 
H9 -MI0 0.32 0.32 0.37 0.30 0.47 0.40 0.45 0.53 0.47 0.49 0.42 0.43 0.54 0.43 
M9 -M10N 0.26 0.28 0.23 
M10-M10N 0.80 0.75 0.89 1.00 0.98 0.72 0.72 0.59 0.85 0.80 0.80 0.61 

Model offsets (from oldest observed anomaly crossing) for each track which minimize spatial error. 

Xl X2 X3 X4 X5 X6 X7 X8 x9 XIO XU Xl2 XI3 X14 xIS X16 X17 XI8 
-0.29 -0.55 -0.52 -0.21 -0.33 0.16 0.10 0.30 0.18 0.20 0.24 0.31 0.23 0.37 0.30 0.11 -0.69 -0.34 

Average spatial error per point: 0.221. 

Model 
Distance Rate 

1.81 0.493 
1.91 
2.45 
0.10 0.165 
0.63 

0.53 0.343 
1.26 
1.78 
0.73 0.422 
1.25 
1.79 
0.52 0.616 
0.81 
0.29 0.558 
0.54 
0.86 
1.27 
0.25 0.541 
0.32 0.443 
0.73 
1.83 
0.41 0.588 
0.42 0.497 
1.10 
0.68 0.454 

N 
1.0 
1.0 



TABLE F-3 (Continued) 

Farallon Relative to Pacific (Rotations about pole at 25.8 N., 43.6 E.) 

Interval Observed anomaly separations along tracks 
To From X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 XH XIS X16 X17 

M20 -M21 0.43 0.46 0.46 0.62 0.48 
M20 -M22 1.57 1.44 1.64 1.39 ) .25 
M21 -M22 0.75 0.79 0.62 1.00 0.93 0.75 
M22 -M23 0.61 0.54 0.60 0.52 0.58 0.53 0.60 0.61 
M22 -M29 2.79 3.73 
M23 -M24 0.41 0.42 0.42 0.45 0.39 0.52 0.48 0.36 
M24 -M25 0.49 0.51 0.53 0.47 0.45 0.39 0.43 0.54 
M24 -M26 0.60 
M25 -M26 0.60 0.60 0.62 0.60 0.55 0.51 0.27 
M25 -M27 0.64 
M26 -M27 0.17 0.14 0.12 0.14 0.15 0.90 0.18 
M26 -M28 0.28 
M27 -M28 0.26 0.32 0.18 0.16 0.19 0.14 0.19 0.23 
M28 -M29 0.25 0.28 0.30 0.34 0.32 

Model offsets ifrom oldest observed anomaly crossing) for each track which minimize spatial error. 

X4 X5 X6 X7 X8 X9 X10 X11 X12 XH XIS X16 X17 
0.10 0.11 -0.01 -0.12 -0.06 -0.12 -0.13 -0.10 -0.07 0.19 0.07 -0.12 0.66 

Average spatial error per point: 0.082 

Model 
Distance 

0.56 
1.43 
0.68 
0.60 
2.74 
0.42 
0.48 
0.97 
0.48 
0.70 
0.21 
0.41 
0.19 
0.35 

Rate 

0.3)8 

0.356 
0.345 

0.372 
0.336 

0.275 

0.455 

0.440 
0.401 

w 
o 
o 



TABLE F-3 (Continued) 

Farallon Relative to the Pacific (Rotations about pole at 51.2 N., 128.4 E.) 

Interval Observed anomaly separations along tracks Model 
To From X2 X3 X4 X5 XI0 Xll X12 X13 X14 XIS X16 X17 X18 Distance 

MI0N-MII 0.68 0.89 0.91 0.B2 0.79 0.55 1.93 0.60 0.59 0.52 0.61 0.B2 
MI0N-MI2 2.40 1.90 
MIl -M12 0.90 0.93 1.15 1.22 1.31 1.37 1.31 1.10 0.78 0.88 0.54 LOB 0.504 
MIl -MIS 3.70 3.17 
M12 -M13 1.46 1.44 1.29 LOB 1.08 0.98 0.98 0.93 0.69 0.55 0.33 0.95 
M13 -M14 0.51 0.38 0.35 0.38 0.49 0.38 0.30 0.39 0.30 0.45 0.37 
M14 -MIS 1.25 0.94 0.89 0.87 0.72 0.73 0.65 0.53 0.58 0.73 0.78 
MIS -M16 1.36 1.32 1.08 1.10 1.17 1.12 0.94 0.91 0.56 1.02 
M16 -MI7 0.76 0.73 0.76 0.62 0.58 0.71 0.57 0.43 0.50 0.63 
M17 -M18 1.18 1.06 1.10 1.13 1.00 1.06 0.96 0.77 1.11 
M18 -M19 1.08 0.99 0.95 0.97 0.88 0.94 0.85 0.83 0.94 
M19 -M20 -- .0.96 0.88 0.90 0.77 0.73 0.90 0.83 .. 
Model offsets (from oldest-obseryed.anomaly crossing) for each track which minimize spatial error. 

X2 X3 X4 X5 XI0 Xll X12 X13 X14 XIS X16 X17 X18 
-0.09 0.51 0.66 0.37 0.75 0.38 0.31 0.14 0.06 -0.09 -0.61 -0.74 -0.85 

Average spatial error per point: 0.308 

Rate 

0.54B 

0.550 
0.377 
0.543 
0.456 
0.427 
0.727 
0.560 
0.489 

w 
o ...... 



TABLE F-3 (Continued) 

Farallon Relative to the Pacific (Rotations about pole at 25.8 N., 43.6 E.) 

Interval Observed anomaly separations along tracks Model 
To From X2 X3 X4 X5 X10 Xll X12 X13 X14 XIS X16 X17 XI8 Distance 

M10N-Mll 0.32 0.44 0.53 0.50 0.49 0.35 1.27 0.41 0.43 0.40 0.49 0.52 
M10N-MI2 1.15 1.21 
Mll -M12 0.42 0.44 0.67 0.75 0.82 0.88 0.86 0.75 0.56 0.68 0.43 0.69 
Mll -MIS 1. 76 2.02 
M12 -M13 0.69 0.67 0.75 0.66 0.68 0.63 0.64 0.63 0.50 0.42 0.26 0.59 
M13 -M14 0.23 0.22 0.22 0.24 0.31 0.25 0.20 0.28 0.23 0.36 0.25 
M14 -MIS 0.57 0.55 0.55 0.54 0.46 0.48 0.45 0.38 0.44 0.58 0.49 
MIS -M16 0.80 0.81 0.68 0.71 0.77 0.76 0.67 0.69 0.44 0.72 
M16 -M17 0.44 0.45 0.48 0.40 0.39 0.48 0.41 0.33 0.40 0.42 
M17 -M18 0.69 0.66 0.70 0.74 0.67 0.73 0.68 0.58 0.71 
M18 -M19 0.64 0.61 0.61 0.63 0.60 0.65 0.61 0.63 0.62 
M19 -H2O 0.57 0.56 0.57 0.53 0.53 0.68 0.56 

Model offsets (from oldest observed anomaly crossing) for each track which minimize spatial error. 

X2 X3 X4 X5 X10 Xll X12 X13 X14 XIS X16 X17 X18 
-0.14 0.04 -0.02 -0.21 0.13 0.07 0.08 0.05 0.07 0.05 -0.19 -0.14 -0.31 

Average spatial error per point: 0.115. 

Rate 

0.349 

0.322 

0.345 
0.257 
0.339 
0.321 
0.284 
0.464 
0.373 
0.329 

w 
o 
N 



TABLE F-3 (Continued! 

Farallon Relative to the Pacific (Rotations about pole at 31.5 N •• 2B.3 E.! 

Interval Observed anomaly separations along tracks 
To From Xl X2 Xl X4 X5 X6 X7 xB x9 X10 XlI X12 X13 X14 XIS 

MO -Ml 1.27 
MO -M2 1.64 
MO -MJ 
Ml -M2 0.20 0.27 0.15 0.13 0.15 0.19 0.23 0.19 0.18 
Ml -MJ 0.59 0.31 0.33 
Ml -M5 1.34 
M2 -M3 0.23 0.20 O.H 0.21 0.22 0.22 0.24 
M2 -M4 1.30 1.13 
M2 -HS 1.73 
M3 -M4 0.23 0.41 0.35 0.50 0.51 0.74 0.83 0.80 
M3 -M5 1.25 
MJ -M7 0.70 
M4 -HS 0.34 0.26 0.26 0.15 0.99 0.48 0.39 0.44 0.39 
M4 -M6 0.28 
M5 -M6 0.31 0.24 0.21 0.26 0.24 0.26 0.26 0.32 0.29 0.24 0.21 
M5 -M7 0.35 
H5 -HB 0.69 
115 -M9 
M6 -M7 0.19 0.40 0.21 0.24 0.22 0.24 0.22 0.13 0.16 0.17 0.25 0.23 
M7 -M8 0.13 0.38 0.16 0.21 0.27 0.35 0.33 0.31 0.24 0.37 0.34 0.23 0.27 
M7 -M9 
M7 -MI0N 1.12 
M8 -M9 0.39 0.16 0.32 0.33 0.45 0.38 0.29 0.28 0.29 0.33 0.27 0.30 0.22 0.30 
M9 -MlO 0.28 0.27 0.31 0.25 0.39 0.33 0.37 0.43 0.38 0.39 0.33 0.33 0.41 
M9 -MlON 0.20 
MI0 -MlON 0.68 0.63 0.74 0.82 0.80 0.58 0.58 0.47 0.67 0.62 0.61 

Hodel offsets (from oldest observed anomaly crossing! for each track which minimize spatial error. 

Xl X2 X3 X4 X5 X6 X7 X8 X9 X10 x11 X12 X13 X14 XIS 
-0.15 -0.36 -0.32 -O.OB -0.17 0.22 0.16 0.2B 0.19 O.lB 0.19 0.23 0.16 0.24 0.16 

Average spatial error per point: 0.157 

X16 Xl7 Xl8 

1.05 

1.41 
0.21 

0.57 

0.24 

0.92 0.55 
1.26 

0.32 0.55 

0.33 0.14 

1.05 
0.21 0.17 
0.21 

0.59 

0.33 
0.32 

0.20 0.17 
0.45 

X16 Xl7 Xl8 
-0.02 -0.65 -0.42 

Model 
Distance 

1.28 
1.38 
1.80 
0.10 
0.52 
LSD 
0.42 
0.99 
1.40 
0.57 
0.98 
1.41 
0.41 
0.64 
0.23 
0.43 
0.69 
1.01 
0.20 
0.26 
0.58 
1.45 
0.32 
0.34 
0.B7 
0.53 

Rate 

0.348 

0.161 

0.271 

0.332 

0.484 

0.441 

0.430 
0.359 

0.460 
0.409 

0.352 

(.oJ 

o 
(.oJ 



TABLE F-3 (Continued) 

Farallon Relative to Pacific (Rotations about pole at 67.5 N., 67.8 E. ) 

Interval Observed anomaly separations along tracks Model 
To From X4 X5 ,X6 X7 X8 X9 X10 Distance Rate 

30 -31 1.51 0.57 0.411 
31 -32 0.94 0.269 
31 -33 1. 85 1. 94 2.14 2.12 
31 -34 6.07 6.28 
32 -33 1.29 1.18 0.246 
33 -33R 2.37 2.84 1. 92 3.57 2.63 0.897 
33 -34 3.62 4.17 
33R -34 1. 46 1.72 1.02 1. 4 9 1. 90 1.54 0.402 

Model offsets (from oldest observed anomaly crossing) for each track which 
minimize spatial error. 

X4 X5 X6 X7 XO X9 X10 
-0.27-0.04 0.03 -0.35 -0.43 0.29 0.75 

Average spatial error per point: 0.269 

304 
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TABLE ["-3 (Continued) 

Kula Relative to Pacific (Rotations about pole at -4.0 N., 90.2 E.) 

Interval Observed anomaly separations along tracks l Model 
To From Xl K2 X3 X4 X5 X6 X7 XO X9 KlO Distance Rato 

24-124-2 0.29 0.19 0.294 
24-225 1.00 1.13 1.10 0.362 
25 26 0.21 0.35 0.26 0.34 0.30 0.196 
26 27 0.27 0.27 0.33 0.47 0.33 0.ll9 
27 28 0.44 0.47 0.39 0.42 0.44 0.306 
28 29 0.25 0.26 0.19 0.16 0.21 0.106 
20 32A 2.06 2.21 2.17 
29 30 0.52 0.57 0.52 0.58 0.50 0.330 
30 31 0.35 0.36 0.40 0.39 0.33 0.28 0.205 
31 32A 0.73 1. 67 1. 75 1.10 0.432 
31 328 1.47 1. 01 
31 33 3.70 3.44 3.57 
32A 328 0.01 0.76 O.BO 0.69 0.90 0.05 0.71 0.579 
328 32R 0.37 0.36 0.27 0.24 0.206 
328 33 1. 64 1. 76 
328 34 2.29 2.49 
32R 33 1.59 1. 35 1.28 1.52 0.452 
33 34 0.71 0.71 0.71 0.95 0.90 0.32 0.73 0.108 

Model offsets (from oldest observed anomaly crossing) for each track which minimize 
spatial error. 

Xl X2 X3 X4 X5 KG X7 XO X9 X10 
0.05 0.01-0.03 -0.14 0.16 0.15 0.03 ':0.15 0.32 -0.21 

Average spatial error per point: 0.090 



Table F-4. Reconstruction poles for oceanic plates of the Pacific 
Ocean Basin. 

Forward stage pole identifies 
1 i sted chron, to the next 
Relative rotations between 
various plates in the New 
are provided in Table G-6. 

rotation 
younger 

the 
Zealand 

from the time of the 
chron (or present). 

Pacific plate and 
and Anta rct i c reg ion 



L 

Fixed plate: 
Rotated plate: 

AUSTRALIJ\ 
ARGO 

TABLE F-4· 

Total Reconstruction Pole 

306 

Forward stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Refer.ence I Latitude Longitude Rotation 

M17 143.01 -25.10 51. 00 -0.73 B -25.10 51.00 0.73 
M18 144.54 -25.10 51.00 -1. 64 B 25.10 -129.00 -0.91 
M19 146.21 -25.10 51.00 -2.30 B 25.10 -129.00 -0.66 
M20 147.90 -25.10 51. 00 -3.36 B 25.10 -129.00 -1.06 
M21 149.65 -25.10 51.00 -5.06 B 25.10 -129.00 -1. 70 
M22 152.11 -25.10 51. 00 -5.78 8 25.10 -129.00 -0.72 
M22A 153.35 -25.10 51.00 -6.75 8 25.10 -129.00 -0.97 
M23 153.84 -25.10 51. 00 -7.34 B 25.10 -129.00 -0.59 
M24 154.98 -25.10 51.00 -8.56 8 25.10 -129.00 -1.22 
M24A 155.61 -25.10 51. 00 -9.48 8 25.10 -129.00 -0.92 
M25 156.42 -25.10 51.00 -10.66 8 25.10 -129.00 -1.18 
M26 158.17 -25.10 51. 00 -11.47 8 25.10 -129.00 -0.81 
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TABLE F-4 (continued) 

Fixed plate: PACIFIC 
Rotated plate: PHOENIX 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------

31 68.96 -9.20 256.50 -2.20 8 -9.20 256.50 2.20 
32A 71.51 -9.20 256.50 -8.00 8 9.20 76.50 -5.80 
32 72.46 -9.20 256.50 -9.20 8 9.20 76.50 -1.20 
33 77.24 -9.20 256.50 -11.20 8 9.20 76.50 -2.00 
33R 80.17 -9.20 256.50 -19.00 !l 9.20 76.50 -7.80 
34y 84.00 -9.20 256.50 -26.60 8 9.20 76.50 -7.60 
M1 122.03 14.68 259.64 -80.38 8 -22.11 88.70 -56.97 
M2 122.64 14.75 259.66 -80.90 8 -20.29 88.67 -0.53 
M3 124.19 14.94 259.68 -82.12 8 -22.59 88.73 -1.25 
M4 125.91 15.29 259.73 -84.56 8 -22.00 88.63 -2.48 
M5 126.76 15.53 259.76 -86.26 8 -22.29 88.71 -1.73 
M7 127.75 15.73 259.79 -87.77 8 -21.90 88.59 -1.54 
M8 128.47 15.85 259.81 -88.62 8 -22.29 89.53 -0.87 
MI0 130.01 16.10 259.84 -90.58 8 -22.19 88.47 -1. 99 
M10N 131.51 16.25 259.86 -91.82 8 -21. 96 88.34 -1.26 
Mll 133.01 16.34 259.88 -92.55 8 -21.51 89.26 -0.74 
M12 135.15 16.46 259.89 -93.50 8 -22.75 88.66 -0.97 
M13 136.87 16.58 259.91 -94.54 8 -21.74 88.56 -1. 06 
M14 137.85 16.65 259.92 -95.12 8 -22.21 88.93 -0.59 
M15 139.29 16.79 259.94 -96.32 8 -22.11 88.75 -1. 22 

M16 141.53 16.95 259.96 -97.76 8 -22.10 88.39 -1. 46 
M17 143.01 17.04 259.98 -98.52 8 -21. 76 89.73 -0.77 
M18 144.54 -17.24 80.00 100.30 8 -22.52 88.66 -1. 81 
M19 146.21 -17.37 80.02 101.58 8 -21.78 88.30 -1. 30 
M20 147.90 -17.51 80.04 102.92 8 -22.06 88.64 -1.36 
M21 149.65 -17.64 80.06 104.17 8 -22.04 88.82 -1.27 
M22 152.11 -17.88 80.10 106.57 8 -21. 90 88.76 -2.43 
M23 153.84 -18.03 80.12 108.08 8 -22.21 88.75 -1.53 
M24 154.98 -18.17 80.14 109.48 8 -22.24 89.03 -1.42 
M25 156.42 -18.29 80.15 110.78 8 -22.42 88.20 -1. 31 

M29 159.95 -18.60 80.20 114.14 8 -21. 98 88.79 -3.40 
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TABLE F-4 (continued) 

Fixed plate: PACIFIC 
Rotated plate: JUAN DE FUCA - VANCOUVER 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
2Ac 2.94 35.00 26.00 -1. 59 29 35.00 26.00 1. 59 
3Ao 5.89 74.92 321.19 -3.80 29 -65.97 69.94 -3.03 
3Bo 6.50 65.28 9.39 -4.06 29 -0.36 -137.09 -1. 27 
5y 8.92 69.65 7.62 -6.15 29 -78.03 -177.04 -2.13 
50 10.42 72.90 5.91 -7.31 29 -88.01 107.66 -1. 22 
5Eo 19.09 00.97 356.30 -14.40 29 -87.99 110.55 -7.24 
6Ao 21. 71 76.82 23.05 -15.51 29 -24.86 -129.97 -2.02 
6Cc 23.74 72.59 33.61 -16.66 29 -25.07 -129.98 -1.82 
7Ao 26.56 78.32 31. 49 -20.39 29 -78.04 24.03 -4.16 
90 29.21 72.66 41.26 -21.75 29 -16.97 -131. 97 -2.63 
130 35.87 83.12 27.97 -32.29 29 -76.50 36.01 -11.63 
13c 35.58 83.42 26.93 -32.79 29 -76.73 36.15 -0.53 
18 42.01 86.97 345.56 -43.45 30 -77.99 40.06 -11.09 
21 49.55 86.33 283.91 -54.22 30 -75.39 40.59 -11.14 
25 58.94 88.63 51. 02 -61. 71 30 -59.74 -120.93 -8.72 
30R 68.47 86.97 88.71 -68.73 30 -69.89 -100.76 -7.38 
32 72.46 86.45 91.20 -71.05 30 -71.96 -106.18 -2.40 
33 77 .24 85.80 92.46 -73.27 B -67.35 -112.27 -2.35 
33R 80.17 84.47 94.12 -78.27 8 -67.55 -112.19 -5.26 
34 84.00 83.75 94.72 -81.20 8 -67.38 -112.27 -3.07 
MO 118.35 70.75 74.18 -96.49 8 -31.50 -151.70 -24.32 
M1 122.03 69.54 73.60 -98.27 8 -31.60 -151.79 -2.56 

M2 122.64 69.45 73.56 -98.41 8 -32.50 -151.30 -0.20 
M3 124.19 69.06 73.40 -99.00 8 -31. 45 -151.33 -0.84 
M4 125.91 60.54 73.18 -99.80 8 -31. 61 -151. 80 -1.13 
M5 126.76 -68.16 253.03 100.38 8 -30.95 -151.88 -0.83 
M6 127.28 -67.95 252.95 100.71 8 -31. 45 -151.58 -0.46 
M7 127.75 -67.77 252.88 101.00 8 -32.00 -151.59 -0.40 
M8 128.47 -67.54 252.79 101.37 8 -31.82 -151.85 -0.52 
M9 129.17 -67.25 252.69 101.83 8 -31.06 -151.49 -0.65 
M10 130.01 -66.95 252.58 102.32 8 -31. 71 -151.76 -0.68 
M10N 131.51 -66.49 252.42 103.08 8 -31. 65 -151.64 -1. 05 
Mll 133.01 -66.03 252.68 103.83 8 -25.54 -136.73 -1. 05 
M12 135.15 -65.44 253.01 104.83 8 -26.03 -136.25 -1. 38 
M13 136.87 -64.94 253.28 105.69 8 -25.94 -136.21 -1.18 
M14 137.85 -64.73 253.39 106.05 8 -25.56 -136.37 -0.50 
MIS 139.29 -64.32 253.59 106.76 8 -25.75 -136.76 -0.98 
M16 141.53 -63.72 253.88 107.82 8 -25.76 -136.49 -1. 45 
M17 143.01 -63.30 254.04 100.43 0 -25.76 -136.43 -0.03 
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TABLE F-4 (continued) 

Fixed plate: PACIFIC 
Rotated plate: JUAN DE FUCA -VANCOUVER 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 

M18 144.54 -62.80 254.31 109.48 8 -25.54 -136.31 -1. 43 
M19 146.21 -62.30 254.53 110.41 8 -25.09 -136.34 -1.25 
M20 147.90 -61.86 254.71 111.24 8 -26.03 -136.63 -1.11 
M21 149.65 -61.43 254.89 112.07 8 -26.10 -136.16 -1.10 
M22 152.11 -60.74 255.17 113.39 8 -25.41 -136.42 -1. 76 
M23 153.84 -60.29 255.34 114.29 8 -26.25 -136.32 -1.18 
M24 154.98 -59.96 255.46 114.94 e -25.60 -136.75 -0.06 
M25 156.42 -59.60 255.60 115.67 8 -25.77 -135.94 -0.96 
M26 158.17 -59.24 255.73 116.41 8 -26.04 -136.23 -0.97 
M27 158.64 -59.08 255.78 116.73 8 -25.58 -137.45 -0.42 
M28 159.08 -58.93 255.83 117.03 0 -25.23 -137.09 -0.40 
M29 159.95 -58.68 255.92 117.56 B -26.25 -135.85 -0.69 
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TABLE F-4 (continued) 

Fixed plate: PACIFIC 
Rotated plate: FARALLON 

Total Reconstruct:ion Pole Forward Stage Polo 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitudo Rotation 
--------------------------------------------------------------------------------

3A 5.62 19.20 26.50 -3.10 31 19.20 26.50 3.10 
4A 8.20 68.66 5.45 -6.32 31 -77.89 67.96 -5.00 
5Cc 16.60 79.12 7.43 -12.62 31 -88.00 -108.32 -6.51 
8 27.30 81.17 25.43 -20.05 31 -80.59 -114.92 -7.50 
13 35.58 87.72 333.97 -32.70 31 -79.69 31.93 -13.09 
18 42.01 88.98 47.24 -40.79 30 -80.71 -78.02 -8.21 
21 49.55 88.73 1,23.87 -49.52 30 -82.26 -40.13 -8.80 
25 58.94 84.48 90.68 -57.24 30 -59.75 -120.91 -8.71 
30R 68.47 82.75 93.82 -64.41 30 -69.88 -100.83 -7.39 
32 72.46 82.31 93.82 -66.76 30 -71.81 -106.34 -2.40 
33 77.24 81. 75 93.52 -69.03 8 -67.75 . -112.11 -2.36 
33R 80.17 80.59 93.03 -74.10 0 -67.48 -112.17 -5.25 

34 84.00 79.97 92.81 -77.09 8 -67.49 -112.21 -3.09 
MO 118.35 67.17 73.86 -92.95 8 -31. 48 -151.71 -24.32 
M1 122.03 65.99 73.15 -94.79 8 -31. 63 -151.60 -2.55 
M2 122.64 65.90 73.10 -94.93 8 -30.93 -151. 67 -0.20 

M3 124.19 65.52 72.88 -95.54 8 -31.68 -151.95 -0.84 

M4 125.91 65.01 72.60 -96.37 8 -31. 59 -151.79 -1.14 

M5 126.76 64.64 72.41 -96.97 0 -31.02 -151.75 -0.82 
M6 127.28 64.44 72 .31 -97.31 .8 -31. 97 -151.16 -0.46 

M7 127.75 64.26 72.22 -97.61 8 -31. 33 -151. 68 -0.41 
M8 128.47 64.03 72.11 -97.99 0 -30.85 -151.65 -0.52 

M9 129.17 63.75 71.97 -90.47 8 -31.72 -151.80 -0.65 

M10 130.01. 63.46 71.83 -98.98 8 -32.08 -151.43 -0.68 

M10N 131.51 63.01 71.62 -99.76 8 -31. 37 -151.78 -1.05 

M11 133.01 -62.56 251.79 100.55 8. -25.72 -136.72 -1.06 

M12 135.15 -61. 98 252.01 101. 59 0 -25.69 -136.43 -1.38 
M13 136.87 -61.49 252.19 102.49 ·8 -25.83 -136.35 -1.19 

M14 137.85 -61.29 252.26 102.87 8 -26.48 -136.26 -0.49 
M15 139.29 -60.89 252.40 103.62 8 -25.81 -136.41 -0.98 

M16 141.53 -60.31 252.60 104.72 
" 

' 8 -25.62 -136.38 -1.44 
M17 143.01 -59.98 252.71 105.37 8 -26.22 -136.15 -0.84 

M18 144.54 -59.42 252.89 106.46 8 -25.54 -136.52 -1. 42 
M19 146.21 -58.94 253.04 107.43 8 -26.05 -136.26 -1.25 

M20 147.90 -58.51 253.17 108.30 8 -25.70 -136.47 -1.12 
M21 149.65 -58.09 253.29 109.17 8 -26.03 -136.52 -1.11 
M22 152.11 -57.43 253.48 110.54 8 -25.52 -136.53 -1.75 

M23 153.84 -56.99 253.61 111.48 8 -25.63 -136.10 -1.19 

M24 154.98 -56.68 253.69 112.15 8 -25.94 -136.67 -0.85 
M25 156.42 -56.33 253.78 112.92 8 -26.07 -136.50 -0.97 

M26 158.17 -55.98 253.88 113.69 8 -25.44 -136.07 -0.97 
M27 158.64 -55.83 253.92 114.03 8 -26.14 -136.03 -0.42 

M28 159.08 -55.69 253.95 114.34 B -26.00 -137.33 -0.39 

M29 159.95 -55.45 254.01 114.89 8 -26.27 -136.25 -0.68 
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TABLE 1i'-4 (continued) 

Fixed plate: PACIFIC 
Rotated plate: IZANAGI 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
24-2 55.90 -4.80 90.20 -0.38 8 -4.80 90.20 0.38 
25 58.94 -4.80 90.20 -2.58 0 4.00 -09.00 -2.20 
26 60.48 -4.80 90.20 -3.19 B 4.80 -89.80 -0.61 
27 63.28 -4.80 90.20 -3.86 8 4.80 -89.80 -0.67 
28 64.71 -4.80 90.20 -4.73 B 4.80 -89.80 -0.87 
29 65.83 -4.80 90.20 -5.15 8 4.80 -89.80 -0.42 
30 67.58 -4.00 90.20 -6.30- B 4.80 -89.80 -1.15 
31 68.96 -4.80 90.20 -6.87 B 4.80 -89.80 -0.57 
32A 71.51 -4.80 90.20 -9.07 8 4.80 -89.80 -2.20 
328 72.73 -4.80 90.20 -10.48 8 4.80 -89.80 -1. 41 
32R 73.87 -4.80 90.20 -10.95 8 4.80 -89.80 -0.47 
33 77.24 -4.80 90.20 -14.00 8 4.80 -89.80 -3.05 
34 84.00 -4.80 90.20 -15.46 8 4.80 -89.80 -1. 46 
M1 122.03 11.21 106.63 -49.53 8 -14.20 -63.79 -35.76 
M2 122.64 11.29 106.72 -50.15 8 -13.83 -64.28 -0.63 
M3 124.19 11. 56 107.01 -52.14 8 -14.24 -63.66 -2.02 
M4 125.91 11. 79 107.26 -54.00 8 -14.16 -63.81 -1. 88 
M5 126.76 11.80 107.35 -54.71 8 -14.59 -63.67 -0.72 
M6 127.20 11. 90 107.45 -55.56 8 -14.40 -64.10 -0.06 
M7 127.75 12.05 107.53 -56.22 e -13.91 -64.03 -0.67 
M8 128.47 12.15 107.64 -57.13 8 -14.15 -63.72 -0.92 
M9 129.17 12.32 107.82 -58.72 8 -14.30 -63.82 -1. 61 
M10 130.01 12.46 107.98 -60.16 8 -13.99 -63.82 -1. 45 

M10N 131.51 12.63 108.17 -61. 95 8 -14.10 -63.73 -1. 81 

M11 133.01 12.76 108.31 -63.37 8 -14.24 -63.83 -1. 43 

M12 135.15 12.95 108.51 -65.49 8 -14.36 -63.72 -2.14 
M13 136.87 13.16 108.74 -68.10 8 -14.20 -63.87 -2.63 
M14 137.85 13.22 108.81 -60.87 8 -14.01 -63.49 -0.78 
M15 139.29 13.38 108.98 -71.01 8 -14.31 -63.94 -2.16 
M16 141. 53 13.61 109.24 -74.35 8 -14.11 -63.80 -3.36 
M17 143.01 13.72 109.36 -76.00 8 -14.24 -63.76 -1. 66 
M18 144.54 13.91 109.57 -79.00 B -14.21 -63.71 -3.02 
M19 146.21 14.03 109.71 -81.10 8 -14.04 -63.83 -2.11 
M20 147.90 14.17 109.86 -83.62 8 -14.31 -64.01 -2.53 
M21 149.65 13.64 110.21 -84.35 8 34.51 -78.52 -1.11 
M22 152.11 12.43 110.99 -86.06 8 34.64 -78.92 -2.58 
1423 153.84 11. 4 6 111.61 -87.50 8 34.57 -78.87 -2.13 

M24 154.96 10.001 112.01 -88.46 8 34.53 -78.47 -1. 40 

M25 156.42 10.16 112.43 -89.52 8 34.63 -79.40 -1.54 
M26 158.17 9.33 112.96 -90.88 8 34.62 -78.49 -1. 94 
M27 158.64 9.10 113.10 -91.26 8 34.44 -79.45 -0.54 
M28 159.08 8.81 113.28 -91. 75 8 34.39 -78.94 -0.69 
M29 159.95 0.03 113.76 -93.08 8 34.68 -79.17 -1. 87 
M30 160.63 7.82 113.09 -93.46 8 33.74 -78.60 -0.52 



Fixed plate: 
Rotated plate: 

PACIFIC 
IZANAGI 

TABLE F-4 (continued) 

Total Reconstruction Pole Forward Stage Pole 

North East North East 

312 

Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 

M31 161.13 7.61 114.02 -93.83 B 34.72 -78.97 -0.52 
M32 161. 69 7.35 114.18 -94.28 8 35.41 -79.36 -0.63 
M33 162.23 7.00 114.40 -94.93 8 34.14 -78.31 -0.89 
M34 162.69 6.42 114.76 -95.99 8 34.97 -78.89 -1. 46 
M35 163.82 6.14 114.93 -96.52 8 34.24 -79.01 -0.72 
M37 165.05 4.85 115.72 -99.03 8 34.53 -78.88 -3.39 
M38 166.16 5.62 115.25 -97.52 8 -34'.57 101.05 -2.03 
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TABLE F-4 (continued) 

Fixed plate: PACIFIC 
Rotated plate: COCOS 

Total Reconstruction Pole Forward Stage Pole 

North East North East 
Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------

5Cc 16.60 45.80 248.89 -24.80 31 45.80 240.89 24.80 
0 27.30 57.28 244.52 -29.86 31 -80.59 -114.91 -7.50 
13 35.58 63.75 236.37 -42.11 31 -79.72 31. 85 -13.09 
18 42.01 68.10 220.40 -49.16 30 -80.73 -77.86 -8.20 
21 49.55 70.49 220.85 -57.36 30 -82.29 -40.22 -8.80 
25 58.94 74.71 205.15 -63.38 30 -59.76 -120.88 -8.72 
30R 68.47 75.88 192.65 -69.77 30 -69.90 -100.93 -7.38 
32 72.46 76.16 188.89 -71.90 30 -11.81 -105.74 -2.40 
33 77.24 76.40 184.65 -73.91 8 -67.44 -112.06 -2.36 
33R 80.17 76.67 175.53 -78.46 8 -67.56 -112.38 -5.26 
34 84.00 76.67 170.51 -81.15 8 -67.42 -1.l2.05 -3.07 

MO 118.35 72.31 110.23 -92.08 8 -31.49 -151.70 -24.32 
M1 122.03 71.27 106.85 -93.47 8 -31. 64 -151.70 -2.56 

M2 122.64 71.19 106.61 -93.58 8 -32.37 -151.63 -0.20 
M3 124.19 70.84 105.60 -94.04 8 -31.28 -151.93 -0.84 

M4 125.91 70.36 104.30 -94.68 8 -31.60 -151.64 -1.14 
M5 126.76 70.01 103.41 -95.14 8 -31.19 -151.66 -0.82 

M6 127.28 69.81 102.93 -95.40 8 -30.88 -151.17 -0.46 
M7 127.75 69.64 102.51 -95.63 8 -31.77 -152.27 -0.40 

M8 128.47 69.42 101.99 -95.93 8 -31.93 -151.61 -0.52 
M9 129.17 69.15 101.37 -96.30 8 -31.98 -151.63 -0.64 
M10 130.01 68.85 100.72 -96.70 8 -31.22 -151.34 -0.69 
M10N 131.51 68.40 99.76 -97.31 0 -31. 50 -152.02 -1. 05 

M11 133.01 67.87 99.27 -97.93 0 -25.06 -136.50 -1. 05 
M12 135.15 67.17 98.67 -98.76 8 -25.69 -136.24 -1. 39 
M13 136.87 66.58 98.10 -99.48 8 -26.01 -136.49 -1.19 
M14 137.85 66.33 97.99 -99.78 8 -25.12 -136.10 -0.50 
M15 139.29 -65.85 277.62 100.38 8 -26.01 -136.35 -0.98 
M16 141.53 -65.15 277 .10 101.27 8 -26.03 -136.51 -1. 44 
M17 143.01 -64.74 276.82 101.79 8 -25.43 -136.22 -0.84 
M18 14,4.54 -64.06 276.36 102.68 8 -25.92 -136.44 -1. 42 

M19 146.21 -63.46 275.98 103.46 8 -25.22 -136.56 -1.25 
M20 147.90 -62.94 275.66 104.17 8 -26.08 -136.25 -1.11 
M21 149.65 -62.42 275.35 104.89 8 -26.06 -136.33 -1.12 
M22 152.11 -61. 61 274.89 106.02 8 -25.76 -136.47 -1. 75 
M23 153.84 -61.06 274.59 106.80 8 -25.70 -136.58 -1. 20 
M24 154.98 -60.68 274.39 107.36 8 -26.29 -136.13 -0.84 

M25 156.42 -60.24 274.17 108.00 8 -25.59 -136.26 -0.97 

M26 158.17 -59.81 273.95 108.64 8 -26.03 -136.63 -0.96 

M27 158.64 -59.62 273.86 108.92 8 -25.36 -136.33 -0.42 

M28 159.08 -59.45 273.78 109.18 8 -26.15 -135.85 -0.39 

M29 159.95 -59.14 273.63 109.65 8 -25.93 -136.54 -0.70 
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TABLE F-4 (continued) 

Fixed plate: PACIFIC 
Rotated plate: NAZCA 

Total Reconstruction Pole Forward stage Pole 

North East North East 
chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------

50 10.42 56.64 -87.88 -16.30 32 56.64 -87.88 16.30 
6c 19.90 62.38 -93.02 -30.18 32 -69.47 82.81 -14.09 
7c 25.74 63.88 -94.75 -39.08 32 - 69.45 82.80 -8.96 
10c 30.03 67.34 -100.08 -43.77 :J2 -80.85 -55.24 -5.51 
13 35.58 69.85 253.87 -49.54 32 -82.30 -29.32 -6.35 
18 42.01 73.13 245.92 -56.86 30 -80.71 -78.15 -8.20 
21 49.55 74.79 237.56 -65.18 30 -82.25 -39.88 -8.80 
25 58.94 78.83 222.19 -71.54 30 -59.77 -120.94 -8.72 
30R 68.47 79.95 207.53 -70.02 30 -69.07 -100.87 -7.38 
32 72.46 80.20 203.01 -80.18 30 -71.05 -105.90 -2.40 
33 77 .24 00.44 197.83 -02.22 8 -67.47 -112.01 -2.35 
33R 80.17 80.66 106.42 -86.03 8 -67.52 -112.06 -5.26 
34 84.00 00.62 180.09 -89.55 8 -67.44 -111.93 -3.07 
MO 110.35 -75.59 287.92 101. 07 8 -31.51 -151.71 -24.32 
M1 122.03 -74.48 284.73 102.48 0 -31. 40 -151.68 -2.57 
M2 122.64 -74.40 284.51 102.59 0 -33.26 -152.46 -0.19 
M3 124.19 -74.03 283.58 103.06 8 -31.29 -151.70 -0.84 
M4 125.91 -73.53 282.40 103.70 0 -31. 38 -151.71 -1.14 
M5 126.76 -73.17 281.60 104.17 8 -31. 75 -151.60 -0.82 
M6 127.28 -72.97 281.17 104.43 8 -31.55 -151.84 -0.45 
M7 127.75 -72.79 280.79 104.66 0 -31.05 -152.25 -0.41 

M8 128.47 -72.56 280.33 104.96 0 -31.49 -151. 37 -0.52 
M9 129.17 -72.28 279.77 105.33 8 -31.74 -152.13 -0.64 
M10 130.01 -71.97 279.20 105.73 8 -30.98 -151.28 -0.69 
M10N 131. 51 -71.51 278.36 106.35 8 -31. 96 -151.87 -1. 05 
Mll 133.01 -70.98 278.05 106.96 8 -25.49 -136.25 -1. 06 
M12 135.15 -70.30 277.66 107.77 0 -26.02 -136.47 -1.30 
M13 136.87 -69.72 277.35 108.47 8 -25.89 -136.45 -1.18 
M14 137.85 -69.47 277.23 108.76 8 -24.45 -136.41 -0.50 
M15 139.29 -69.00 276.99 109.35 8 -26.40 -136.48 -0.98 
M16 141.53 -68.31 276.67 110.21 0 -25.72 -136.38 -1. 43 
M17 143.01 -67.90 276.49 110.72 0 -25.27 -136.53 -0.85 
M18 144.54 -67.23 276.21 111.59 8 -25.99 -136.18 -1. 42 
M19 146.21 -66.65 275.97 112.35 0 -25.88 -136.60 -1. 24 
M20 147.90 -66.13 275.77 113.04 0 -25.76 -136.42 -1.12 
M21 149.65 -65.61 275.58 113.74 8 -25.75 -136.35 -1.12 
M22 152.11 -64.81 275.30 114.04 0 -25.86 -136.36 -1.75 
M23 153.84 -64.27 275.12 115.59 8 -25.67 -136.47 -1.19 
M24 154.98 -63.89 275.00 116.14 8 -26.36 -135.94 -0.85 

M25 156.42 -63.45 274.86 116.75 8 -25.09 -136.92 -0.97 
M26 158.17 -63.03 274.73 117.37 8 -26.39 -136.20 -0.95 
M27 158.64 -62.84 274.68 117.65 8 -25.85 -135.54 -0.43 
M28 159.08 -62.67 274.63 117.90 8 -25.95 -136.33 -0.39 
M29 159.95 -62.36 274.54 110.35 8 -25.48 -136.63 -0.70 



TABLE F-4 (continued) 

Source of rotation data: 

1 DeMets and others (in press) 
2 Klitgord and Schouten (1986) 
3 Dunbar and Sawyer (1989) 
~ Cande and others (1988) 
5 Martin and Hartnady (1986) 
6 Rabinowitz and LaBrecque (1979) 
7 Vink (1902) 
8 This work 
9 Srivastava and Tapscott (1986) 

10 Molnar and others (1988) 
11 Royer and others (1988) 
12 Besse and courtillot (1988) 
13 Norton and Sclater (1979) 
14 Norton and Sclater, 1979 
15 Patriat and Segoufin (1988) 
16 Segoufin and Patriat (1981) 
17 Royer and Schlich (1980) 
10 Royer and sandwe11 (1989) 
19 Powell and others (1988) 
20 Stock and Molnar (1982) 
21 Weissel and other~ (1977) 
22 Duncan (1904) 
23 Extrapolated from Duncan (1904) 
2t. Stock and Molnar (1987) 
25 ~his work, Table G-7 
26 Based on Stock and Molnar (1982) 
27 Stock and Hodges (1989) 
28 Ross and Scotese (1988) 
29 Wilson (1988) 
30 Rosa and Molnar (1988) • 
31 Engebretson and others (.1985) 
32 Pardo-Casas and Molnar (1987) 
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Figure F-5. Location map showing distribution of oceanic plateaus and 
other anomalous concentrations of volcanic material in 
the North Pacific. (From: Ben-Avraham and Cooper, 1981). 
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Constraints 

1. I use, relative plate motions as determined in this Appendix. 

Pl ate moti ons for the Pacifi c-Izanagi spreadi ng center are not 

well-defined for the Cretaceous normal superchron. Projections 

for the Pacific-Farallon and Pacific-Phoenix spreading history 

during the cretaceous normal superchron are better constrained by 

the available sea-floor fabric, and drill hole data, as well as 

by a continuity with spreading after this time interval. 

2. Based on Euler Pole analysis of paleomagnetic and hotspot data, I 

feel that the absolute motions of the Pacific plate are well

constrained during the interval from 0 to 80 Ma, and align with 

trends of the Hawaiian-Emperor and Louisville Ridge seamount 

chains. As the Pacific plate behaved as a single rigid body 

during the Tertiary, tracks created on the Pacific plate from 

other hotspots fi xed in pos it ion re 1 at i ve to the Hawa i i an and 

Louisville hotspots, should have the same alignment. Details of 

the Euler Pole analysis are presented in Appendix G. 

3. Based on an Euler Pole analysis of paleomagnetic data (see 

Appendix G), I assume that absolute motion of the Pacific plate 

was predominantly westward during the interval from 150 to 80 Ma. 

Possible 'rotation amounts range from 40 to 70 degrees about a 

pole close to the spin axis. Rates and times of motions are 

poorly constrained. 

4. The Shatsky hotspot appeared beneath the Paci fi c plate, in the 

vicinity of the Pacific-Izanagi-Farallon triple junction, at the 
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time of anomaly M21, about 150 Ma (Nakanishi and others, 1989). 

Contrary to the interpretation of Nakanishi and others (1989) I 

feel that the triple junction migrated west of the hotspot at 

about 137 Ma. The zone of elevated bathymetry bifurcates at 

about 37 degrees north (in the vicinity of anomalies M13/M14). 

One portion trends east and then southeast to join with the Hess 

Rise. The other portion of elevated bathymetry continues north

northeast along the projected track of the evolving triple 

j uncti on and termi nates wi th a hook to the southeast. I feel 

that the eastern (first) track identifies the position of the 

migrating hotspot, consistent with the westward drift of the 

Pacific plate as identified from the paleomagnetic data. This 

model was also adopted by Engebretson and others (1985). The 

north-northeastern track may be due to residual elevated 

temperatures in the mantle which remained beneath the track of 

the migrating Pacific-Izanagi-Farallon triple junction. An 

alternative model would be that there were two hotspots, and that 

the northern porti on of the Shatsky Ri se is the track of the 

northernmost of the two. Henderson and Gordon (1984) present a 

model of two hotspots in which the southern one, which they call 

the Wil kes hotspot, corresponds with the Shatsky hotspot whil e 

the northern one is called the Lynn hotspot. The 2-hotspot model 

requires that hotspot initiation be younger than 142 Ma (the 

northern track begi ns on crust of thi s age) and requi res about 

300 kilometers of relative motion between the hotspots in less 
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scenario. 
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I feel that this is a less-likely 

·5. The basalt of the northern Hess Rise (DSDP Site 464) has 

concentrations of rare earth elements (REE) characteristic of 

mid-ocean-ridge basalts (Vallier and others, 1981) and I assume 

they were erupted at a spreading center rather than in an intra

plate environment. On the other hand, I assume that the trachyte 

at Si te 465 on the southern Hess Ri se is of hotspot or mi xed 

origin. 

6. Sparse DSDP drill hole data from the mid-Pacific Mountains 

i ndi cates a west-to-east age progression rangi ng from Barremi an 

or older ()120Ma) at Site 463 to Turonian/Cenomanian (Site 171: 

)91-98 Ma) or Campanian (Site 313: )84 Ma) 1500 kilometers 

further to the east. Trace element analysis of the porphyritic 

ollvine basalt at the bottom of the hole at Site 171 indicate 

oceanic island affinity (Bass and others, 1981). I assume that 

the mid-Pacific Mountains are of hotspot origin. 

7. I bell eve that the Ontong Java ,Pl ateau and Mani hi ki Pl ateau may 
,: I 

be contemporaneous as suggest'ed by Wi nterer (1976) but I am not 

sure if they are both a product of the former Pacifi c-Phoeni x 

ri dge system. DSDP Site 288 on the Ontong Java Pl ateau cored 

Aptian sediments immediately above basalt basement. DSDP Site 

317 on the Manihiki Plateau has a bottom (faunal) age of Aptian

Berrimian (1) for sediments immediately above basalt basement 

(Bo 11 i, 1980) • However, basement at both sites is oceanic 
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tholeiite. Bielski-Zyskind and others (1984) obtained the Nd/Sr 

isotopic signature of oceanic i~lands for tholeiitic basalt from 

Malaita, the uplifted edge of the Ontong Java Plateau (Kroenke, 

1972). Thus, although the Ontong Java and Manihiki Plateaus may 

be associated in space and time with the Pacific-Phoenix ridge, 

they also exhibit petrology consistent with a hotspot origin. 

8. I feel that the alignment of trends and timing of excess 

volcanism at the Shatsky-Hess Rise and the mid-Pacific Mountains, 

as well as evidence presented in items 3 through 7, provide 

sufficient information for a model of absolute positions of the 

Pacifi c plate through the Cretaceous. I use basement depths, 

dates from ocean i c plateaus, and resu lts of my pa 1 eomagnet i c 

Euler pole (PEP) analysis to derive a two-humped model of hotspot 

track positions, with mainly westward motion of the Pacific plate 

about the present-day spin axis. The stage pole from 145 to 80 

Ma is at 84.6°N., 267.3°E and is only 1.8 degrees distant from 

the stage pole indicated by the PEP analysis (at 86.1°N., 

280.0oE.). The net rotation is 52.4 degrees, which is within the 

lower limits of what is suggested by the PEP analysis. Track 

positions based on my best-guess model are shown in Plate F-15. 

Table F-5 provides a summary of absolute motion poles for the 

Pacific plate. 

9. I feel there is insufficient evidence to ascribe a simple hotspot 

origin to either the Line Islands (see Epp, 1984; Schlanger and 



Table F-S. Absolute rotations of the Pacific Plate. 



TABLE F-5 

Total1 
Reconstruction Pole 

Age (Ma) Lat (N) Long (E) Rot 

0.0 

23.0 72.50 287.30 20.90 3 

27.0 70.70 289.80 23.80 3 

43.0 67.42 297.17 33.79 3 

80.0 48.71 282.25 45.29 3 

87.0 49.70 284.60 54.66 

93.0 52.42 282.77 62.54 

96.0 54.54 280.52 65.92 

102.0 59.87 273.72 70.48 

108.0 62.06 270.44 73.64 

112.0 63.26 268.44 76.61 

120.0 63.11 268.14 83.41 

132.0 64.68 264.90 88.69 

145.0 67.90 258.63 91.89 

Forward Motion2 
Stage Pole 

Lat (N) Long (E) Rot 

72.50 287.30 -20.90 

57.10 294.40 -3.00 

58.00 303.00 -10.20 

13.70 257.10 -17.70 

49.63 -62.18 -9.49 

71.00 -69.68 -8.39 

88.30 104.18 -4.30 

64.88 98.15 -8.57 

73.83 92.12 -4.48 

85.46 88.24 -3.50 

62.78 -96.55 -6.81 

87.36 77.45 -6.02 

52.34 71.65 -6.62 

1 Rotation of the pacific Plat~ relative to the hotspots 
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Stage Pole 
Rot Rate 
(deg/my) 

-0.909 

-0.750 

-0.637 

-0.478 

-1.356 

-1. 398 

-1.433 

-1. 429 

-0.747 

-0.875 

-0.852 

-0.501 

-0.509 

2 Stage pole of the Pacific Plate relative to the hotspots, in a fixed 
Pacific Plate reference frame. 

3 Based on analyses presented in Appendix G. 
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others, 1984) or to the Musician Seamounts (see Sager and 

Pringle, 1987). Northern Line Island volcanism clearly postdates 

passage of the Pacific-Farallon ridge as evidenced by the Albian

Barremian faunal age above basaltic basement at DSDP Site 164, 

300 kilometers east of the Line Islands. Although the REE 

patterns of the Line Islands are very similar to those from 

Hawaii, the well-defined linear trend is incompatible with my 

model of absolute motion directions. 

10. I use the magnetic anomaly and fracture zone patterns shown on my 

Plate F-2A and F-2B as an accurate representation of past plate 

geometries. From rotations of the Phoenix, Izanagi and Farallon 

plates relative to the Pacific plate, I can calculate approximate 

stage poles for Phoenix-Izanagi, Izanagi-Farallon, and Farallon

Phoenix relative rotations. These stage poles are listed in 

Table F-6, and provide important constraints regarding the nature 

of the boundaries between these plates. 

11. I assume that analysis of the SEASAT gravity gradient can assist 

in identifying fabric (i.e., buried fracture zones) which 

corresponds to relative plate motion directions. 

12. Oceanic crust in the Bering Sea basin contains Mesozoic magnetic 

anomalies (Cooper and others, 1976). I assume that this crust 

was originally created as part of the Izanagi plate and then 

sutured to the North American plate (Cooper and others, 1976; 

Scholl and others, 1986). 
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Table F-6. Late Jurassic and Cretaceous Stage Poles for the major 
oceanic plates of the Pacific basin •• 



TABLE F-6 

SPREADING SYSTEM 
A) H.~ Stal;e RoutJ.on. 

Interval 
HA Length 

Pacific-Phoenix (Aluk) 
Pole1 Amount2 Rate 

Pacific-Izanagi (Kula) 
Pole Amount Rate 

166.2-147.9 18.3 22.1N, 268.7E 17.203 .94 34.6S, 101.1E 19.92 1.10 
(M38 - H2O) 

147.9-131.5 16.4 22.1N, 268.7E 11.30 .68 14.2N, 116.2E 21.84 1.34 
(M20 - MION) 

131.5-84 47.5 22.1N, 268.7E 68.28 1.44 14.2N, 116.2E 48.314 1.02 
(M10N-34Y) 

84.0-67.6 16.4 9.2S, 256.5E 26.60 1.62 4.8S, 90.2E6 9.166 .566 

(34Y-30) 

B) Stag. rotat;ion. cal.cu18ted through P.c;i~ic pl.te conn.ctJ.on 
Interval Phoenix-Izanagi Izanagi-Farallon 

HA Length Pole 7 Amount Rate Pole Amount Rate 

166.2-147.9 18.3 
(M38-M20) 

147.9-131.5 16.4 
(M20-MION) 

131.5-84.0 
(M10N-34Y) 

84.0-67.6 
(34Y-30) 

47.5 

16.4 

29.8S, 93.8E 36.73 2.01 44.4N, 325.8E 

O.SN, 109.6E 30.85 1.88 6.5S, 326.2E 

14.7S, 109.6EP 107.20 2.26 7.1S, 335.5E 

4.9N, 79.1E1 0 35.36 2.15 68.5N, 305.7E 

NO'J:1tS: Forward stage pole of 2nd plate relative to the first. 

21.96 1.20 

20.51 1.25 

53.70 1.13 

14.23 .87 

Amount is twice value measured by anomaly separation of Pacific plate. 
Extrapolated value from rates between 160 (anomaly M29) and 147.9 Ma. 

Pacific-Farallon 
Pole Amount Rate 

25.8N, 43.6& 12.813 .70 

25.8N, 43.6& 11.14 .68 

31.5N, 28.3E 33.635 .70 

67.5N, 67.8E 13.72 .84 

Fara1lon-Phoenix 
Pole Amount Rate 

0.5S, 253E 25.42 i.39 
(3.7S, 250.0E)8 11.39) 

3.8S, 248.9E 18.93 1.15 
(s.7S, 246.5E) (1.16) 

3.0S, 262.2E 80.92 1.70 
(5.0N, 251.0E) (1. 72) 

28.3S, 260.0E 35.69 2.18 
(36.4S, 255.0E) (2.38) 

1 
2 
3 
4 Extrapolated value. Amount of spreading during the Cretaceous normal superchron is based on the average rates 

from either side of this interval: (1.32 + .56)/2. 
5 
6 
7 
8 
9 

10 

Extrapolated value from rates between 131.5 and 118.4 (anomaly MO) Ma. 
Analysis of Kula-Pacific lineations. 
Rotation order: 1) Pacific relative to Phoenix, 2) Izanagi relative to Pacific. 
Instantaneous poles and rates calculated from stage poles and average rates. 
Spreading system not ~n existence for all or most of this ~ime interval. 
Spreading system not in existence for all of this time interval. W 

N 
W 
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13. The Musician Seamounts range in age from 76 to 88 Ma (Sager and 

Pringle, 1987). 

The Model 

My mode 1 of the Cretaceous eva 1 ut i on of the Pac i fi c bas in is 

shown in Figure F-6. In the description that follows I define 

positions in terms of the present-day Pacific plate. To assist in 

visualizing the geometry of rotations, I have provided locations of 

Cretaceous stage poles in Figure F-7. I emphasize that I am only 

presenting what I feel is the most likely model, requiring a minimum 

of assumptions. There are large gaps in the data coverage and some of 

the available data are ambiguous. Most of my interpretations on the 

significance of data are not unique. I have tried to graphically 

present the available data so that the reader can visualize 

alternative models. 

180-150 Ma 

The Pacific plate came into existence about 180-188 Ma at the 

Phoenix-Izanagi-Farallon (RRR7) triple junction, possibly as a 

microplate (Handschumacher and others, 1988). The Mendocino and 

Kashima Fracture Zone systems may have also been initiated close to 

thi s time. The Pacifi c pl ate experienced fai rly steady growth until 

about 150 Ma (anomaly M21), maintaining the form of an elongated 

triangle with ridge-ridge-ridge (RRR) triple-junctions at each of the 

vertices. Spreading rates at the Pacific-Phoenix and Pacific-Farallon 

ridges were fairly constant. Spreading rates for the Pacific-Izanagi 
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Figure F-6. Schematic model for Mesozoic evolution of the major 
plates in the Pacific Ocean basin. 

Only major events are described. See text for 'additional 
details. 

a) Izanagi, Farallon and Phoenix plates join at ridge-ridge-ridge 
(RRR) triple junction. 

b) Pacific plate forms about 190 Ma as microplate in the vicinity 
of the triple junction. Farallon-Phoenix ridge may connect 
with early continental rifting in the Gulf of Mexico and Central 
Atlantic regions. 

c) Pacific plate enlarges to elongate isosceles triangle shape. 
Pacific-Farallon ridge overrides the Shatsky hotspot at 145 Ma, 
coincident with an eastward jump of the Izanagi-Farallon ridge, 
and a clockwise rotation in spreading directions along the 
Pacific-Izanagi ridge. Rifting initiated between the Chortiss 
block and South America. 

d) Shatsky hotspot remains close to Pacific-Farallon ridge. 
Magellan Microplate exists for a 9 m.y. period at the Pacific
Farallon-Phoenix triple junction. 

e) Phoenix plate accelerates southward. Interactions with the 
Manihiki hotspot facilitate several jumps of the Pacific-Phoenix 
ridge. Pacific-Phoenix ridge migrates southward along the 
western margin of South America. 

f) Pacific-Phoenix ridge is subducted beneath the western edge of 
Antarctica/Australia leading to rifting away of the New Zealand 
blocks. Seafloor spreading commences in the southwest Pacific 
and Tasman Sea. 

g) Pacific-Izanagi spreading slows. Major realignment of Pacific
Izanagi-Farallon spreading centers occurs between 85 and 80 Ma. 
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Figure F-6 
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Figure F-7. Location of Cretaceous stage poles for oceanic plates in 
the Pacific basin. 

The following codes are used to identify the stage poles: 

FA-PH 
IZ-FA 
PA-FA 
PA-IZ 
PA-PH 
PH-IZ 

Phoenix relative to Farallon, 
Farallon relative to Izanagi (Kula), 
Farallon relative to Pacific, 
Izanagi (Kula) relative to Pacific, 
Phoenix relative to Pacific, 
Izanagi (Kula) relative to Phoenix. 

Counter-clockwise rotation rates (in degrees/m.y.) about the pole 
are given in parentheses. Magnetic anomalies formed during the 
stage are shown. 

a) 166-148 Ma. 

b) 148-132 Ma. 

c) 132-84 Ma. 

d) 84-68 Ma. 
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ridge were also reasonably constant after the time of anomaly M28. 

Rates for t~e middle Jurassic anomalies, chrons M38 to M29 are highly 

variable but uncertainties in the age assignments for the anomalies 

within this brief, a-million year interval may be the cause. Absolute 

motion directions and rates for the Pacific plate are unknown. 

150-131 Ma 

By 145-150 Ma the Shatsky hotspot either came into exi stence 

(Nakanishi and others, 1989), or was overridden by the northward

growing Pacific plate. The northern vertex of the Pacific plate, the 

Pacific-Izanagi-Farallon triple junction, shifted eastward to coincide 

with the hotspot, and the direction of spreading between the Pacific 

and Izanagi plates rotated clockwise by about 24 degrees (Sager, 

Handschumacher, and others, 1988). Oddly, there was no discernible 

change in the pattern of Pacific-Farallon spreading at this time. For 

the next 20 million years the Pacific-Farallon-Izanagi triple junction 

probably oscillated between a RRR and ridge-transform fault-transform 

fault (RFF) configuration (Nakanishi and others, 1989). Sharman and 

Risch (1988) favor a RFF geometry for this entire time interval, while 

Sager, Handschumacher, and others (1988) suggest the existence of at 

least one microplate, the Shatsky microplate, at the triple junction 

(making three neighboring triple junctions) from the time of anomalies 

M21-M19 to M15-M13. 

The southeastern vertex of the Pacific plate, the Pacific

Farallon-Phoenix triple junction, also exhibits a complex history, but 

for the latter part of this time interval. Between the times of 
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anomalies M14 and M9 the Magellan microplate existed at the triple 

junction (Tamak.i and Larson, 1988), in a manner analogous to the 

suggested Shatsky microplate of Sager, Handschumacher, and others 

(1988). Spreading between the Pacific and Phoenix plate was about 25% 

slower than for the preceding 12 million-year interval. 

The ori entati on of the Fara 11 on-Phoeni x ri dge cannot be 

constrained by the available data. The stage pole for Farallon

Phoenix spreading is on the equator and about 75 degrees east of 20 

Magellan microplate. The ridge may have trended in an easterly 

direction to connect with spreading centers in the Central Atlantic 

(see Klitgord and Schouten, 1986, their figure 10). 

The Pacific plate moved southwest and then west at a rate 

slightly faster than the spreading half-rate between the Pacific and 

Farallon plates. This slow rate of motion over the Shatsky and mid

Pacific hotspots may have led to the large amounts of oceanic-island 

basalt extrusion that are observed. The Shatsky hotspot (and residual 

thermal anomaly?) was located at the Pacific-Izanagi-Farallon triple 

junction from about 150 to 130 (120) Ma, so that counterpart plateaus 

of this age range could exist on the Izanagi and Farallon plates. 

Hotspot activity may have also been responsible for the Magellan Rise 

(age )132 Ma). Although I do not extend my "Magellan" track back 

earlier than 125 Ma due to possible post-formation offsets incurred 

during generation of the Magellan microplate, the track at 130-135 Ma 

would have been very close to the reconstructed position of the 

Magell an Ri se and its northern counterpart. The Mani hi ki hotspot 
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would have been beneath the Phoenix plate during this interval, and 

any oceanic plateau that was created would have been swept against the 

western margin of Gondwana. 

131-80 Ma 

At about 131 Ma the direction of Pacific-Farallon spreading 

rotated clockwise, albeit by a smaller amount than the earlier shift 

of the Pacific-Izanagi ridge at 150 Ma. Sager, Handschumacher, and 

others (1988) suggest 15 degrees of clockwise rotation versus the 

earl i er shift of about 24 degrees. Sharman and Ri sch (1988) also 

describe this reorientation at chron MI0N. They suggest that a set of 

closely-spaced fracture zones were created near the triple junction as 

it reverted from a RFF to RRR configuration, and that these fracture 

zones later served as a zone of weakness for the initial rifting of 

the Kula plate (or reorientation of the Izanagi plate). Based on 

bathymetric trends, projections of trends of fracture zones, and the 

orientation of anomalies on either "stde of the Cretaceous normal 

superchron (see Plate F-12H), I feel that there is no need for a major 

reorientation of the Pacific-Faral~pn',ridge system until after anomaly 

34. Atwater (1989) documents a sudden 15 degree counterclockwi se 

shift in spreading directions at the middle of chron 33 (79 Ma). The 

gradual development of the spreading boundary between the Kula 

(Izanagi) and Farallon plates in the vicinity of the Chinook Trough 

between 90 and 80 Ma (Mammerickx and· Sharman, 1988) does not 

necessitate a change in the direction of Pacific-Farallon spreading 

but fits wi th the pattern of cl ockwi se changes in Pacifi c-Izanagi 
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I consider the Pacific-Kula lineations to 

result from a repositioning of the Pacific-Izanagi-Farallon triple 

junction, similar to the repositioning at 150 Ma, perhaps the latest 

of several whi ch occurred duri ng the Cretaceous normal superchron. 

For this reason I consider the Kula and Izanagi plate to be one and 

the same. 

My model of hotspot tracks on the Pacific plate (shown in Plate 

F-15) suggests several important results of time-space coincidence of 

the Shatsky hotspot and the Pacific-Farallon ridge. At about 107-109 

Ma, the position of the Shatsky hotspot was close to the intersection 

of the active ridge with the Waghenaer transform fault. The 

additional contribution of heat from the hotspot could have resulted 

in augmented extrusion of basalt along the active ridge and in the 

vicinity of the active transform, forming the Northern Hess Rise, the 

Central Platform, the Southern Hess Rise, and the Eastern Ridge. The 

Northwestern Ridge would have been formed earlier by passage of the 

hotspot at 120 to 112 Ma. All of these localities are part of the 

Hess Rise proper, and are shown in Figure F-8. This coincidence of 

ridge and hotspot activity is analogous to that observed at the 

present-day Reykjanes Ridge. 

The hotspot rema i ned north of the Mendoc i no Fracture Zone and 

continued to migrate east (relative to the Pacific plate reference 

frame), faster than the eastward migrating Pacific-Farallon ridge, 

causing ridge jumps, first to the Emperor Trough and then further to 

the east at about 98 Ma. The amount of Fara 11 on crust added to the 



Figure F-8. Location map showing physiographic provinces of the Hess 
Rise. (From: Vallier and others, 1981). 
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Figure F-8 
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Pacific plate by these jumps accounts for the extra crust north of the 

Mendocino fracture zone indicated by my model of constant-rate 

spreading. A minor ridge jump (about 200 km) may also have occurred 

south of the Waghenaer/Mendocino Fracture Zone at this time. This 

minor ridge jump coupled with steady-state spreading would have placed 

the Pacific-Farallon ridge in the vicinity of the Musician Seamounts 

at about 85 Ma. ,By 85 Ma, the Shatsky hotspot had migrated south of 

the Mendoci no Fracture Zone and about 900 ki lometers east of the 

active ridge. During its travel beneath the Farallon plate, it may 

have weakened the young oceanic crust, causing it to rupture just west 

of the present position of chron 34. I suggest that active spreading 

gradually shifted to this locality and spreading in the vicinity of 

the Musician seamounts subsided, with minor activity continuing until 

77 Ma. This jump would result in the assimilation of an additional 

900 kilometers of Farallon crust by the Pacific plate. A similar 

situation could have occurred further south due to migration of the 

mid-Pacific hotspot, accounting for the several hundred kilometers of 

extra crust between the Murray and Clarion Fracture Zones. 

The direction and rates of spreading along the Pacific-Izanag; 

ridge for the time interval from chrons MION to MI are similar to 

those between chrons M20 to MION. However, the pole of rotation that 

I have chosen seems to systematically overestimate spreading northeast 

of Fracture Zone J2 (see Plate F-llD). There is also a slight but 

systemati c mi sa 1 i gnment of fracture zones in the vi ci nity of Mamua 

Fracture Zone. While I do not think that this is compelling evidence 
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for a second Izanagi plate, such a possibility cannot be disregarded. 

If indeed there were two plates, there would have been a minor amount 

of spreading between them. Additionally, the northward velocities of 

the Izanagi plate (the eastern one) would be overestimated by about 10 

to 15 percent. 

Data are lacking on the behavior of the Pacific-Izanagi ridge 

during the time of the Cretaceous normal superchron. Mammerickx and 

Sharman (1988) document a major reorganization in spreading during the 

latter part of this interval. I feel that this reorganization 

consisted of a large southward jump of the Pacific-Izanagi-Farallon 

triple junction. Spreading between the Pacific and Izanagi (or Kula) 

plates shifted to a zone of weakness along a former fracture zone 

between the Pacific and Farallon plates. Spreading rates at the Kula

Pacific ridge were two and one-half times slower than measured rates 

at the Pacific-Izanagi ridge, indicating a slowdown in northward 

motion of the Izanagi plate during the CNS. 

Lonsdale (1988) identified, -as'ymmetric spreading along the 

Pacific-Kula boundary (with about 60 ,percent of the new material being 
I ~ I 

incorporated in the Pacific plate) which would indicate an even 

greater reduction in the rate of spreading. For my model, I use an 

average value based on the spreading rates observed from either side 

of the Cretaceous normal superchron. As only one ridge segment of the 

Kula plate (displaying chrons 22-19) is preserved, I hesitate to 

incorporate asymmetric spreading in my model but realize that as a 

consequence, I may be overestimating the rates and amounts of 
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spreading for this interval. I continue to use the spreading 

directions indicated for the interval chron M10N-M1 for lack of any 

additional data. As I have shown earlier, changes in the direction of 

motion along one of the ridges i'n the system, i.e., the Pacific

Farallon ridge, do not necessarily indicate changes in motions along 

other ridges to which they are linked, i.e., the Pacific-Izanagi 

ridge. The corollary regarding lack of changes also applies. Thus, 

a lthough the constancy of moti ons in the Pacifi c-Fara 11 on system is 

suggestive of constancy along the Pacific-Izanagi ridge, my experience 

shows that such changes coul d occur. In fact, as was descri bed in 

Appendix E, a change would have to occur in either the Pacific-Izanagi 

or Izanagi-Farallon rotations, or both, due to the nature of finite 

rotations. 

Directions of spreading at the Pacific-Phoenix ridge also remain 

constant with those of the earlier interval. However, the rate 

appears to increase dramatically, attaining a value of about 1.6 

degrees/m.y. at 110 Ma. This speedup was accompanied by several ridge 

jumps in which large portions of the Phoenix plate were incorporated 

into the Pacific plate. Again I assume that the ridge jumps may have 

been facil i tated by the presence of a hotspot. In thi s case, the 

Manihiki hotspot would have passed beneath the Phoenix plate which was 

traveling southwest in an absolute sense, and caused relocation of the 

spreading center further south. At 113 Ma, the hotspot would have 

been located beneath the Manihiki Plateau, which may have also been 

the site of the active Pacific-Farallon-Phoenix triple junction. The 
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Manihiki hotspot would have then left a track on the Farallon plate, 

south of the Galapagos and Marquesas Fracture Zones. A counterpart 

oceanic plateau on the Farallon plate would have ultimately collided 

wi th the western edge of the Ameri cas. The ori entati on of the 

Pacifi c-Phoeni x ri dge cannot be determi ned from the ava 11 ab 1 e data. 

For at least part of this interval, the ridge may have aligned with 

lineations of the Magellan microplate. The trends of anomalies 

bracketing the quiet zone and possible orientations of the Phoenix

Farallon boundary are shown in Figure F-9. 

I also include an Ontong Java hotspot in my model, based mainly 

on speculation. My track encounters DSDP Site 289 on the Ontong Java 

Plateau at about 124 Ma, consistent with the observed basement age of 

pre-early Aptian ()120 Ma). The track passes by the southern end of 

the Nauru basin between 120 and 110 Ma although its possible relation 

to Cretaceous volcanism in this region is unclear. There are multiple 

epi sodes in the igneous hi story of t.he Nauru basi n, north of my track, 

in the area of Jurassic crust. Igneous activity occurred in 

Valanginian (130 Ma), Aptian/Albian (113 Ma) and Campanian (75 Ma) 

times, and consisted of intrusion (sills) and extrusion of apparent 

mid-ocean ridge basalts over a broad area (Schlanger and Moberly, 

1986). 

Projections of Pacific-Phoenix ridge segments at 120-115 Ma place 

the active ridge well south of both the Nauru basin and the Ontong 

Java Pl ateau, so a ri dge source for these features seems un 1 ike ly. 

One could argue for ridge jumps northward, caused by weakening of the 
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Figure F-9. Geometry of the Pacific-Farallon-Phoenix triple junction 
since 111 Ma. 

a) Identified anomalies on the Pacific plate which bracket the 
Cretaceous quiet interval. 

b) Model in which the Farallon-Phoenix ridge trends toward the 
Caribbean region and spreading centers of the Central Atlantic. 

c) Model in which the Farallon-Phoenix ridge trends perpendicular to 
postulated ridge jumps along the Pacific-Phoenix ridge. 
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Pacific crust through passage over the hotspot. Such ad hoc models 

require additional confirmatory data before they can be seriously 

considered. Regardless of the model used, my pattern of relative 

plate motions indicates that there probably was never a counterpart of 

the Ontong Java Plateau on the Farallon plate. 

The reason for southward acce 1 erati on of the Phoeni x plate is 

unclear. As increasingly younger and more buoyant crust was being 

subducted beneath the margin of Gondwana, one would expect a slowing 

down of subduction rather than the apparent increase. By 90 Ma, 

porti ons of the ri dge had been subducted and ri fti ng of the Norfolk 

Ridge, Northern New Zealand and Chatham Rise blocks from Gondwana was 

initi ated. By 80 Ma, the axi s of rifting had shifted south of the 

Lord Howe Rise and Campbell Plateau, causing the initiation of 

spreading in the Tasman Sea and southwest Pacific. 

The geometry of the Farallon-Phoenix and Farallon-Izanagi ridges 

is assumed to remain consistent with my model for earlier times. The 

geometry of the northern triple juri'ction (Pacific-Izanagi (Kula)

Farallon) cannot be uniquely determ~ned from the "unavailable" data 
r' 

and is the subject of speculation only. Possible geometries are shown 

in Figure F-IO. The position of the Izanagi (Kula)-Farallon ridge is 

critical to any model of northward migration of terranes along the 

western coast of North Ameri ca duri ng the 1 ate Cretaceous and early 

Terti ary. 



Figure F-10. Schematic of the late Cretaceous plate reorganization in 
the northeast Pacific. 

Between 90 Ma and 84 Ma the triple junction between the 
Pacific, Izanagi (Kula) and Farallon plates jumps south, 
possibly along the trend of a fracture zone between the 
Pacific and Izanagi plates. A new ridge is created along 
a zone of weakness (fracture zone) left by earlier 
Pacific-Farallon spreading, and a large portion of the Pacific 
plate is incorporated in the Izanagi (Kula) plate. Portions of 
the Farallon plate are also incorporated in the Pacific plate 
with a large (1000 km) ridge jump occuring south of the Mendocino 
fracture zone. 

Based on trends of magnetic anomalies trapped in the Aleutian 
basin, and on the ratio of spreading between the Pacific-Izanagi 
and Pacific-Farallon ridges (2:1), the orientation of the 
Izanagi-Farallon ridge was probably north-northeast through the 
early Cretaceous. The ratio of spreading had reversed by the 
time of the reorientation approximately .8 to 1, so that the 
orientation of the ridge may have migrated clockwise. 

Orientation extremes are shown by the dashed lines labeled A and 
B. The orientation labeled C probably represents the maximum 
reasonable clockwise rotation of the ridge. The orientation of 
anomalies 22-20 in the Gulf of Alaska suggest a ridge position 
closer to case B than case C. 
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80-55 Ma 

My model is extended into the Tertiary mainly to "connect" with 

recent quantifications of plate motions by Rosa and Molnar (1988), 

Pardo-Casas and Molnar (1987), and Stock and Molnar (1989), which 

begi n at the reversal between chrons 30 and 31. I feel that the 

encounter of the Pacific plate with the western edge of Gondwana had a 

significant impact on events at the end of the Cretaceous. The 

Pacific-Phoenix ridge was subducted in the New Zealand region at about 

90 Ma, resulting in a shift of the absolute direction of motion of the 

P.aci fi c plate to the northwest. By 80 Ma the Chatham Ri se and 

Campbell Plateau had been added to the Pacific plate. Although the 

Phoenix plate continued its rapid southward motion, cessation of 

subducti on and the onset of spreadi ng in the southwest Pacifi c/New 

Zea 1 and regi on changed the di recti on of the absolute moti on of the 

Paci fi c plate to the north. These changes in the absolute moti on 

direction of the Pacific plate coincide with and may be responsible 

for the Late Cretaceous plate reorientation. This reorientation 

consi sted of changes in di recti on (countercl ockwi se) and rate 

(increase) of spreading for the Pacific-Farallon and Pacific-Phoenix 

ridges at 79 Ma and a plate boundary reorganization at the Pacific

Izanagi (Kula)-Farallon triple junction at 85 Ma. 

Changes in plate motions and geometry at the time of chron 24 (55 

Ma) are described in detail by Atwater and are not included in my 

analysis. Although I provide global reconstructions for 50 and 25 Ma 
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in Appendix G, I do not faithfully model all the complexities of the 

breakup of the Farallon and Kula plates. 

Uncertainties 

Throughout my analysis I have stressed that model uncertainties 

far exceed data uncertainties. Model uncertainties occur at several 

scales. For example, at a large scale, my extrapolated rates of 

motion of the Izanagi plate for the Cretaceous normal superchron are 

based on an ad hoc model of linearly-changing rotation rates. At a 

sma 11 er scale, I assume that fracture zones form small ci rcl es about 

the pole of relative rotation, and that spreading anomalies usually 

align perpendicular to the spreading direction. Yet I show in 

Appendix E that anomaly orien'·ations are often oblique to spreading 

directions, and that fracture zones only approximate small circles, 

even. during periods of "steady-state" spreading within an absolute 

reference frame. My approach has been predicated by the nature of the 

one-sided data, and while I cannot expect the results to be 

quantifiable to the degree shown in Chapter 2 for 2-sided data, I can 

hope to approach some degree of realism by a thorough analysis of the 

total data set. 

A formal presentation of uncertainties is not possible and not 

applicable within the context of my analysis. Yet, sufficient "fuzzy" 

data exists to justify a qualitative analysis such as is presented 

here. Qualitative uncertainties can be visualized through the mapping 

of alternative misfits, and allow a relative comparison of various 

models of plate motions. 
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Plate Reconstruction Techniques 

My method of reconstructing the "missingll plates of the Pacific 

Ocean basin is to mirror-image all identified lineations across plate 

boundaries, using rotations developed in my analysis of fracture zones 

and anomaly lineations. I do not attempt to redefine lineation 

positions within the Pacific plate. Although the observed lineations 

may differ from the position of lineations modeled by my best-fit 

rotation data, the observational data are real, and the differences 

are real. My fitting of data was meant to accommodate ridge jumps, 

asymmetric spreading, etc. so that misfits are assumed to indicate 

such phenomena. Thus I use all data, mi sfit or otherwi se, as the 

source position for symmetric positioning across the active ridge. In 

other words, an anomaly segment on the Pacific plate that grossly 

misfits my rotation model, identifies the new geometry that should be 

carried forward in my model. This approach prevents a propagation of 

errors due to ridge jumps that are not modeled. 

The reason that I have ~~talogued rotations between all 

identified anomaly pairs is now apparent. I can calculate the total 
!: z 

reconstruction pole of every identifiable anomaly segment of the 

Pacific plate and reconstruct its position on the IImissing" plates. I 

rebuild each of the former plates at its hypothetical position within 

the present-day reference frame, and add its set of anoma 1 i es to my 

world magnetic lineation data file. This means that I do not have to 

use a stepwise, forward, stage-pole, mirror-imaging process in my 

reconstructions, but only a one-time analysis. When I make plate 
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reconstructions, I use the total reconstruction poles, rotate the 

modeled lineations of the resurrect'ed plates, and only display data 

that is as old, or older than the time of the reconstruction. 

The evolving plate geometry of the Pacific basin is included with 

a set of global reconstruction in Appendix G (at 25 million year 

i nterva 1 s) • Reconstructi ons of the eastern Pacifi c basi n and the 

western margins of the Americas are provided in Chapter 3 of the main 

text. 
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APPENDIX G. THE GLOBAL PLATE CIRCUIT AND ITS LINK TO THE PACIFIC 
BASIN PLATES 

Objectives 

An analysis of global plate interactions, especially those 

interactions which link the west Atlantic plates (North and South 

America, and the Caribbean plates) with plates within the Pacific 

Ocean, is required in order to quantify plate interactions along the 

western Ameri cas. Thi s task requi res study of the breakup of the 

supercontinent Pangea into the northern and southern supercontinents: 

Larausia and Gondwana, and the subsequent dispersion of these latter 

supercontinents into the present day system of plates. Relative 

motions of plates can be accurately determined if the accretionary 

(sea-floor spreading) history between plates is preserved. The 

separation history of Laurasia (North America and Eurasian) relative 

to Gondwana (Africa, India, Antarctica, and Australia) is documented 

by the seafloor spreading of the Central Atlantic. The record of the 

breakup and dispersion of Laurasia is seen in the North Atlantic. And 

the record of the breakup and dispersion of Gondwana is preserved in 

the southern oceans. 

The record of relative motions between the oceanic plates of the 

Pacific basin and the dispersing continental plates/fragments of 

Pangea is poorly preserved. As Pangea was ringed by subduction zones, 

patterns of accretionary history for the oceanic plates were 
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systematically destroyed. As the continents dispersed, new oceanic 

material was created within the expanding "front" of Pangea, at the 

expense of the oceanic plates which circumscribed Pangea. Most of the 

Pacific basin was outside of this expanding front. The only link 

between plates of the Pacific basin and Pangea/Gondwana is the 

spreading history of the southwest Pacific. The present continental 

margins surrounding the Pacific basin do not appear to contain 

magnetic anomalies which correspond to the early-Cretaceous and 

Jurassic anomaly sequences of the west Pacific. Ridges represented by 

these anoma 1 i es may have 1 inked up with ri dges along the pass i ve 

margin of northwest Australia, and to spreading centers between 

Laurasia and Gondwana in the central Atlantic and present-day 

Caribbean regions. However, it is extremely difficult to quantify 

plate motions with ties as tenuous as this. For example, the missing 

record may have contained evidence of additional boundaries in the 

plate system. 

My objectives include: 

1. Selection of a set of rotations that describes motions of the 

major continental plates since the breakup of Pangea, 

2. Linkage of these rotations to those of the Pacific basin (as 

determined in Appendix F). 

3. Study of global rotations within absolute reference frames. 
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Methodology 

My approach is to collate available plate motion information in a 

manner whi ch allows consi stency checks between vari ous data types. 

Relevant information includes published relative plate rotations, 

hotspot models, paleomagnetic data, and structural and geological 

models for pre-rift configurations of the plates. 

Marine magnetic and bathymetric data provide the best 

quantification of past plate motions, and updated studies of relative 

rotations for the major oceans have recently been completed. Hotspot 

tracks also provide a link for determination of relative motions, but 

only the absolute Pacific motions are well-quantified, and only for 

the past 75-80 m.y. Paleomagnetic data provide a third tool for 

positioning of the plates (relative to the spin axis). However, as is 

the ·case for hotspot tracks, apparent pol ar wander paths are poorly 

constrained. The geologic record can provide "permissive" constraints 

on plate scenarios, especially on the timing of tectonic events. 

I compile relative rotation data which documents the dispersion of 

Gondwana and Laurasia. I check for consistency of this data with my 

paleomagnetic and hotspot data bases. I then develop different 

scenarios for plate interactions in the southwest Pacific: linking 

Pacific basin plate activity to the global system. My final result is 

a set of relative rotations that are also consistent within absolute 

reference frames and that can be used in global plate reconstructions 

of oceanic and continental plates for as far back as the available 

data permits. 
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The Data Set 

Marine Magnetics 

Mari ne magneti c anomaly and fracture zone patterns provi de the 

best quantification of past relative plate motions. There has been a 

continued effort to collect better and more.closely spaced data which 

has resulted in recent updates on the relative plate interactions 

between the major plate pairs. A compilation of these data are 

avai 1 abl e on a map by Cande and others (1989). These data were 

digitized from a preprint of this map at a resolution of .1 degree, 

and used in this study. The resulting data base has been made 

available for public access through the National Geophysical Data 

Center (NGDC) in Boulder. These data are shown in Plates G-1A through 

G-1D and are displayed in the set of reconstructions. Marine magnetic 

data highlighting the breakup of Gondwana are shown in Plate G-3. 

Continental Outlines 

Outlines for most of the conttriental areas were obtained from the 

ETOP05 data base (available through the NGDC). This data base 
!' . 

contains an immense amount of gridded (5-minute) information. As only 

the locations of specific isobaths identifying continental margins 

were required, plots were made of the entire data base, highlighting 

specific depths, and the isobaths were then hand-digitized into vector 

form. The New Zealand region is digitized as 5 microplates: Campbell 

Plateau, Chatham, North New Zealand, Lord Howe Rise, Norfolk Ridge. 

The South Tasman Rise was also digitized as a separate microplate. 



353 

Outlines of continental material for the Antarctic region were 

digitized from maps contained in "Antarctica: Geological and 

Geophysical Folio", (Drewry, 1983). Isobaths have been isostatically 

adjusted for the removal of the ice cap in order to maintain 

consistency with the other plate outlines. West Antarctica is 

digitized as a series of microplates, partly based on the divisions 

shown of the "Geological Map of Sectors of Gondwana," (DeWit and 

others, 1988). Microplates include: Antarctic Peninsula, Filchner, 

Haag, Thurston, Marie Byrd Land, Ellsworth, and Ross. 

Continental margins are displayed with the marine magnetic and 

fracture zone information in Plates G-IA through G-ID. The bathymetry 

and location of microplates in Antarctica are shown in Plate G-2. 

Continental margins and marine magnetics for the southern oceans are 

provided in Plate G-3. 

Hotspots 

Hotspot data are obtained for the Pacific, North American, and 

Indian plates. Many of the hotspot tracks are poorly documented with 

conflicting models of rotations published for identical sets of data. 

The motion of the Pacific plate is the best-constrained. The 

Hawai i an-Emperor and Loui svill e Ri dge hotspot tracks cl earl y defi ne 

rotations about two hotspots beneath the Pacific plate which have 

remained fixed in position relative to one another for the interval 

from the present to 75 to 80 Ma. The Maastrichtian age of sediments 

draped on subducting seamounts from the Louisville Ridge, and the 
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geometry of the indentation in the Tonga Trench indicates that the 

Louisville Ridge hotspot activity began 75 to 80 Ma (Ballance and 

others, 1989). Attempts to ascribe a hotspot genesis to older island 

chai ns in the Pacifi c such as the L1 ne Is 1 ands have been equi voca 1 

(Schlanger and others, 1984). 

Several apparent hotspot tracks near the eastern margin of 

Australia were analyzed in anticipation of their possible utility for 

determination of motions between Marie Byrd Land and East Antarctica. 

These possible tracks include a curvilinear age progression in 

volcanic activity of the Eastern Highlands, Australia, and the trends 

of the Tasmantid Guyots in the Tasman Sea (Pilger, 1982). The Lord 

Howe Seamount Chain in the Tasman Sea also exhibits a distinct linear 

trend, albeit different from that of the other two. The regions of 

best-fitting small circles (and associated poles) can be found for 

curvil i near segments withi n these tracks through the techni que of 

Euler pole analysis which is described in Appendix E. 

The locations of dates from the age-progressive volcanic 

provinces in Eastern Australia are digitized (as points) from Wellman 

and McDougall (1974). The members of the two seamount chains in the 

Tasman Sea are digitized (as polygons) from bathymetric charts (GEBCO, 

1982). For the Euler pole analysis of the seamount chains, the 

centers of mass of the individual seamounts comprise the data set. In 

the case of the volcanic provinces, ages are adjusted to reflect new 

decay constants (Dalrymple, 1979), and then a 4 m.y. moving-average 

window is used to obtain the average location for the loci of 
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volcanism of a given age. These averaged points comprise the data 

set. The results of these hotspot Euler pole analyses are presented 

in Plates G-4A, B, and C, and G-5A and B. The Eastern Highlands 

Volcanics and Tasmantid Guyots are reasonably well-aligned with small 

circles about a pole at 29.5 south, 137.5 east. Based on the dating 

of the volcanics, rates of absolute motion about this pole from 32 to 

6 Ma are highly variable with a total net rotation of 101.8 degrees 

for thi s 26 m.y. peri od. Extrapo 1 ati ng to the present gi ves a tot a 1 

reconstruction pole for 32 Ma at 29.S south, 137.S east, with 125.3 

degrees of rotation. 

Because of gross differences in published poles of absolute 

motion for the Pacific plate for the last 80 m.y. (i.e., Lonsdale, 

1988, versus Engebretson and others, 1985), an Euler pole analysis was 

completed using recent data from the Louisville chain (Lonsdale, 1988; 

Watts and others, 1988) jointly with data from the Hawaiian-Emperor 

chain (Dalrymple and others, 1980, 1981; Duncan and Clague, 1984). 

The results of this analysis are presented in Plates G-5A through G-SE 

and correspond most closely with the published poles of Lonsdale 

(1988). The data set is best-fit by 4 segments defining time spans, 

0-23, 23-27, 27-43, and 43-70 Ma. The fit of age progressions about 

the four Euler poles is provided in Figure G-1. Extrapolation of age 

trends past Suiko Seamount indicate that the 43-70 Ma trend extends to 

80 Ma on the Hawaiian-Emperor Chain. 

Finite rotations describing absolute rotations based on hotspots 

are presented in Table G-1. 



Figure G-l. Age progressions and hotspot Euler poles for the Pacific 
plate based on trends and ages of the Louisville and 
Hawaiian-Emperor chains. 
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Table G-l. Finite "absolute" rotation parameters for the Pacific, 
North American and Australian plates based on hotspot 
tracks. 
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TABLE G-l 

NORTH AMERICAN PLATE 

North East Finitel 

Age Latitude Longitude Rotation Reference 
(Ma.) (degrees) (degrees) (degrees) 

21 75.1 5.1 2.5 Morgan, 1981 
40 59.4 41.6 5.9 
45 59.1 40.3 7.8 
65 59.2 52.0 13.7 
70 52.7 58.3 16.2 
80 51.0 74.7 23.5 

125 54.6 67.2 40.3 
180 57.2 25.6 70.8 
200 56.7 21.7 76.4 

10 32.6 122.1 1.0 Morgan, 1983 
20 32.3 120.5 2.1 
30 34.5 121. 6 3.3 
40 38.7 117.7 5.0 
50 45.4 113.3 8.0 
60 45.5 105.4 11. 6 
70 43.6 97.3 15.0 
80 44.9 90.1 20.1 
90 52.8 83.4 24.8 

100 57.7 74.9 30.2 
110 59.7 64.6 35.8 
120 58.1 66.1 38.4 
130 57.5 63.7 39.9 
140 57.6 58.5 43.2 
150 58.5 51.1 47.9 
160 58.6 44.6 53.9 
170 58.7 34.6 61.1 
180 58.4 27.0 68.2 
190 58.3 21.8 74.2 
200 56.6 16.1 81.1 

21 61.8 85.7 2.5 Duncan, 1984 
38 57.2 96.8 5.6 
55 60.1 94.9 10.3 
69 54.2 103.4 14.9 
80 41.7 102.8 21.4 

100 51.4 93.6 29.3 
119 46.3 91.3 32.3 
140 47.0 76.1 42.2 



North 
Age Latitude 

(Ma.) (degrees) 

TABLE G-1 (Continued) 

PACIFIC PLATE 

East 
Longitude 
(degrees) 

Finite 
Rotation Reference 
(degrees) 
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5 56.5 -75.1 4.7 Engebretson and others, 1985 
28 66.6 
43 67.4 
74 52.2 

100 48.8 
115 53.9 
135 56.1 
145 61.1 

23 72.5 
27 70.7 
43 67.4 
80 48.7 
87 49.70 
93 52.42 
96 54.54 

102 59.87 
108 62.06 
112 63.26 
120 63.11 
132 64.68 
145 67.90 

25 75.0 
43 69.9 
70.8 53.3 

Age 
(Ma.) 

32 

North 
Latitude 
(degrees) 

-29.5 

-71.0 
-70.5 
-90.7 
-81.6 
-79.8 
-77.2 
-78.8 

287.3 
289.8 
297.2 
282.2 
284.60 
282.77 
280.52 
273.72 
270.44 
268.44 
268.14 
264.90 
258.63 

300.0 
306.0 
288.1 

22.8 
33.2 
49.1 
72.1 
77 .1 
86.5 
87.3 

20.9 This work, Appendix G 
23.8 
33.8 
45.3 
54.66 This work, Appendix F 
62.54 
65.92 
70.48 
73.64 
76.61 
83.41 
88.69 
91. 89 

22.0 Lonsdale, 1981 
32.7 
41. 3 

AUSTRALIAN PLATE 

East 
Longitude 
(degrees) 

137.5 

Finite 
Rotation 
(degrees) 

125.3 

Reference 

This work 

1 Finite rotation takes plate from its present (0 Ma.) position to 
past (Age) position in coordinate frame fixed to the hot spots. 
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Paleomagnetics 

Paleomagnetic data used in this research are obtained primarily 

from published compilations. Global compilations include those of 

Besse and Courtillot (1988), Irving and Irving (1982), and Livermore 

and others (1984). Compilations of North American data include those 

of Diehl and others (1983), Globerman and Irving (1988), Hagstrum and 

others (1987), and May and Butler (1986). Compilations of Pacific 

plate data include those of Sager and Pringle (1988), Sager (1984), 

and Zonenshain and others (1987). A review of African paleomagnetic 

data are provided by Besse and Courtillot (1988). A South American 

compilation is obtained from Beck (1988). Other data are gleaned from 

recent (last 10 year) journals, especially data for North America and 

the Pacific plate. The collection of data has been placed in digital 

form. and has been copied to microfiche (Table G-2). The microfiche 

table contains references to compilations and to the original data 

sources in order to enhance its utility to other researchers. 

Quality within this data base is variable. Through the use of 

compilations and recent data sources, some of the obviously bad data 

from early paleomagnetic studies have been screened out. An effort is 

made to remove duplications and to exclude incorrect or unreliable 

data such as much of the data from Central Ameri ca. An attempt is 

made to standardize data quality statistics to reflect Fisherian 

dispersions of virtual geomagnetic poles, rather than magnetization 

directions. Ellipses were converted to circles of similar area in 

order to approximate the 95% confidence regions. The assumption is 



Table G-2. A paleomagnetic data base for the past 200 million years 
with references (table provided as microfiche). 

NOTES: 
Ages and age uncertainties are given in millions of years. Ages 
were assumed to have been already modified to reflect new decay 
constants. 

Positions and positional uncertainties are given in degrees. 

"Type" indicates the data measurement type. "P" indicates a 
paleomagnetic pole position. "L" indicates a paleolatitude. 

N.Lat and E.Long define the pole position for data type "p". and 
define the observation site for data type "L". 

Co 1 umn A provi des the radi us of the ci rc 1 e of 95% confi dence 
about the mean pole position for data type "P". Elliptical 
uncertainty regions. obtained through application of Fisher 
statistics to magnetization directions rather than Virtual 
Geomagnetic Poles (VGPs). have been approximated by circular 
regions having the same enclosed area. For the case of truly 
elliptical uncertainty regions obtained through intersections of 
paleoinclinations. column A provides the length of the semi-major 
axis. For data type "L". column A provides the 95% confidence 
region for the paleolatitude of the observation site. 

Column B provides the length of the semi-minor axis for 
elliptical uncertainty regions for data type "P". 

Column C provides the azimuth of the major axis of the 
uncertainty ell ipse for data type "p". and provides the 
paleolatitude for data type "L". 

Compilation reference numbers containing a slash refer to 
listings published in the "Geophysical Journal of the Royal 
Astronomical Society" by Irving (1960-1965). Irving and Stott 
(1963). McElhinny (1968-1972) r and McElhinny and Cowley (1977-
1980). 

Original reference citations were obtained when possible. In 
cases where original references could not be identified. entry 
numbers for these data in other compilations are provided. "OT" 
identifies entries in the Ottawa Catalogues (Hicken and others. 
1972; Irving and others. 1976). "SA" refers to summaries by 
Vilas (1981) and Valencio and others (1983). 

References cited in these notes are contained within the 
reference list of the table. 
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TABLE 'G-2 

(in pocket on back cover) 
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made that all ages obtai ned from compil ati ons have been modifi ed to 

reflect the new decay constants. 

Apparent polar wander paths (APWPs) are constructed for the 

Pacific and North American plates through paleomagnetic Euler pole 

(PEP) analysis (see Gordon and others, 1984; May and Butler, 1986; or 

Appendix E for a description of this technique). In the case of the 

Pacific plate, the PEP analysis is performed after rejecting a large 

percentage of available data as unreliable, and then using a 5 m.y. 

time average to obtain a set of averaged reference poles at 2 m.y. 

increments. The data set used is similar to that of Sager and Pringle 

(1988), and poles that they rejected were likewise excluded in this 

analysis, with the exception of the cretaceous South Pacific pole. 

Unlike Sager and Pringle, I do not include paleolatitude or skewness 

information in my analysis except when it had been converted into pole 

positions. I reject data with alpha-95 radii greater than 10 degrees 

(actually 95% confidence regions containing more than PI * A952 = 314 

square degrees of surface area), and those which do not provide 

uncertainty values. An exception to this criteria is inclusion of an 

average value for two early Cretaceous poles of Cox and Gordon (1984) 

due to the 1 ack of other data for thi s time i nterva 1. I also rej ect 

the Eocene data from Chatham Island and South Island, New Zealand 

descri bed by Gri ndl ey and others (1977) due to the low number of 

statistically independent sites for each determination, and the 

revised and enlarged alpha-95 value of 12 degrees (Gordon and Cox, 

1980, Appendix). However, the Cretaceous Chatham Island (77 Ma) pole 
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which has been cited as evidence for two Pacific plates (Gordon and 

Cox, 1980) lies very close to paleomagnetic poles of similar age from 

the Musicians seamounts, such as the 75 Ma pole from Haydn Seamount. 

Thi s pole is therefore i ncl uded in the determi nat i on of averaged 

reference poles. 

My oldest pole for the Pacific plate comes from Hildebrand and 

Parker (1987). It is based on a mean paleopole for 5 seamounts 

thought to be located on crust older than 150 million years. The 

Ryotu Seamount is included in this group although crust that it lies 

on now appears to have been formed about 133 Ma. For this reason, I 

assign an age of 144 million years to the mean paleople rather than 

150. 

Initial attempts with PEP analysis for the late Cretaceous 

porti on of the APWP were unsuccessful due to the 1 arge amount of 

scatter for data of this age. Much of the data for this time period 

comes from the Musician and South Hawaiian Seamounts. Poles from 

Cross, McCall and Brahms seamounts were rejected by Sager and Pringle 

(1988) due to their possible origination on one or more microplates, 

and it is possible that other poles had similar histories. A detailed 

tectonic evaluation of the region just north of these seamounts 

(Mammerickx and Sharman, 1988), identifies portions of the Farallon 

and a short-li ved uChi nook plate" that were incorporated into the 

Pacific plate during a major plate tectonic reorganization at about 84 

Ma. It is quite possible that this ridge reorganization extended 

further south so that some of the measured poles occur on materi a 1 
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that was originally part of another plate. These poles would have 

received additional transport to the northeast prior to their 

incorporation in the Pacific plate, as shown in Figure G-2, which may 

explain the large scatter in the data and previously-suggested rapid 

APW of the Pacific plate in a north-northeast direction from 75 to 80 

Ma. 

I perform weighted and unweighted averaging of pole locations 

using a 5 m.y. time window. Weighting is related to the size of the 

95% confidence region, and to the age difference between the pole and 

the averaged determination. As there is little difference between the 

weighted and unweighted average reference poles, I use the less

subjective, unweighted results in the PEP analysis. The set of poles 

used in determining the average reference poles is provided in Table 

G-3. The average reference poles are given in Table G-4. 

Paleomagnetic Euler pole (PEP) analysis best fit the set of 

reference poles with an APWP model hailing two "cusps" or distinct 

changes in direction as well as two abrupt rate changes since the 

early Cretaceous. Details of the analysis are provided in Plates G-7 

through G-10. The APW consi sts of three small ci rcl e segments. The 

age progressions along the older segments are poorly defined. The 

segments are described below. 

Segment 1: Beginning at 145 Ma and terminating at approximately 

81 Ma. The average early Cretaceous pole of Cox and 

Gordon (1984) provides weak evidence for a 35 m.y. 

"stillstand" from 125 to 90 Ma. Sager and Pringle 



Figure G-2. Possible scenario to explain scatter in late Cretaceous 
paleopoles of the northeast Pacific. 

a) Magnetized seamounts with "pointers" to the late 'Cretaceous 
magnetic pole are formed at or near the active ridge, and are 
incorporated into both the Pacific and Farallon plates. 

b) Seamounts on Farallon plate travel to the northeast relative to 
the Pacific plate due to seafloor spreading. 

c) A ridge jump to the northeast incorporates parts of the Farallon 
plate within the Pacific plate. The seamounts formerly of the 
Farallon plate exhibit paleopole positions displaced to the 
northeast of the true paleopole. 
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Figure G-2 



Table G-3. Paleomagnetic poles used in determining Pacific reference 
poles through averaging within a 5 m.y. time window. 

See notes and reference list of Table G-2. 



366 

TABLE G-3 (Continued) 

IDIt Age (t) N.Lat E.Long A B C Compilation Source and Reference It 
Type Description Earlier or original reference 
--------------------------------------------------------------------------------

39 44.0 0.0 78.2 16.3 5.6 0.0 0.0 zonenshain and others, 1987 13 
P Seamounts Sager, 1982a 

46 65.5 4.3 67.7 1.8 4.0 0.0 0.0 Sager and Pringle, 1988 A 
P Paumakua Seamount Sager and Pringle, 1987 

49 69.0 4.0 70.2 0.8 3.0 2.0 91.0 Sager and Pringle, 1987 
P APW from Seamounts Sager, 1987 

51 69.0 0.0 71.0 9.0 6.0 2.0 91.0 Zonenshain and others, 1987 12 
P Mixed Data Gordon, 1983 

52 71.9 1.4 68.5 345.6 4.0 0.0 0.0 Sager and Pringle, 1988 B 
P Wageman Seamount Sager and Keating, 1984 

54 74.3 4.0 68.0 8.9 4.0 0.0 0.0 Sager and Pringle, 1988 C 
P Hll Seamount Sager, 1983b 

56 75.1 1.2 69.2 357.9 4.0 0.0 0.0 Sager and Pringle, 1988 D 
P Haydn Seamount Sager and Pringle, 1987 

502 77 .0 5.0 70.4 2.2 6.2 0.0 0.0 
P Chatham Island, Southern Vole. * Grindley and others, 1977 

503 77.0 5.0 71.2 0.5 3.9 0.0 0.0 
P Chatham Island, Southern Vole. * Grindley and others, 1977 

58 78.5 3.5 56.5 -6.5 8.0 3.0 91.0 Zonenshain and others, 1987 8 
P Mixed Data Gordon and Cox, 1980 

59 78.5 0.9 68.3 14.3 4.0 0.0 0.0 Sager and Pringle, 1988 E 
P Mendelssohn Seamount, East Sager and Pringle, 1987 

60 79.5 14.5 62.4 351.2 8.0 5.0 84.0 
P Seamounts, 65-94 rna Hildebrand and Parker, 1987 

61 80.0 0.0 58.0 -10.0 5.0 0.0 0.0 Zonenshain and others, 1987 6 
P Se,amounts Harrison and others, 1975 

62 80.0 0.0 63.2 2.2 5.0 0.0 0.0 Sager and pringle, 1988 G 
P Von Valtier Seamount Sager, 1983b 
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TABLE G-3 (Continued) 

lDt 
Type 

Age (t) N.Lat 
Description 

E.Long A B C Compilation Source and Reference It 
Earlier or original reference 

63 80.0 0.0 52.0 -28.4 6.0 
P Paleoinclinations of DSDP Cores 

2.0 56.0 Zonenshain and others, 1987 24 
Cox and Gordon, 1984 

67 80.0 4.0 58.5 358.3 
P APW from Seamounts 

68 80.0 0.0 56.4 359.4 
P Erimo Seamount 

73 81.0 0.0 56.5 350.1 
P Show Seamount 

75 81.0 0.0 60.0 
P Chatauqua Seamount 

76 81.0 0.0 
P Mixed Data 

57.0 

77 81.0 0.0 49.8 
P Kona 5S Seamount 

80 82.4 1. 3 57.8 

358.7 

-4.0 

1.5 

3.1 
P Mendelssohn Seamount, West 

82 83.0 1.0 59.2 349.9 
P Schumann Seamount, West 

83 83.0 0.0 55.0 
P C6 Seamount 

84 83.0 0.0 61.6 
P Nagata Seamount 

1.8 

4.0 

85 83.0 0.0 
P Mixed Data 

59.0 -25.0 

86 84.4 0.9 47.5 
P Kapsitotwa Seamount 

87 84.4 1.5 59.2 
P Llszt Seamount 

333.5 

333.8 

94 86.4 1.2 55.6 324.6 
P Rachmaninov Seamount 

3.0 0.0 0.0 
Sager and Pringle, 1987 

5.0 0.0 0.0 Sager and Pringle, 1988 
Uyeda and Richards, 1966 

F 

5.0 0.0 0.0 Sager and Pringle, 1988 J 
Francheteau and others, 1970 

5.0 0.0 0.0 Sager and Pringle, 1988 
Schimke and Bufe, 1968 

H 

5.0 4.0 88.0 Zonenshain and others, 1987 22 
Gordon, 1983 

5.0 0.0 0.0 Sager and Pringle, 1988 I 
Francheteau and others, 1970 

5.0 0.0 

5.0 0.0 

0.0 Sager and Pringle, 1988 
Sager and Pringle, 1987 

0.0 Sager and Pringle, 1988 
Sager and Pringle, 1987 

5.0 0.0 0.0 
.~ager and Pringle, 1988 

5.0 0.0 0.0 Sager and Pringle, 1988 
Sager and others, 1982 

K 

L 

M 

N 

,: I 

9.0 7.0 64.0 ionenshain and others, 1987 7 
Cox, 1974 

6.0 0.0 

6.0 0.0 

0.0 Sager and Pringle, 1988 
Harrison and others, 1975 

0.0 Sager and Pringle, 1988 
Sager and Pringle, 1987 

P 

o 

6.0 0.0 0.0 Sager and Pringle, 1988 Q 
Harrison and others, 1975 



IDt Age 
Type 

96 87.0 

(±) N .Lat 
Description 

3.0 57.0 

E.Long 

331.6 
P APW from Seamounts 

97 87.8 5.4 56.0 342.6 
P Mahler Seamount 

100 90.0 0.0 54.0 -26.0 
P Mixed Data 

103 93.7 4.2 55.9 323.0 
P Z43 Seamount 

105 94.0 1.0 63.7 331.3 
P Makarov Seamount 

106 95.0 0.0 57.3 330.1 
P Golden Dragon Seamount 

108 100.0 0.0 56.0 -34.0 
P Seamounts 

114 121.0 23.0 53.0 -25.3 
P Paleoinclinations of DSDP 

116 144.0 0.0 54.7 292.8 
P Seamounts on crust >150 rna 
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TABLE G-3 (Continued) 

A B C 

4.0 0.0 0.0 

6.0 0.0 0.0 

7.0 6.0 57.0 

5.0 0.0 0.0 

5.0 0.0 0.0 

5.0 0.0 0.0 

8.0 0.0 0.0 

11. 3 0.0 0.0 
Cores 

11.0 7.0 64.0 

Compilation Source and Reference * 
Earlier or original reference 

Sager and Pringle, 1987 

Sager and Pringle, 1988 R 
Sagel." and Pringle, 1987 

Zonenshain and others, 1987 21 
Gordon, 1983 

T 
Sager and Pringle, 1988 

Sager and Pringle, 1988 U 
Harrison and others, 1975 

V 
Sager and Pringle, 1988 

Zonenshain and others, 1987 5 
Francheteau and others, 1970 

Zonenshain and others, 1987 18 
Cox and Gordon, 1984 

Hildebrand and Parker, 1987 



Table G-4. Pacific reference poles obtained by averaging poles listed 
in Table G-3 within a 5 m.y. time window. 
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TABLE G-4 

Window age Latitude Longitude 
(in Ma.) (north) (east) 

0.0 90.0 0.0 
2.0 86.8 26.6 
4.0 85.6 23.6 
6.0 84.1 10.2 

10.0 85.3 355.3 
12.0 85.3 355.3 
26.0 75.0 11.4 
28.0 75.0 11. 4 
38.0 77.6 7.6 
40.0 77.6 14.4 
42.0 77.9 18.8 
44.0 78.2 16.3 
46.0 78.2 16.3 
64.0 67.7 1.8 
66.0 67.7 1.8 
68.0 70.6 4.8 
70.0 70.2 358.0 
72.0 68.7 357.4 
74.0 68.B 357.6 
76.0 67.4 2.2 
78.0 62.1 354.9 
80.0 58.5 355.5 
82.0 57.5 351.4 
84.0 57.7 345.1 
86.0 55.2 333.2 
88.0 55.8 333.2 
90.0 55.1 338.2 
92.0 58.0 329.4 
94.0 59.0 327.9 
96.0 59.0 327.9 
98.0 56.0 326.0 

100.0 56.0 326.0 
102.0 56.0 326.0 
120.0 53.0 334.7 
122.0 53.0 334.7 
142.0 54.7 292.8 
144.0 54.7 292.8 
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(1988) also suggest that no distinguishable APW 

occurred in the interval from 90 to 85 Ma. 

Segment 2: Beginning at 81 Ma and terminating at 43 Ma. There 

is evidence that the average plate velocity was 3 

times faster for the i nterva 1 70 to 81 Ma than the 

i nterva 1 43 to 70 Ma. Sager and Pri ng1 e (1988) 

consider that there is no APW between 65 and 76 Ma, 

implying that ftlmost two-thirds of th~ APW indicated 

by this segment occurs in the 5 m.y. interval from 76 

to 81 Ma. The clustering and sudden shift in pole 

positions may be due to the plate reorganization 

discussed earlier. 

Segment 3: Begins at 43 Ma, continues to the present, and 

appears to be fai r1y constant in rate. Pl ates G-9B 

and G-9C show the results of using weighted averages, 

and smaller window sizes in the analysis of this 

segment. 

The APWP which results from this analysis is shown with reference 

poles, all poles, and all paleolatitudes in Plates G-llA, B, and C 

respectively. Synthetic APWPs are created using published models of 

hotspot motion in the Pacific. These APWPs are compared with the 

"reference" APWP in Plate G-12A. Plate G-12B shows comparisons of the 

synthetic hotspot APWPs with an alternate model of the reference APWP 

in which there is constant motion along all PEP segments. The trend 

of the reference APWP very closely matches that of the hotspot track 
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of Lonsdale (1988). Age progression along the constant-rate reference 

APWP matches that of the hotspot model of Engebretson and others 

(1985), while age progression of the variable rate APWP model more 

closely matches the hotspot model of Lonsdale. The close match in 

trend between the APWP and hotspot tracks, as well as the opposing 

models of motion for the spin axis versus the mantle source which are 

possible within the limits of the data uncertainties, indicate that 

the hypothesis of true polar wander is unjustified. This supports 

earlier work of Suarez and Molnar (1980) who reached a similar 

conclusion through study of the facies distributions of sediments in 

the Pacific. 

The North Ameri can APWP was determi ned by PEP ana lys is of a 

select set of reference poles. Poles are chosen as follows. Poles 

deemed acceptable by May and Butler (1986) are used for the Mesozoic 

portion of the polar wander path. The sole exception is the 

replacement of the Cretaceous average pole of Mankinen (1978), by the 
... 

more recent mi d-Cretaceous reference. po 1 e of Globerman and Irvi ng 

(1988). Paleocene and Eocene refererce poles are those of Diehl and 
I ~ I 

others (1983) and Gordon (1984). Reference poles are obtained for the 

Oligocene from Diehl and others (1988), and for the Miocene from 

Hagstrum and others (1987). Informati on on thi s set of reference 

poles is provided in Table G-5. 

Pa 1 eomagneti c Eul er pole (PEP) ana lysi s best fit the set of 

reference poles through a model with four IICUSpSIl or distinct changes 



Table G-S. North America reference poles described in text. 

See notes and reference list of Table G-2. 
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TABLE G-5 

IDlI Age (±) N.Lat E.Long A B C Compilation Source and Reference * 
Type Description Earlier or original reference 
--------------------------------------------------------------------------------

0 0.0 0.0 90.0 0.0 0.0 0.0 0.0 
L Spin Axis 

152 25.0 5.0 82.0 146.9 2.9 0.0 0.0 
P Reference Pole for 20-30 rna, N & R Diehl and others, 1988 

162 35.0 5.0 80.5 149.4 4.2 0.0 0.0 
P Reference Pole for 30-40 rna, N & R Diehl and others, 1988 

172 49.0 5.0 82.8 170.4 3.0 0.0 0.0 
P M.-E. Eocene Reference Pole Diehl and others, 1983; 1988 

180 61.0 6.0 81.5 192.6 3.2 0.0 0.0 
P Paleocene Reference Pole Diehl and others, 1983 

182 61.0 6.0 78.7 185.1 4.9 0.0 0.0 
p Combined data from 67-55 rna Gordon, 1984 

195 97.5 0.0 71.0 196.0 4.9 0.0 0.0 2 
p Mid-Cretaceous Reference Pole Globerman and Irving, 1988 

206 145.0 0.0 67.6 161. 9 3.9 0.0 0.0 May and Butler, 1986 UM 
p Upper Morrison Formation Steiner and Helsley, 1975 

208 149.0 0.0 61.4 142.3 4.2 0.0 0.0 May and Butler, 1986 LM 
p Lower Morrison Formation Steiner and Helsley, 1975 

210 151.0 2.0 62.7 131. 5 6.3 0.0 0.0 May and Butler, 1986 G 
P Glance Conglomerate Kluth and others, 1982 

216 172 .0 5.8 61.8 116.0 6.2 0.0 0.0 May and Butler, 1986 cc 
P Corral Canyon Rocks May and others, 1986 

217 179.0 3.0 65.3 103.2 1.4 0.0 0.0 May and Butler, 1986 NTII 
p Newark Trend, Group II Smith and Noltimier, 1979 

221 195.0 4.0 63.0 83.2 2.3 0.0 0.0 May and Butler, 1986 NTI 
P Newark Trend, Group I Smith and Noltimier, 1979 



373 

TABLE G-5 (Continued) 

IDII Age (±) N.Lat E.Long A B C compilation Source and Reference /I 
Type Description Earlier or original reference 
--------------------------------------------------------------------------------
227 197.0 3.0 62.1 70.2 6.3 0.0 0.0 May and Butler, 1986 K 

P Kayenta Formation Steiner and Helsley, 1975 

231 203.0 3.0 59.0 63.0 8.0 0.0 0.0 May and Butler, 1986 W 
P Wingate Formation Reeve, 1975 

236 215.0 5.0 58.8 89.9 5.8 0.0 0.0 May and Butler, 1986 MI 
P Manicouagan Structure Robertson, 1967 

237 225.0 5.0 57.7 79.1 7.0 0.0 0.0 May and Butler, 1986 C 
P Chinle Formation Reeve and Helsley, 1972 

239 239.5 8.5 57.0 100.3 5.3 0.0 0.0 May and Butler, 1986 M 
P Moenkopi Formation Baag and Helsley, 1974 

240 245.5 2.5 46.6 113.5 1.9 0.0 0.0 May and Butler, 1986 RP 
P Red Peak Formation Shive and others, 1984 

241 245.5 2.5 45.4 115.3 4.1 0.0 0.0 May and Butler, 1986 RP 
P Red Peak Formation Herrero-Brevera and 

Helsley, 1983 

242 245.5 2.5 52.0 107.0 3.0 0.0 0.0 May and Butler, 1986 SB 
P State Bridge Formation Christensen, 1974 
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in direction for the apparent polar wander path since the early 

Triassic. Details of the analysis are provide in Plates G-13 through 

G-18. Clustering of paleomagnetic data for ages of 130 to 80 Ma about 

a single reference pole reflects a period of no APW, or no latitudinal 

movement (relative to the spin axis) for North America. The post

Paleozoic APWP is therefore modeled by six segments, 5 segments 

terminated by cusps, and a "stillstand" at one of the cusps. The 

segments are defined as follows. 

Segment 1: Beginning in the late Paleozoic and terminating at 

the Wingate pole or Jl cusp of May and Butler (1986) 

at 203 Ma. 

Segment 2: JI-J2 track of May and Butler (1986), beginning at 

the Jl cusp and terminating at the Lower Morrison 

pole of the J2 cusp at 149 Ma. 

Segment 3: Beginning at the J2 cusp and terminating at the 

Cretaceous reference pole of Globerman and Irving 

(1988) sometime in the Valanginian (assumed to 

termi nate at a "compromi se" age of 133 Ma) • 

Including the Monteregian Hills pole (120-132 Ma) in 

the PEP analysis did not significantly alter the 

results (compare Plates G-15A and B). 

Segment 4: "Stillstand" with little or no latitudinal 

displacement but possible rotation about the spin 



axis, from approximately 133 to 80 Ma. 
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Pol e is 

assumed to remain in vicinity of mid-CretaCE!OUS 

reference pole. 

Segment 5: Beginning with a cusp at the close of the 

"stillstand" and ending with a cusp in mid-Eocene. 

The last control point for this segment is the early, 

mid-Eocene (49 Ma) pol e of Oi ehl and others (1983, 

1988). The mid-Eocene cusp is defined by the 

intersection of this segment, and the post Eocene 

trend. An alternative model in which the young end 

of this segment is constrained by the early-Oligocene 

pole (35 Ma), is provided in Plate G-16B. 

Segment 6: Beginning at the mid-Eocene cusp and passing through 

the present-day spin axis. The mid-Miocene pole was 

eventua lly dropped from the PEP ana lysi s for thi s 

segment as it was u.~d.uly emphasi zi ng curvature on 

this short segment. 

The APWP which resulted f~om!, this analysis is shown with 

reference poles and with the entire data set in Plates G-19A and B 

respectively. Synthetic APWPs are created using publ i shed model s of 

hotspot motion in the North Atlantic. These APWPs are compared with 

the "reference" APWP in Plate G-20. While there is a "sometimes" 

match in trends and ages along the respective APWPs, the most striking 

aspect of thi s compari son is thei r differences. The trend of the 

early portion of the Morgan (1981) track matches the trend of 
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segment 6, but the rate is only two-thirds as fast. Trends in the 

track of Duncan (1984) most closely match the reference APWP during 

the Paleogene - Cretaceous (segments 3 and 5), with evidence for a 

"slowdown" in absolute motion for the period 80-120 Ma, and rapid 

northward motion for North America in the early Cretaceous. As in the 

case of the Morgan tracks, rates (except during the segment 4 

"stillstand") are less. Cusps on the APWPs derived from hotspot 

tracks are much more subdued indicating more gradual changes in 

directions of absolute motion. Differences between the various models 

of hotspot motion attest to the fact that they are poorly constrained 

in both age and azimuth. Paleomagnetics appears to provide a better 

absolute motion model for North America, except for the interval of 

the stillstand. The hotspot studies are not consistent enough to 

justify development of models of true polar wander or mantle roll. 

Relative Rotations between Plates Bordering the Atlantic 
and Indian Oceans since the Breakup of Pangea 

Rotations defining the relative motions of the major plates since 

the breakup of Pangea are obtained from published literature. I 

attempt to rely on the most-recent models of plate interactions. 

Where there are conflicting interpretations of similar data sets, I 

test both models to evaluate the significance of the differences in 

terms of the global plate model. I use the current motion rotation 

pole of Demets and others (1989) to define recent reconstruction 

poles. The set of total reconstruction poles is given in Table G-6. 



Table G-6. Reconstruction Poles for plates of the Atlantic, 
Indian, and southwest Pacific Oceans. 

Forward stage pole identifies rotation from the time of the 
listed chron, to the next younger chron (or present). 
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TABLE G-6 

Fixed plate: NOR'l'H AMERICA 
Rotated plate: AFRICA 

Total Reconstruction Pole Forward Stage Pole 
North East North East 

Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
5.0 5.00 78.80 38.30 -1.25 1 78.80 38.30 1.25 
5c 9.67 79.08 77.95 -2.41 2 -74.63 -72.63 -1.18 
6c 19.90 79.57 37.84 -5.29 2 -76.81 -168.74 -2.92 
13c 35.58 76.41 7.12 -9.81 2 -70.57 167.14 -4.61 
21c 49.55 74.51 -4.83 -15.32 2 -70.60 158.74 -5.56 
25c 58.94 80.60 -0.50 -18.07 2 -68.62 -28.29 -3.28 
30e 67.58 82.51 -0.63 -20.96 2 -85.51 -26.87 -2.96 
32e 72.46 81. 35 -9.15 -22.07 2 -66.31 134.06 -2.01 
33y 74.30 80.76 -11. 76 -23.91 2 -67.30 139.33 -1.08 
330 80.17 78.30 -18.35 -27.06 2 -60.18 138.12 -3.37 
34y 84.00 76.55 -20.73 -29.60 2 -59.16 141.18 -2.69 
91.0 91.00 73.82 -19.48 -3L28 2 -57.39 154.68 -4.92 
MOe 118.35 66.30 -19.90 -54.25 2 -54.91 150.00 -20.72 
M4e 125.91 66.13 -19.00 -56.39 2 -57.84 171. 79 -2.17 
M10Ne 131. 51 65.95 -18.50 -57.40 2 -52.25 169.21 -1.04 
M16c 141.53 66.10 -18.40 -59.79 2 -68.48 168.51 -2.39 
M21c 149.65 66.50 -18.10 -61. 92 2 -72.05 -170.61 -2.17 
M25c 156.42 67.15 -16.00 -64.70 2 -60.58 -148.80 -2.99 
170.0 170.00 67.02 -13.17 -72 .10 2 -60.00 179.98 -7.50 
175.0 175.00 66.95 -12.02 -75.55 2 -59.91 179.99 -3.49 
200.0 200.00 66.90 -11.40 -77.50 3 -59.56 179.71 -1.97 
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TABLE G-6 (Cont inuedl 

Fixed plate: AFRICA 
Rotated plate: SOUTH AMERICA 

Total Reconstruction Pole Forward Stage Pole 
North East North East 

Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
0.5 0.50 62.50 -39.40 0.16 1 62.50 -39.40 -0.16 

J 0.94 60.00 -39.00 0.29 4 56.93 -38.57 -0.13 
2y 1. 66 60.00 -39.00 0.51 4 60.00 -39.00 -0.22 

2Ay 2.47 60.00 -39.00 0.77 4 60.00 -39.00 -0.26 
3y 3.88 60.00 -39.00 1.21 4 60.00 -39.00 -0.44 

3Ay 5.35 60.00 -39.00 1. 78 4 60.00 -39.00 -0.57 

4y 6.70 60.00 -39.00 2.27 4 60.00 -39.00 -0.49 
4Ay 7.90 60.00 -39.00 2.76 4 60.00 -39.00 -0.49 

5y 8.92 60.00 -39.00 3.15 4 60.00 -39.00 -0.39 

5Ay 11.55 59.50 -38.00 4.05 4 57.76 -34.61 -0.90 
5By 14.87 59.50 -38.00 5.25 4 59.50 -38.00 -1.20 
5Cy 16.22 59.50 -38.00 5.75 4 59.50 -38.00 -0.50 
50y 17.57 59.50 -38.00 6.30 4 59.50 -38.00 -0.55 

5Ey 18.56 59.50 -38.00 6.70 4 59.50 -38.00 -0.40 

6y 19.35 59.50 -38.00 7.05 4 59.50 -38.00 -0.35 

6Ay 20.88 59.50 -36.50 7.60 4 58.66 -17.73 -0.56 

6By 22.57 59.50 -36.50 8.45 4 59.50 -36.50 -0.85 

6Cy 23.27 59.50 -36.50 8.80 4 59.50 -36.50 -0.35 

7y 25.50 59.00 -36.00 9.50 4 52.86 -29.91 -0.71 

8y 26.86 59.00 -36.00 10.00 4 59.00 -36.00 -0.50 

9y 28.15 58.00 -35.00 10.55 4 40.45 -21.32 -0.59 

lOy 29.73 57.00 -35.00 11.05 4 36.93 -32.62 -0.53 

11y 31.23 57.00 -35.00 11.60 4 57.00 -35.00 -0.55 

12y 32.46 57.50 -35.00 12.15 4 67.82 -37.90 -0.56 

13y 35.29 57.50 -34.00 13.38 4 57.69 -24.14 -1.24 

15y 37.24 57.00 -33.50 14.10 4 48.11 -24.51 -0.73 

16y 38.10 57.00 -33.50 14 .40 4 57.00 -33.50 -0.30 

17y 39.53 57.00 -33.00 15.05 4 57.28 -21.95 -0.65 

18y 41. 29 57.50 -32.50 15.80 4 67.67 -22.06 -0.77 

19y 43.60 58.00 -32.00 17.00 4 64.84 -26.12 -1.21 

20y 44.66 57.50 -32.00 17.60 4 43.79 -29.10 -0.62 

21y 48.75 58.50 -31.50 19.07 4 70.54 -28.02 -1.51 

22y 51.95 59.00 -31.50 20.10 4 67.94 -35.73 -1.04 

23y 53.88 60.00 -32.00 20.75 <1 77 .82 -105.91 -0.75 

24y 55.14 60.00 -32.00 21.20 I} 60.00 -32.00 -0.45 

25y 58.64 61.00 -32.00 22.30 4 78.57 -49.99 -1.16 

26y 60.21 61. 50 -32.50 22.70 4 72.56 -104.88 -0.45 
27y 63.03 62.50 -33.00 23.55 4 78.66 -100.97 -0.94 
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TABLE G-6 (Continued) 

Fixed plate: AFRICA 
Rotated plate: SOUTH AMERICA 

Total Reconstruction Pole Forward Stage Pole 
North East North East 

Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
28y 64.29 63.00 -33.30 24.00 4 77.87 -102.32 -0.50 
29y 65.50 63.00 -33.30 24.30 4 63.00 -33.30 -0.30 
30y 66.74 63.00 -33.30 24.70 4 63.00 -33,.30 -0.40 
31y 68.52 63.00 -33.50 25.40 4 62.14 -40.14 -0.70 
32y 71.37 63.00 -33.50 26.60 4 63.00 -33.50 -1.20 
33y 74.30 63.00 -33.50 27.90 4 63.00 -33.50 -1.30 
330 80.17 63.00 -34.00 31.00 4 62.39 -38.20 -3.10 
34y 84.00 61. 75 -34.00 33.50 4 47.26 -27.72 -2.59 
93.0 93.00 59.77 -36.63 41.05 5 49.74 -39.71 -7.70 
113.0 113.00 55.10 -35.70 50.90 6 38.70 -23.69 -10.50 
M12 135.15 47.00 -33.80 58.00 7 9.36 -9.46 -10.31 
200.0 200.00 47.00 -33.80 58.00 8 90.00 0.00 0.00 
5.0 5.00 62.40 135.80 -1.10 1 62.40 135.80 1.10 
5c 9.67 68.00 137.00 -2.50 9 -72.35 -41. 26 -1. 41 
6c 19.90 68.00 138.20 -4.75 9 -67.97 -40.47 -2.25 
13c 35.58 68.00 129.90 -7.78 9 -67.50 -62.85 -3.05 
21c 49.55 67.12 137.28 -10.94 9 -63.20 -28.30 -3.20 
24c 55.64 62.28 140.37 -12.68 9 -34.22 -35.34 -2.02 
25c 58.94 63.25 143.89 -14 .15 9 -64.97 0.14 -1. 53 
30c 67.58 69.82 145.61 -17.10 9 -79.98 100.07 -3.45 
31c 68.96 70.66 145.91 -17.59 9 -80.11 99.59 -0.55 
33c 77 .24 74.52 147.69 -20.30 9 -79.98 100.13 -3.00 
34c 101.00 76.23 148.80 -21.83 9 -80.02 99.81 -1.66 
95.0 95.00 78.00 150.27 -23.70 9' -80.00 100.07 -2.00 
105.0 105.00 79.50 151. 92 -25.59 .. 9 -80.04 99.73 -2.00 
140.0 140.00 83.40 151. 90 -32.60 '3 -82.38 121.84 -7.27 
200.0 200.00 83.40 151. 90 -32.60 8 90.00 0.00 0.00 

" 
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TABLE G-6 (Continued) 

Fixed plate: AFRICA 
Rotated plate: EAST AN'l'ARCTICA 

Total Reconstruction Pole Forward Stage Pole 
North East North East 

Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
5.21 5.21 5.60 -39.20 0.67 1 5.60 -39.20 -0.67 
50 10.42 11. 72 -43.84 1.55 10 16.22 -47.52 -0.89 
60 19.90 11. 72 -43.84 2.79 10 11.72 -43.84 -1.24 
13c 35.58 8.57 -39.59 5.58 10 5.60 -35.29 -2.81 
200 45.42 8.86 -41.12 7.61 10 9.34 -45.36 -2.04 
200 46.17 11.40 -43.70 7.81 11 41. 75 -111. 22 -0.52 
210 50.34 10.30 -42.90 8.77 11 1.93 -35.98 -0.98 
240 56.14 6.70 -40.60 9.97 11 -15.59 -23.50 -1.39 
260 60.75 3.80 -39.70 10.63 11 -31.07 -23.76 -0.86 
28y 64.29 0.60 -39.20 11.32 11 -38.19 -27.29 -0.93 
290 66.17 -0.40 -39.40 11.59 11 -36.71 -43.49 -0.34 
31y 68.52 1.10 -41.60 11. 84 11 25.79 -103.04 -0.60 
320 73.55 -1.80 -41.40 13.47 11 -21. 45 -37.49 -1.75 
330 80.17 -4.70 -39.70 16.04 11 -17.78 -28.77 -2.71 
34y 84.00 -2.00 -39.20 17.85 11 20.72 -38.57 -1. 98 
93.0 93.00 10.37 -45.20 26.56 5 28.74 -62.77 -10.13 
105.0 105.00 -8.43 -26.42 42.56 5 -19.59 4.99 -22.08 
M2 122.64 -7.22 -28.14 43.82 5 5.54 -76.29 -1.99 
M10 130.01 -6.80 -29.27 46.17 5 -7.24 -50.18 -2.52 
M15 139.29 -10.20 -27.80 49.40 12 -34.55 8.61 -4.40 
M21 149.65 -1.67 -35.99 53.43 5 16.95 -97.33 -10.97 
175.0 175.00 -2.40 -32.70 55.40 13 11.19 21. 83 -3.66 
200.0 200.00 -2.40 -32.70 55.40 8 90.00 0.00 0.00 
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TABLE G-6 (Continued) 

Fixed plate: EAST ANTARCTICA 
Rotated plate: INDIA 

Total Reconstruction Pole Forward Stage Pole 
North East North East 

Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
0.17 0.17 13.20 3B.20 -0.12 1 13.20 3B.20 0.12 
10 0.73 13.40 40.00 -0.4B 16 -13.46 -139.40 -0.36 
20 1. BB 14.00 3B.30 -1.27 16 -14.37 -142.73 -0.79 
20 1. BB 16.30 35.20 -2.12 16 -19.71 -149.47 -0. B6 
3y 3.BB 15.70 35.40 -2.49 16 -12.24 -143.55 -0.37 
30 4.77 12.40 37.50 -3.31 16 -2.35 -136.BO -0.B4 
3Ac 5.62 11. 70 3B.00 -3.93 16 -7.B7 -139.51 -0.62 
3Bc 6.44 12.40 37.50 -4.4B 16 -17.4B -145.94 -0.55 
40 7.41 13.50 36.BO -4.90 16 -25.14 -150.49 -0.43 
4Ac B.20 14.00 36.50 -5.43 16 -lB.71 -146.10 -0.53 
50 10.42 16.00 34.BO -6.49 16 -26.24 -153.72 -1.09 
5'c 11. 06 16.10 34.70 -6.77 16 -lB.53 -147.50 -0.2B 
5Ao 12.12 16.30 34.50 -7.30 16 -lB.9B -147.91 -0.53 
5Bo 15.27 16.60 33.BO -B.90 16 -lB.17 -149.30 -1.60 
5Cc 16.60 16.70 33.40 -9.68 16 -lB.15 -151. 07 -0.7B 
500 1B .14 16.BO 33.00 -10.40 16 -lB.52 -152.26 -0.72 
5Eo 19.09 16.BO 32.60 -11.02 16 -17.30 -154.06 -0.62 
60 20.45 16. BO 32.20 -11.74 16 -17.30 -153.BB -0.72 
B 27.30 16.20 30,'60 -15.65 14 -14.97 -154.35 -3.93 
13 35.5B 17.00 30.50 -19.62 14 -20.16 -149.33 -3.9B 
IB 42.01 19.20 27.40 -22.BB 14 -33.73 -169.29 -3.53 
20 45.42 16.40 2B.BO -25.41 14 B.66 -145.75 -2.B4 
21 49.55 12.BO 28.50 -2B.67 14 11.50 -159.73 -3.67 
22 52.2B 14.50 24.60 -29.56 14 -40.66 135.41 -2.27 
23 54.29 13.40 23.30 -32.17 14 -5.30 -173.05 -2.76 
24 55.64 12.80 21. 90 -34.4B 14 -9.B3 -177. B5 -2.46 
25 5B.94 12.40 19.30 -37.52 14 -15.31 172.30 -3.43 
26 60.48 12.40 17.50 -39.45 14 -20.47 167.15 -2.25 
27 63.2B 10.10 18.00 -43.40 14 11.34 -165.65 -4.29 
2B 64.71 11.10 15.40 -44.24 14 -43.B9 127.53 -2.21 
29 65.83 11.20 13.00 -47.44 14 -22.12 165.15 -3.69 
31 6B.96 9.40 13.70 -51.59 14 10.91 -16B.04 -4.45 
32 72.46 9.80 10.60 -55.31 14 -27.68 158.20 -4.64 

34 101.00 7.30 9.30 -64.7B 17 0.60 176.13 -9.8B 

96.0 96.00 5.B7 7.06 -77.70 IB -7.02 174.69 -13.2B 
MO llB.35 -0.75 13.90 -B5.B5 1B 53.91 -162.18 -14.86 

MIl 133.01 -4.51 17.53 -91. 92 1B 52.94 -164.B3 -9.50 
160.0 160.00 -4.22 17.14 -92.45 18 -47.93 -171. 23 -0.8B 
200.0 200.00 -4.22 17.14 -92.45 B 90.00 0.00 0.00 
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TABLE G-6 (Cont in \:ed) 

Fixed plate: EAST ANTARCTICA 
Rotated plate: AUSTRALIA 

Total Reconstruction Pole Forward Stage Pole 
North East North East 

Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 
--------------------------------------------------------------------------------
4.8 4.80 13.20 38.20 -3.26 1 13.20 38.20 3.26 
5 9.67 8.70 35.56 -6.65 19 -4.54 -147.15 -3.42 
6 19.90 8.95 32.07 -11. 90 19 -9.67 -152.29 -5.28 
8 27.30 14.25 33.25 -16.00 20 -28.34 -140.81 -4.30 
12 32.68 12.50 34.40 -18.90 20 -2.13 -141. 23 -2.97 
13 35.58 11.68 31.81 -20.46 19 -6.39 -177.03 -1.81 
18 42.01 11. 47 31. 03 -23.58 19 -11.10 -154.21 -3.13 
20y 44.66 13.00 31.50 -24.10 18 -53.61 -109.37 -0.84 
21y 48.75 13.00 31.50 -24.90 18 -13.00 -148.50 -0.80 
28y 64.29 9.66 33.13 -25.57 18 53.87 -127.11 -1.75 
34y 84.00 4.48 35.60 -26.90 18 53.87 -126.99 -2.92 
96.0 96.00 1.50 37.00 -27.85 18 53.95 -126.96 -1.82 
MO 118.35 4.78 36.21 -29.14 18 -55.30 -142.40 -2.10 
M11 133.01 6.89 35.70 -30.09 18 -55.24 -142.34 -1. 46 
160.0 160.00 8.26 35.37 -30.75 18 -55.77 -142.11 -0.99 
200.0 200.00 8.26 35.37 -30.75 8 90.00 0.00 0.00 



383 

TABLE G-6 (Continued) 

Fixed plate: SPIN AXIS - N.A. APW 
Rotatod plate: NORTH AMERICA 

Total Reconstruction Pole Forward Stage Pole 
North East North East 

Chron Age Latitude Longitude Rotation Reference I Latitude Longitude Rotation 

40.0 40.00 72.70 223.90 -21.30 
80.0 80.00 54.29 119.42 
132.5 132.50 54.29 119.42 
149.1 149.10 52.74 71.49 
203.0 203.00 63.33 6.66 
245.5 245.50 61.16 66.11 

Source of rotation data: 

1 DeMets and others (in press) 
2 Klitgord and Schouten (1986) 
3 Dunbar and Sawyer (1989) 
4 Cande and others (1988) 
5 Martin and Hartnady (1986) 

32.95 
32.95 
48.72 
73.01 
95.52 

6 Rabinowitz and LaBrecque (1979) 
7 Vink (1982) 
8 This work 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Srivastava and Tapscott (1986) 
Molnar and others (1988) 
Royer and others (1988) 
Besse and Courtillot (1988) 
Norton and Sclater (1979) 
Patriat and Segoufin (1988) 
Segoufin and Patriat (1981) 
Royer and Schlich (1988) 
Patriat (1983) 
Powell and others (1988) 
Stock and Molnar (1982) 
Weissel and others (1977) 
Duncan (1984) 

8 
8 
8 
8 
8 
8 

72.70 
71. 09 
90.00 
20.34 
26.85 
43.35 

223.90 
127.16 

0.00 
44.55 

-21. 76 
145.79 

21. 30 
-50.60 

0.00 
-24.70 
-41. 51 
-42.00 
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North America - Africa 

The breakup of Pangea began about 175 Ma with the separation of 

Laurasia from Gondwana. The early spreading system extended from the 

Central Atlantic, through the Gulf of Mexico region, and into the 

Pacific basin (i.e., Pindell and Dewey, 1982). Unequivocal documenta

tion of the relative motions between these two supercontinents remains 

present only in the Central Atlantic. A recent study of the Central 

Atlantic by Klitgord and Schouten (1986) provides reconstruction poles 

at about 8 m.y. intervals, with the exception of a 27 m.y. interval 

during the Cretaceous normal superchron in which progressive motions 

could not be deciphered. The total reconstruction pole to recreate 

the pre-rift positions of Laurasia and Gondwana is obtained from 

Dunbar and Sawyer (1989) and accounts for extension within continental 

lithosphere prior to the onset of seafloor spreading. The age for the 

onset on this extension was arbitrarily chosen as 200 Ma. 

North America - Eurasia 

Seafloor spreading in the North Atlantic post-dates that of the 

Central Atlantic by about 70 m.y., beginning sometime between 110 and 
!' 

105 Ma. Two models are presented which have significant differences. 

Srivastava and Tapscott (1986) present a model based mainly on 

analysis of marine magnetic anomalies and fracture zones. Rowley and 

Lottes (1988) present a model obtained through interactive computer 

graphic modeling which incorporates geological constraints. They 

argue that other models imply contractional deformation in the circum

Arctic shelf for which they see no evidence. They review other models 
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and present a model that also includes pre-110 Ma deformation. The 

total reconstruction pole of Dunbar and Sawyer (1989) is included as 

part of both models. Pre-rift, lithospheric thinning is extensive in 

the North Atlantic region. 

Africa - South America 

Seafloor spreading in the South Atlantic post-dates that of the 

Central Atlantic by about 40 m.y., beginning at the time of anomalies 

Mll-MI2 (133-135 Ma). Spreading propagated northward in a manner 

described by Courtillot (1982) and Vink (1982). This rift propagation 

requires continental extension at the front of the migrating apex of 

the rift. The amount of rotation between the two plates which takes 

place as continental thinning rather than rifting causes an overlap of 

continental material in any total reconstruction. In order to remove 

this overlap and to account for the broadscale pattern o~ the Central 

and Western African rift system, attempts have been made to define a 

rotation between northwest Africa-northern South America and 

southeastern Africa. Pindell and Dewey (1982) suggest a pole at 19 

degrees north, 2 degrees east, with about 8 degrees of rotation. 

Fairhead (1988) suggests a pole position further to the northwest at 

27 degrees north, 18 degrees west. An alternative model is presented 

by Unternehr and others (1988) who suggest intraplate deformation 

within South America about a pole at 1 degree north, 8 degrees west, 

with 8 degrees of clockwise rotation of southern South America 

relative to northern South America-northwest Africa. The model is 

attractive in that it helps explain the clockwise rotation of 
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Cretaceous paleomagnetic poles from the southern Andes (see Beck, 1987 

for an alternative explanation), and does not require compression 

within east Africa. Continental separation in the equatorial Atlantic 

began in early Aptian times (anomaly MO) and significant internal 

deformation in Africa ceased by Campanian (anomaly 34) times (Pindell 

and others, 1988). 

It is difficult to model the non-oceanic extension for this 

period of the spreading history in the South Atlantic. The 

alternative models are schematically shown in Figure G-3. The easiest 

approach is to assume only internal deformation within the African and 

South American plates so that additional plate boundaries need not be 

introduced. The western edge of South America and the northern-eastern 

edge of Africa can therefore be treated as rigid plates within the 

global plate system (Figure G-3c). Deformation, mostly as 

lithospheric thinning and extension, will appear as overlap within a 

pre-rift reconstruction. As a consequence I start with the total 

reconstruction pole of Vink (1982), which contains an additional 150 

km of overlap (extension) over the model of Martin and others (1981), 

and which is very similar to the pole of Rabinowitz and LaBreque 

(1979) • 

Reconstruction parameters are available for two times within the 

long i nterva 1 of normal pol a rity from 118 to 84 Ma. Rabi nowitz and 

LaBreque provide a reconstruction pole for the Albian/Aptian boundary 

at about 113 Ma and Martin and Hartnady (1986) provide a pole at 

93 Ma. In spite of the few constraints on the timing of relative 



Figure G-3. Rotation models for quantification of intraplate 
deformation due to a propagating rift during the early 
opening of the South Atlantic. 

The circles identify stage pole positions for the various models. 

a) Africa is treated as two plates. Note that compression is 
implied in the region of northeast Africa if the pole of relative 
rotation is located close to northwest Africa (P - model of 
Pindell and Dewey, 1982), while complete closure without overlap 
cannot be attained if the pole of relative rotation is moved 
further northward (Pi - model of Fairhead, 1988). 

b) South America is treated as two plates. The boundary within 
South America would exhibit right lateral movement, possibly 
within the region of the Parana basin (Unternehr and others, 
1988). 

This model could help explain possible oroclinal bending of the 
southern Andes and the clockwise rotation of paleomagnetic data 
from southern South America. 

c) Africa and South America are treated as single plates with 
internal deformation (cross-hatched area) balanced by overlap 
(darkened area) in the pre-rift reconstruction. The western 
margin of South America and the northern-eastern margin of Africa 
behave rigidly so that additional plates/rotations are not 
required in global plate reconstructions. 
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b) 

AFRICA 

Figure G-3 
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rotations between Africa and South America, spreading directions 

appear to have remained relatively stable. Trends of the Falkland and 

Agulhas fracture zones to the south, and the equatorial fracture zones 

to the north, continue through the Cretaceous quiet zone in a regular 

manner. Plate rotations from anomaly 34 to present are well-

documented by Cande and others (1988) at an average time interval of 

about 2 m.y. 

Africa - East Antarctica 

The i niti ati on of spreadi ng between Afri ca and East Antarcti ca 

(including Madagascar) began sometime prior to anomaly M22 and is 

documented in the Somali and Mozambique basins. For my model I use 

the initial fit of Norton and Sclater (1979). An approximate age of 

175 Ma is chosen for initiation of seafloor spreading based on the age 

progression of the observed anomalies. It is quite possible that 

there was an earl ier period of continental extension as has been 

documented by Dunbar and Sawyer (1989)"and Powell and others (1988), 
" 

for other margi ns acti ve duri ng th-e breakup of Pangea. I have not 

included this in my model for lack qf firm data, so that my earliest 
!: 1 

reconstructions may refl ect strain which can cause apparent overl ap 

along other boundaries. 

Data documenting rotations older than anomaly 34 are sparse and 

as a consequence, reconstruction parameters are available at only 12 

m.y. intervals. I rely mostly on the model of Martin and Hartnady 

(1986) in which Madagascar becoming part of the African plate at 

105 Ma. For more-recent times there is a fairly complete set of 
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rotation parameters. Molnar and others (1988) provide reconstruction 

parameters with uncertainties for selected times. Royer, Patriat, and 

others (1988) provide more closely-spaced poles, especially for the 

interval from anomaly 34 to anomaly 20. Due to differences between 

the 2 data sets, I felt it inappropriate to interleave rotations from 

the composite set. As a consequence, I used rotations of Royer and 

others for the interval from anomaly 34 (young end) to anomaly 20 (old 

end), and used the rotations of Molnar and others for the interval 

from anomaly 20 (center) to anomaly 5 (old end). A reconstruction 

pole at 5.21 Ma is obtained by extrapolating present'day rotations 

defined by DeMets and others (in press). 

Africa - India 

The plate motion history between India and Africa can be obtained 

from the circuit: Africa-East Antarctica-India. For chron MO and 

older, India is considered as part of a stable plate with Madagascar, 

East Antarctica, and Australia (Besse and Courtillot, 1988), although 

this model is inconsistent with the presence of anomalies as old as M7 

in the Perth basin off southwest Australia. Record of motions between 

Africa and a distinct Indian plate are preserved only in the Mascarene 

and Arabian basins, and only reflect motion back until anomaly 34. 

Pl ate rotation parameters based on magneti c anomali es within these 

basins are available from Patriat and Segoufin (1988) and Segoufin and 

Patriat (1981). Molnar and others (1988) provide uncertainties for 

selected reconstructions between these two plates. 
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I do not use these rotations in my plate circuit as I feel the 

data quality is better for rotations between East Antarctica and the 

African and Indian plates. These data however, can provide informa

tion on the goodness of closure for my plate reconstructions. Visual 

comparisons between the Africa-India and Africa-East Antarctica-India 

circuit are provided by Patriat and Segoufin (1988). 

East Antarctica - India 

The relative motion history between East Antarctica and India is 

not required in order to link the American and Pacific plate motions. 

Nonetheless, knowledge of the displacement history of the Indian plate 

can be important to reconstructions of the Pacific plate. For 

example, the collision between the Indian and Eurasian continents 

probably caused a shift in the direction of absolute motion for the 

Pacific plate (Patriat and Achache, 1984). And, the Reunion hotspot, 

tied in with early East Antarctica/India rotations, may help constrain 

plate motions between portions of Gondwana and plates of the Pacific 

basin. 

The early motion history between these two plates, including pre

rift extension, is provided by Powell and others (1988). Patriat and 

Segoufin (1988) provide a detailed set of rotations from the time of 

anomaly 34 to anomaly 8. Royer and Schl ich (1988) provide rotations 

at an even finer resolution «2 m.y. intervals) from anomaly 6 to 

present. Mo 1 nar and others (1988) also prov; de poles and 

uncertainties for selected times. I did not include their results for 
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reasons described in the preceding section, although note that the 

representative uncertainties are important in any tectonic analysis. 

East Antarctica - Australia 

The revi sed i dentifi cati on of anoma 1 i es between Antarcti ca and 

Australia by Cande and Mutter (1982) and subsidence patterns along 

Australia's southern margin (Mutter and others, 1985) indicate that 

initial seafloor spreading in this region began during the Cretaceous 

normal superchron. I use the model of Powell and others (1988) which 

places creation of oceanic crust at 96 Ma but includes pre-rift 

extension back until 160 Ma. Stock and Molnar (1982) provide a 

reasonably complete Tertiary set of rotations and uncertainties. 

Reconstruction parameters of Weissel and others (1977) are used to 

augment the data for the 01 i gocene. Rotat i on parameters for the 

Tasman Sea, defining rotations between Eastern Australia and the Lord 

Howe Rise during the interval 96 Ma to the time of anomaly 24 are 

obtained from Stock and Molnar (1982) and Weisse1 and others (1977). 

Synthetic Apparent Polar Wander Paths for the Major Plates of East 
Gondwana 

By combining the results of my PEP analysis for North America with 

the set of relative rotations documenting the breakup of Pangea, I can 

generate a set of APWPs for the di spersed fragments of Laurasi a and 

Gondwana. I can then compare these synthetic APWPs with the 

distribution of paleomagnetic poles and po1eo1atitudes for individual 

plates. The results of such a comparison for Africa, South America, 

Eurasia, India, Australia, and Antarctica are provided in Plates G-2l 
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through G-26, respectively (part A provides a northern hemisphere 

projection, part B provides the southern hemisphere projection). I 

also provide an alternative model for the APWP of Eurasia (Plate G-

23C) based on the North Atlantic reconstruction of Rowley and Lottes 

(1988). A poor fit between the synthetic APWP and actual data for any 

plate can indicate inaccuracies in the relative rotation model, 

inaccuracies in the PEP model of APW for North America, inaccuracies 

in the paleomagnetic pole determinations, or a combination of these 

errors. 

For at least the past 84 million years (magnetic anomaly 34), 

relative motions between the dispers'lng fragments of Gondwana are 

well-documented and their contribution to misfits between the 

synthetic APWPs and the paleomagnetic observations is negligible. The 

relative rotations prior to this time are more problematic, and could 

contribe significantly to any misfit. The type of expected error in 

these older plate motions would apply to the timing of the significant 

changes in relative plate motions and not in the trend of these 

motions. And if these errors in timing are consistent in all oceans, 

the geometry of the misfit for all of the synthetic APWPs would also 

be consistent. 

The nature of misfits due to PEP analysis are discussed in detail 

in Appendix E. As described in that section, the fits of short arc 

segments for paleomagnetic data are poorly constrained, and misfits of 

the absolute pol e position can propogate through 1 inked rotations, 

causing gross differences in resultant synthetic APWPs. The 80 to 
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40 Ma, and 40 Ma to present segments of the North American APWP are 

prone to such problems. 

Propagation of errors from the PEP analysis of North American APW 

to synthetic APWPs for other plates will show mainly as longitudinal 

di sp 1 acements for cretaceous and younger times. Th is is due to the 

fact that the poles of absolute rotation for the North American plate 

are close to the spin axis since about 133 Ma. A good check for 

possible longitudinal error is a study of the data fit for the well

documented Deccan and Rajmahal Traps. As can be seen in Plates G-24A 

and 8, the cluster of paleomagentic poles for the Deccan Traps centers 

about data point 489 of the paleomagnetic data base (Table G-3) which 

is located at 37°N., 284°E. and assigned an age of 67 Ma (Vandamme, 

1985, see Table 3 for reference). My synthetic APW for India passes 

through this point with a model age of about 69 million years. The 

longitudinal fit is excellent while the latitudinal misfit is on the 

order of Z degrees which is well within the error bounds of the age 

dating and alpha-95 of the paleomagnetf~·data. There is much less age 

data available for the Rajmahal traps although recent 40-Ar/39-Ar 
f: I 

dating indicates they were formed at 116 *2 Ma (Baksi, 1989). 

Paleomagnetic data from Table G-3 lie close to the trend of the track 

and exhibit model ages of 110 to 113 Ma (published ages from the table 

a re younger due to the fact that they represent "mi n i mum" ages). An 

additional paleopole from McDougall and McElhinny (1970), which is not 

in my data base, is located at 3°N., 298°E. and would have a model age 
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of about 118 Ma. Aga in, the fit between the synthet i c APWP and the 

well-constrained data is very good. 

Besse and others (1989) present an APWP for India based on 

integrated paleomagnetic data/plate reconstructions of the North 

American, Eurasian and African plates. Their APWP is very similar to 

mine for the period from the present to 70 Ma, but shows a less 

dramatic jump away from and then back toward the pole from 100 to 200 

Ma. Their pole passes about 10 degrees west of the set of poles for 

the Rajmahal traps (in the northern hemisphere projection). 

Besse and Courtillot (1988) present an APWP for Africa for the 

past 185 million years based on minimum reliability criteria. 

Although the general shape of my APWP is similar to theirs from the 

present until about 120 Ma, my path is further to the east (in the 

northern hemisphere projection) from about 40 to 80 Ma. This may 

i ndi cate a problem with the 80-40 Ma segment of the North Ameri can 

APWP. However this offset should have also been apparent in the well

constrained poles for the Deccan Traps which I feel are better 

determined that any of the African poles for this time period. Also 

puzzling is the fact that in spite of the differences in the APWPs for 

Africa, the fit of the Deccan Traps to the respective APWPs for India 

very similar. Although Besse and others (1989) used the relative 

rotation route of Africa-India rather than Africa-East Antarctica

India, the differences in absolute positioning by these two methods is 

relatively minor (see Patriat and Segoufin, 1988), and cannot account 

for the large discrepancies in the African APWPs. I have identified 
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the reference poles of Besse and Courtillot in Plate G-21A and B by 

red circles and identifiers. 

I have also used red circles and identifiers in the plot of 

Antarctica. In this case I use red to identify poles from the 

Antarctic Peninsula which may have moved separately from East 

Antarctica. Pole number 537 is the only datum from Marie Byrd Land 

and probably has a different motion history from both the Antarctic 

Peninsula and East Antarctica. The location of this pole is partially 

obscured by the 160-170 million year old portion of the APWP and is 30 

degrees away from the age-equivalent section of the APWP (80 Ma .14 ). 

This lone data point, from Gridley and Oliver (1983), should be 

treated with some skepticism until additional confirmatory data are 

available. 

Due to the wide scatter of paleomagnetic data of a given age in 

almost all of the plates, it is apparent that the true positional 

uncertainties of much of the published paleomagnetic data are grossly 

underestimated. While careful PEP analysis of select, high-quality 

data may provide reasonable poles of absolute rotations relative to 

the spin axis, the usage of single, scattered poles of unknown quality 

is fraught wi th danger. I feel that the re 1 i abil ity of the set of 

synthetic APWPs can only be tested with high-quality, paleomagnetic 

poles. A well-constrained set of synthetic APWPs can then provide 

benchmarks for evaluating the quality of new data, and can result in 

rejecting the new data, or refining the synthetic APWP while retaining 

consistency within the global data set. 
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An additional usage of the synthetic APWPs is study of the pattern 

of absolute motions of the major plates. Major changes in the 

directions of travel relative to the spin axis are recorded as "cusps" 

in the APWP. Cusps in APWPs generally occur synchronously within a 

set of plates although sometimes a cusp in one plate correlates with a 

rate change in another. For example, the 40+ Ma cusps in the North 

American, South American and Eurasian APWPs match the slowdown in rate 

of APWP for the Indian plate. This is consistent with the decrease in 

the mean velocity of India between anomalies 22 (52 Ma) and 18 (42 Ma) 

due to the collision of the Indian and Eurasian plates (Patriat and 

Achache, 1984). Similarly, the segment of rapid polar motion (149-133 

Ma) and subsequent "stillstand" defined by the North American set of 

PEPs appear related to an enigmatic loop in the Indian, East 

Antarctica, and Australian APWPs for the period from 108-150 Ma. 

The Link Between Fragments of East and West Gondwana: 
Plate Tectonic Models for Evolution of the Antarctic Sector 

Inconsistencies in Global Reconstructions 

Quantifications of plate rotations between East and West Gondwana 

require an understanding of the plate tectonic evolution of the 

Antarctic sector. Studies of the global plate circuit between East 

Gondwana and the Pacific plate have invariably encountered 

inconsistencies when absolute tie-ins using either paleomagnetic or 

hotspot data are attempted (i.e., Suarez and Molnar, 1980; Gordon and 
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And adherence to geological constraints in the New 

Zealand and West Antarctic regions has not been attainable. 

Plates G-27 and G-28 illustrate the "closure" problems between the 

paleomagnetic and hotspot data. I do not model motions between Marie 

Byrd Land and the Pacifi c pl ate pri or to 80 Ma and non-closure for 

earlier times reflects this. In Plate G-27A I link the Pacific plate 

to Antarcti ca through rotati ons documented for the southwest Pacifi c 

(Stock and Molnar, 1982, 1988: Weissel and others, 1977), and then 

create a synthetic APWP based on my Euler pole analysis of the North 

American paleomagnetic data. This synthetic APWP is compared with the 

APWP derived from the paleomagnetic data of the Pacific plate (Plate 

G-ll) • Whil e trends of the two are simi 1 ar back until about 80 Ma, 

the match is far from perfect. In Plate G-27C I do the reverse, using 

my PEP analysis of the Pacific plate to determine a synthetic APWP for 

North America. Again, the fit, even for the past 80 million years, is 

not very good. Poorer, in fact, than the fit in the other direction. 

The synthetic APWP derived for North America for the past 50 million 

years appears to wrap around the present-day spin axis. This lack of 

latitudinal displacement was noted by Suarez and Molnar (1980) using a 

slightly different APWP for the Pacific plate, and less-complete sets 

of relative rotation and paleomagnetic data. Plates G-27B and Dare 

analogous to Plates G-27A and C, but compare hotspot tracks rather 

than APWPs, using Duncan's (1984) model for African hotspot motions, 

and my model for Pacific hotspot motions. This comparison fares worse 

than that based on pal eomagnetf c data. In Pl ates G-28A and B I 
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display the evolving amount of offset between the spin axis position 

located by North American paleomagnetic or hotspot data, and that 

derived by Pacific plate data. Although some of the misfit may be due 

to uncertainties in the PEP analysis, there may also be problems with 

the model of absolute and/or relative rotations. I will determine 

pre-80 Ma rotations between the Pacific plate and Marie Byrd Land 

later in this appendix and improve this closure problem for pre

Cenozoic times. 

Plate Motion Models in the Antarctic Sector 

There are several important conclustons that can be inferred from 

the data constraints. First, it is obvious that plate motions between 

the Pacific and West Antarctic plates cannot be directly measured 

pri or to about 85 Ma'. Li nked, sea-floor spreadi ng, anomaly patterns 

are present only between the Chatham Rise-Campbell Plateau and Marie 

Byrd Land, and record plate motions since the time of anomaly 33r (80 

Ma) or slightly earlier. Prior to this time, subduction and terrane 

accretion were occurring along the 'Panthalassa (Pacific Ocean) margin 

which precludes determination of a spreading history (i.e., relative 

motions) between plates within the Pacific basin, and plates 

comprising the western margin of Gondwana. Although the nature of the 

plate boundary north of the New Zealand regi on is not we ll-defi ned 

between 110 and 80 Ma, subduction was occurring further east in the 

Antarctica Peninsula during this time. Thus, it appears that pre

Campanian plate motions between the Pacific plate and plates of 

Antarctica (or any other fragment of Pangea) can only be determined 
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indirectly through an absolute reference frame, through study of the 

geology of the margins of the Pacific basin, or through tectonic 

models based on tenuous connections with magnetic anomaly patterns of 

other oceans. 

Interactions Since 90 Ma 

- Constraints -

I begin my analysis by summarizing the data which seem to be 

reasonably well-defined. Figure G-4 identifies the geographic 

locations and tectonic elements described below and in following 

sections. 

1. Motions of the Pacific plate relative to the hotspot reference 

frame are well-quantified for the past 80 million years. 

Paleomagnetic data collaborate these motions at the level of the 

data uncertainties, indicating that the paleomagnetic and hotspot 

reference frames are identical. 

2. Within the limits of paleomagnetic and age uncertainties, the 

southwest and northeast Pacific have behaved as a single rigid 

plate, at least since about 80 Ma. The Chatham Rise has been a 

part of the Pacific plate since this time. The Pacific portion of 

the Eltani n Fracture Zone System does not exhi bit evi dence for 

ridge jumps or non-transform offset. Reconstructions of Pacific

Antarctic spreading indicate symmetric spreading for anomalies 5, 

6, 18, 25 and 31; and data for these times are fit by a single 

pole precluding a boundary between the North and South Pacific in 

this region (Stock and Molnar, 1982). 



Figure G-4. Location map for the Antarctic sector. 
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3. Relative rotations are well-quantified between the major plates 

for the past 85 million years. As a check of my calculations I 

compared my Pacifi c-North Ameri ca rotati ons with those of Stock 

and Molnar (1988) and find no ~ore than one-half a degree (about 

60 kilometers) of difference between the two. 

4. Relative rotations between the Chatham Rise (Pacific plate) and 

Marie Byrd Land are well-constrained from anomaly 18 (42 Ma) until 

present (Stock and Molnar, 1982). Rotations prior to anomaly 18 

are determined from data predominantly of the Pacific plate (Stock 

and Molnar, 1987). Initial separation of the Campbell Plateau 

from Marie Byrd Land began at about 80 Ma with extension probably 

occurring somewhat earlier. The apparent presence of anomaly 34 

(84 Ma) south of the Chatham Ri se but north of the Campbe 11 

Plateau could perhaps indicate a southward migration of extension 

and eventual rifting. 

5. Motions of the North American plate relative to the spin axis are 

moderately constrained by the paleomagnetic data. The younger 

segments of the APWP are short and their resultant PEPs lie close 

to the spin axis. Thus they do not provide for robust 

determination of absolute rotations. However, the fit of the 

Indian synthetic APWP provides a reasonable degree of confidence 

in the APWP analysis. 

6. There are contrasting models for plate motions in the New Zealand 

region, based on interpretation of the geologic constraints. Kamp 

and Fitzgerald (1987) favor initiation of dextral motion along the 
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modern A 1 pi ne fault about 23 Ma with a maximum of 500 km of 

displacement. Bradshaw and others (1980) suggest 820-1000 km of 

total deformation from Miocene to present, with about half being 

accommodated by ductile intraplate deformation. Gray and Norton 

(1988) model this deformation by shearing parallel to the present

day boundary between the Pacific and Australian plates, based on 

offset trends of the Permian, Dun Mountain ophiolite belt. 

Convergence along the Alpine Fault System is on the order of 100 

km (Allis, 1986). Other researchers have suggested initiation of 

the Alpine fault during the early Cretaceous or late Eocene-early 

Oligocene (see Kamp and Fitzgerald, 1987, for references). 

7. The Ross Sea region between Marie Byrd Land and the Transantarctic 

Mountains has undergone as much as 32% (255 km) extension during 

the middle (early?) to late Cenozoic (Kamp and Fitzgerald, 1987). 

A paleomagnetic study of upper Cretaceous rocks in Marie Byrd Land 

indicates a possible 200-500 km of extension and 10 to 45 degrees 

of rotation (Grindley and Oliver, 1983). 

8. The Antarctica Peninsula, Thurston Island and Ellsworth-Whitmore 

Mountains terranes or microplates have experienced 15 to 25 

degrees of clockwise rotation about a pole located in the vicinity 

of western Drake Passage (Storey and others, 1988) since the 

middle Jurassic-early Cretaceous with little or no relative 

displacement between the three (Storey and others, 1988: see 

Dalziel and Grunow, 1985, for additional references). An 

a 1 ternati ve model for the Ell sworth Mountains whi ch better fits 
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the available structural data includes 90 degrees of counter

clockwise rotation, aligning these mountains with the Pensacola 

Mountains and the Cape Fold Belt in pre-rift Gondwana (Watts and 

Bramall, 1981). 

9. Possible hotspot tracks in Eastern Australia and the Tasman Sea 

may assist in post 35 Ma reconstructions. 

10. The difference in trend for marine magnetic anomalies older than 

42 m.y. on the southwest Pacific plate indicates the presence of 

an additional plate, the Bellingshausen plate (Stock and Molnar, 

1987). Rotation parameters for this plate and revised rotations 

between the Pacific and Marie Byrd Land plates are given in Table 

G-7. 

11. East Antarctica has remained almost stationary with respect to the 

spin aXis/geomagnetic pole for the past 90 million years. The APWP 

remains within 7 degrees of the pole, traveling almost 270 degrees 

clockwise during this time period (see Plate G-26). The motion 

is probably not significant relative to the data uncertainties. 

- Models -

The data presented in the preceding section support alternative 

models for interactions within the Antarctic sector during the past 90 

million years. I test various end-member models and select the one 

which seems to best-fit the available constraints. Plate circuits for 

these models are provided in Figure G-5. 



Table G-7. Determination of rotations between the Pacific, 
Bellingshausen and Marie Byrd Land Plates between 85 and 
42 Ma (anomaly 18). 



Anomaly -
Age (Ma) 

Total 
Reconstruction Pole 

Lat (N) Long (E) Rot 

TABLE G-7 

Backward Motion 
:Jtll'Je Pole 

Lat (N) Long (E) Rot 

* Campbell Plateau to Marie Byrd Land * 

18c - 42.0 

21c - 49.6 

25c - 58.9 

30Rc- 68.5 

Fit - 84.0 
SW Pacific 

75.08 -51.25 32.56 

72.97 -54.24 35.11 

70.63 -56.77 38.46 

66.52 -59.98 46.28 

63.32 -61.81 55.07 

* Chatham Rise to Campbell Plateau * 

Fit - 84.0 
SW Pacific 

Fit - 90.0 
Bounty Trough 

0.00 0.00 0.00 

-47.87 107.21 -3.75 

• Norfolk Ridge to Lord Howe Rise • 

Fit - 84.0 
Tasman Sea 

Fit - 90.0 

0.00 0.00 0.00 

17.02 -38.26 3.75 
New Caledonia Trough (southern part) 

* Pacific to Marie Byrd Land * 

18c - 42.0 

21c - 49.6 

25c - 58.9 

30Rc- 68.5 

Fit - 84.0 
SW Pacific 

Fit - 90.0 
Bounty Trough 

75.08 -51.25 32.56 

72.97 -54.24 35.11 

70.63 -56.77 38.46 

66.52 -59.98 46.28 

63.32 -61.81 55.07 

62.29 -62.31 58.67 

-47.87 107.21 -2.88 

-47.87 107.21 -3.70 

-47.87 107.21 -8.42 

-47.87 107.21 -9.25 

-47.87 107.21 -3.75 

17.02 -38.26 3.75 

-47.87 107.21 -3.70 

-47.87 107.21 -8.42 

-47.87 107.21 -9.25 

-47.87 107.21 -3.75 
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Stage Pole Data 
Rot Rate Source 
(deg/my) 

-.382 

-.394 

-.884 

-.597 

-.625 

-.625 

-.382 

-.394 

-.884 

-.597 

-.625 

1 
1 
2 
1 
2 
1 
2 
3 
2 

4 

5 

1 
1 
2 
1 
2 
1 
2 
3 
2 

4 
2 
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TABLE G-7 (Co~tinued) 

Anomaly -
Age (Ma) 

Total 
Reconstruction Pole 

Lat (N) Long (E) Rot 

Backward Motion 
- Stage Pole 

Lat (N) Long (E) Rot 

Stage Pole Data 
Rot Rate Source 
(deg/my) 

• Campbell Plateau (Pacific) to Bellingshausen • 

18c - 42.0 75.08 -51.25 32.56 1 
55.64 -59.51 7.93 .469 6 

25c - 58.9 71.61 -57.47 40.11 1 
73.25 -24.04 13.80 1. 437 6 

30Rc- 68.5 71.65 -49.00 53.75 1 
73.25 -24.04 21. 01 .977 7 

Fit - 90.0 72.88 -43.09 74.61 2 

• Bellingshausen to Marie Byrd Land * 

18c - 42.0 0.00 0.00 0.00 
-78.20 32.12 1. 78 .105 6 

25c - 58.9 -78.20 32.12 1. 78 8 
-78.18 -87.98 7.54 .785 6 

30Rc- 68.5 -81.11 -73.78 9.23 8 
-62.44 -53.62 12.22 .568 6 

Fit - 90.0 -70.81 -54.99 21.15 

Data Source 
-----------
1. Stock and Molnar (1988) 
2. Addition of one-half preceding stage pole rotation to one-half 

preceding total reconstruction pole, and doubling resultant rotation. 
3. Extrapolation of rotations about preceding stage pole until the 2,000 

meter isobath of the Campbell Plateau/Chatham Rise is roughly coincident 
with the 1,000 meter isobath of Marie Byrd Land. 

4. Assumes stage pole for opening of Bounty Trough in the same as that of 
early southwest Pacific. 

8 

5. Assumes stage pole for opening of New Caledonia Trough is the same as that 
of early Tasman Sea. A tighter fit is possible if one assumes that closing 
of remaining gap in southern Tasman Sea and northern New Caledonia 
Trough can be linked by transform through the Lord Howe Rise. 

6. Standard stage pole calculation (see Cox and Hart, 1986, for details) • 
7. Extrapolation of rotations about preceding stage pole, applying the rate 

change observed for Pacific - Marie Byrd Land rotations: 
rate (68.5 -> 90 Ma.) / rate (58.9 -> 68.5 Ma.) 

to the preceding (58.9 -> 68.5) stage pole rate. 
8. From circuit Bellingshausen to Pacific plus Pacific to Marie Byrd Land 



Figure G-S. Plate circuits used for model of plate interactions 
within the Antarctic sector. 

See text for details. . I 

a) Model 1. 

b) Model 2. 

c) Model 3. 
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For my fi rst model, I assume that the Pacifi c hotspot reference 

frame has not moved with respect to the North American APW reference 

frame, and further assume that East Antartica-Marie Byrd Land is the 

only missing link in my global circuit between North America and the 

Pacific plates. I use a revised spreading history between Marie Byrd 

Land and the Campbell Plateau (Stock and Molnar, 1987). I then 

determine the set of motions between East Antarctica and Marie Byrd 

Land. Plate G-29 identifies the positions of the plates in the 

Antarctic region at 10 m.y. intervals, based on this model. It is 

clear that I violate geologic constraints in both Antarctica and New 

Zealand, as well as space constraints. For example, this model 

predicts Neogene convergence the Ross Embayment area, and has 

unacceptable overlap of Marie Byrd Land and East Antarctica for the 

initial configuration at 70-80 Ma. Also, early Tertiary separation 

and late Tertiary convergence (up to 2000 km) is predicted between the 

Pacifi c and Austral ian plates, yet there is no evi dence for wi de 

dispersion of portions of New Zealand, nor are there other plausible 

former boundari es to accommodate thi s 1 arge amount of convergence. 

The misfit in this approach is very likely due to uncertainties in the 

North American APWP which are not well bounded. 

My second model is basically that of Stock and Molnar (1987), and 

is extrapolated back to the pre-rift configuration. I assume that the 

initial opening in the southwest Pacific began with rifting in the New 

Caledonia and Bounty Troughs, separating the Norfolk Ridge and Chatham 

Rise from Gondwana. Burns and Andrews (1973) suggest the formation of 



408 

the New Caledonia basin occurred by the close of the Mesozoic based on 

extrapolation of ages from DSDP hole 206 and on the regional 

structure; and there is a possible identification of anomaly 34 in the 

Bounty Trough. Rifting would have quickly migrated southward, causing 

spreading between the New Zealand block (lord Howe Rise) and eastern 

Australia, as well as the New Zealand block (Campbell Plateau) and 

Antarctica (Marie Byrd land). I used the revised stage pole (42 to 68 

Ma) between Marie Byrd land and the Campbell Plateau (Stock and 

Molnar, 1987) to extrapolate the pre-rift configuration of the 

Campbell Plateau, Chatham Rise and Marie Byrd land. Rotation 

parameters are provided in Table G-7. A similar extrapolation of the 

early stage poles in the Tasman Sea is performed to close the New 

Caledonia Trough (average stage pole from anomaly 27 to 33r, Australia 

fixed, with same amount of rotation used for the Bounty Trough). The 

resulting rotations align the axes of the Bounty and New Caledonia 

Troughs with the western margin of Marie Byrd land. 

I also include the Bellingshausen plate of Stock and Molnar 

(1987). The projection of the Bell ingshausen-West Antarcti ca pl ate 
I ~ 1 

boundary passes between Marie Byrd 'land and the Thurston microplates, 

and continues into the Weddell Sea. I considered the Thurston and 

Antarctica Peninsula blocks as a part of the Bellingshausen plate. 

This model predicts left-lateral motion and a minor degree of 

separation between Marie Byrd land, and Thurston/Antarctica Peninsula 

between the times of anomalies 32 to 18 (72 to 42 Ma), with separation 

also occurring in the Weddell Sea. I assume that there is no motion 
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between Marie Byrd Land and East Antarctica. Reconstructions based on 

this model are shown in Plate G-30. 

This model predicts 750-800 km of right-lateral motion (strain) 

within the New Zealand region since 20-30 Ma (presumably along the 

Alpine fault). Within the limits of uncertainties, there would have 

been little or no lateral motion along the Alpine fault from 80 to 20-

30 Ma. The model predicts compression in the North Island, and 

extension in the South Island from 50 to 20-30 Ma. Stock and Molnar 

(1987) provide uncertainties for points along the Alpine fault for 

anomalies 5, 6, 13, 18, 25, and 31. Their predicted offsets for 

anomalies 13 and 18 are well-constrained and predict a minimum of 

about 700 km of movement. The model indicates only minor, late 

Cretaceous extension in the Ross Sea. 

For my third model I assume that the initial opening in the 

southwest Pacific consisted of rifting of the entire set of fragments 

in the New Zealand area as a coherent block, away from the slowly 

separating East Antarctica and Australian plates. I assume that the 

axis of rifting propagates toward the pole (south) as in model 2, and 

incorporate the Bellingshausen plate in my model. I use the geologic 

model of Kamp and Fitzgerald (1987), not allowing motion along the 

Alpine fault until after the Oligocene, and limiting the total strain 

to the equivalent of 480-500 km of offset. I accomplish this by using 

rotations of Stock and Molnar (1982) between the Pacific and Indian 

plates back to 22 Ma (requires interpolation) which provides 

approximately 500 (-25) kilometers of offset. This model assumes that 
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the Australian and Pacific plates were joined from the time of 

cessation of spreading in the Tasman Sea (anomaly 24 or 55 Ma) until 

the early Miocene, and does not allow compression or extension within 

the New Zealand region for this time period. I allow motion between 

Marie Byrd Land and East Antarctica. Resultant reconstructions are 

presented in Plate G-31. 

The third model does not predict simple extension in the Ross Sea 

as was suggested by Kamp and Fitzgerald (1987). A 1 though there is 

indeed early (110-80 Ma) rifting in the Ross Sea region, the model 

also predicts 1000 to 1500 km of later compression between East 

Antarctica and Marie Byrd Land/Bellingshausen plates between 50 and 20 

Ma. These predictions do not fit with the observations of 

lithospheric thinning in the Ross Sea (Fitzgerald and others, 1986; 

Stern and tenBrink, 1989). Allowing compression and extension within 

the New Zealand region during this time period would negate the need 

for large motions within Antarctica. 

Rotation parameters for these models are given in Table G-8. 

Each of these three mode 1 sis also tied to the abso 1 ute reference 

frame defined by the Pacific hotspots. I compare the absolute motion 

predicted by these three models, with possible hotspot tracks in 

Australia and the Tasman Sea. Applicable rotation parameters are 

summarized in Table G-9. Rotations for the Australian hotspot tracks 

are presented in an earlier section. The best fit is obtained with 

Model 2 (the 33 Ma finite rotation) and the track of the Lord Howe 

Seamounts (Plate G-5B). The finite absolute pole for Australia lies 



Table G-S. Rotations used for various models of Antarctic plate 
interactions (Plates G-29, G-30, G-31). 
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TABLE G-8 

All Models 
Age Lat(N) Long(E) Rot 

-----------------------------
Total Reconstruction Poles for: Australia 

10.0 -8.87 -144.34 6.40 
20.0 -9.05 -147.91 11.95 
30.0 -13.30 -146.12 17.45 
40.0 -11.53 -148.75 22.60 
50.0 -12.73 -148.36 24.95 
60.0 -10.57 -147.31 25.37 
70.0 -8.11 -146.12 25.93 
80.0 -5.49 -144.88 26.61 
90.0 -2.96 -143.69 27.36 

100.0 -2.11 -143.15 28.07 
110.0 -3.59 -143.50 28.65 

Total Reconstruction Poles for: Lord House 
Rise (North New Zealand) 

10.0 -8.87 -144.34 6.40 
20.0 -9.05 -147.91 11. 95 
30.0 -13.30 -146.12 17.45 
40.0 -11.53 -148.75 22.60 
50.0 -12.73 -148.36 24.95 
60.0 -9.52 -142.19 24.85 
70.0 0.35 -124.49 24.95 
80.0 13.93 -104.50 28.17 
90.0 17.52 -100.75 30.38 

100.0 18.09 -101.36 31.12 
110.0 16.73 -102.47 31.28 

Total Reconstruction Poles for: Norfolk 
Ridge 

10.0 -8.87 -144.34 6.40 
20.0 -9.05 -147.91 11.95 
30.0 -13.30 -146.12 17.45 
40.0 -11.53 -148.75 22.60 
50.0 -12.73 -148.36 24.95 
60.0 -9.52 -142.19 24.85 
70.0 0.35 -124.49 24.95 
80.0 13.93 -104.50 28.17 
90.0 19.88 -95.18 32.45 

100.0 20.43 -95.87 33.16 
110.0 19.19 -97.01 33.25 
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TABLE G-8 (Continued) 

Model 1 Model 2 Model 3 
Age Lat(N) Long(E) Rot Lat(N) Long(E) Rot Lat(N) Long (E) Rot 

------------------------------------------------------------------------------
Total Reconstruction Poles for: Marie Byrd Land 

10.0 74.18 160.07 7.12 -15.26 -53.13 0.04 
20.0 82.28 169.26 17.36 6.46 -158.18 0.00 
30.0 83.00 -149.51 23.88 -59.13 -152.73 9.26 
40.0 83.61 -122.46 29.91 -55.88 -157.33 19.59 
50.0 70.56 -68.54 20.50 -57.57 -162.17 24.98 
60.0 41. 75 -69.71 13.55 -60.77 -163.62 26.39 
70.0 -21. 80 -62.28 12.14 -68.83 -159.66 26.32 
80.0 -46.77 -51.63 20.38 -76.22 -129.62 21.82 
90.0 -72.17 -9.82 19.97 -79.62 -150.48 23.63 

100.0 -67.86 101. 67 9.67 -77.84 -145.85 23.35 
110.0 1.24 109.72 8.26 -77.01 -144.75 24.22 

Total Reconstruction poles for: chatham Rise 

10.0 74.18 160.07 7.12 72 .00 -70.00 9.36 71. 77 -69.85 9.36 
20.0 82.28 169.26 17.36 71. 30 -73.04 15.49 71.30 -73.04 15.49 
30.0 83.00 -149.51 23.88 74.11 -61. 30 23.50 63.69 -104.89 16.64 
40.0 83.61 -122.46 29.91 75.02 -52.85 31.14 53.02 -129.83 18.18 
50.0 70.56 -60.54 20.50 72 .85 -54.39 35.27 46.27 -133.46 18.88 
60.0 41. 75 -69.71 13.55 70.10 -57.26 39.32 47.08 -124.31 20.87 
70.0 -21.80 -62.28 12.14 66.16 -60.21 47.14 48.38 -102.18 27.02 
80.0 -46.77 -51.63 20.30 64.05 -61.43 52.79 48.95 -84.33 36.47 
90.0 -72 .17 -9.82 19.97 62.23 -61. 77 58.67 49.13 -82.43 39.76 

100.0 -67.86 101.67 9.67 62.23 -61.77 58.67 49.28 -83.68 40.40 
110.0 1. 24 109.72 0.26 62.23 -61.77 58.67 48.52 -85.17 40.01 

'I'otal Reconstruction Poles for: campbe~.l .Plateau 

10.0 74.18 160.07 7.12 72.00 -70~00 9.36 71. 77 -69.85 9.36 
20.0 82.28 169.26 17.36 71. 30 -73.04 15.49 71.30 -73.04 15.49 
30.0 83.00 -149.51 23.88 74.11 -~1. 30 23.50 63.69 -104.89 16.64 
40.0 83.61 -122.46 29.91 75.02!1-52.85 31.14 53.02 -129.83 18.18 
50.0 70.56 -68.54 20.50 72 .85 -54.39 35.27 46.27 -133.46 18.88 
60.0 41. 75 -69.71 13.55 70.10 -57.26 39.32 47.08 -124.31 20.87 
70.0 -21. 80 -62.28 12.14 66.16 -60.21 47.14 48.38 -102.18 27.02 
80.0 -46.77 -51.63 20.38 64.05 -61.43 52.79 48.95 -84.33 36.47 
90.0 -74.67 15.71 22.46 63.32 -61. 81 55.07 48.98 -83.46 36.03 

100.0 -62.27 102.93 13.26 63.32 -61.81 55.07 49.10 -84.81 36.69 
110.0 -13.61 110.22 11.08 63.32 -61.81 55.07 48.22 -86.39 36.30 
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TABLE G-8 (Continued) 

Model 1 Model 2 Model 3 
Age Lat(N) Long(E) Rot Lat(N) Long(E) Rot Lat(N) Long(E) Rot 

Total Reconstruction Poles for: Bellingshausen 

10.0 -15.26 -53.13 0.04 
20.0 6.46 -158.18 0.00 
30.0 -59.13 -152.73 9.26 
40.0 90.00 0.00 0.00 -55.88 -157.33 19.59 
50.0 -79.80 42.35 0.88 -58.89 -161.89 25.64 
60.0 -03.10 -25.54 2.55 -63.49 -161.23 28.52 
70.0 -73.39 -78.24 10.09 -71.81 -141.21 35.74 
80.0 -71.89 -64.99 15.67 -75.37 -99.65 37.08 
90.0 -70.81 -54.99 21.15 -77.82 -93.27 43.91 

100.0 -70.81 -54.99 21.15 -76.76 -94.34 43.62 
110.0 -70.81 -54.99 21.15 -76.35 -96.05 44.46 



Table G-9. Absolute motions of Australia for various models 
of plate interactions in the Antarctic sector 
and the fit to possible hotspot trends. 



Age (Ma) 

Model 1 

23.0 

33.0 

Model 2 

23.0 

33.0 

Model 3 

23.0 

33.0 

TABLE G-9 

Total 
Reconstruction Pole 

Australia Rel. Hot Spots 
Lat (N) Long (E) Rot 

-62.47 -146.99 22.63 

-63.23 -151.81 32.65 

-1.54 -142.29 13.09 

-12.84 -136.80 19.27* 

-3.27 38.79 12.54 

-24.80 58.11 14.57 

Eastern Volcanics, Australia 

23.0 -20.8 -89.4 15.1 

33.0 -28.0 139.3 129.2 

Tasman Seamounts 

< 56 -30.7 136.0 67.1 

Lord Howe Seamounts 

< 56 -9.4 92.6 10.1* 

* Best match. See Plate G-5B for details 
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Forward Motion 
Stage Pole 

Australia Ref. Frame 
Lat (N) Long (E) Rot 

-65.72 -162.44 10.08 

-31. 37 -120.88 7.08 

-44.71 128.71 6.93 

of data fit. 
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within the best-fit (pink color) region defined by the HEP analysis 

for this seamount chain. The fit to the evolving stage poles is not 

very good however. Interestingly, the great-circle girdles of best

fit for both the Eastern Volcanics, Australia, and the Tasman 

Seamounts are nearly coincident with that of the Lord Howe Seamounts, 

although their best-fit poles lie nearly ninety degrees away from the 

pole defined by model 2. This may indicate that the Australian 

hotspots have a slight rotation relative to the Pacific hotspots. The 

fact that the Eastern Vol cani cs and Tasman Seamounts track about 

nearly the same pole is a strong argument for a hotspot origin, rather 

than a stress related origin as suggested by Pilger (1982). 

Regardless, the lack of age control for the seamount chains, and the 

diffuse nature of the hotspot track passing through the continental 

crust of eastern Australia, reduce the utility of these data in 

providing meaningful constraints to any models of plate interactions 

for Antarctica. 

I feel that the second model provides the best ·['it to known 

constraints for plate motions in the Antarctic sector. Possible 

problems with this model include too much right-lateral offset within 

New Zealand, and lack of significant extension in the Ross Sea. The 

additional motion within the New Zealand region can be explained by 

shear. And much of the crustal thi nni ng withi n the Ross Sea coul d 

have occurred contemporaneously with that between Australia and 

Antarctica in the early Cretaceous (described by Powell and others, 
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1988). Both other models have major deficiencies which can only be 

remediated through complicated scenarios. 

A final check on my derived rotations may be possible within a 

hotspot reference frame. I determine the rotations of India relative 

to the Pacifi c hotspots usi ng the 1 i nkage: Paci fi c hotspots-Pacifi c 

p 1 ate-Antarct i c-Indi a. If I rotate the present-day pos iti on of the 

Reunion hotspot back about the total reconstruction pole of India 

relative to the Pacific hotspots, it should pass in the vicinity of 

the Deccan traps at the time 65-70 Ma. In Figure G-6 I show the past 

positions of the Reunion hotspot relative to the Deccan traps for 

times between 65 and 70 Ma. The rotated position of Reunion Island is 

closest to the center of the Deccan traps at about 69-70 Ma, although 

the uncertainties in age dating of the Pacific hotspot tracks would 

add uncertainties of about (a) 3 million years. The past positions of 

Reunion and Mauritius intersect the western edge of the Deccan traps. 

A minor (3 degree) amount of clockwise rotation of West Antarctica 

(Marie Byrd Land, Thurston Island,··An'tartica Peninsula) relative to 

East Antarctica, about a pole close to the South Pole, would put the 
f ~ I 

69 Ma posi ti on of Reuni on in the 'center of the Deccan Traps. Thi s 

movement would have occurred during the Cenozoic and would have caused 

75 to 150 kilometers of extension in the Ross Sea region. 

Molnar and Stock (1987) have performed a similar analysis, also 

including Atlantic hotspots. They found displacements between 

hotspots ranging from several hundred to more than a thousand 

kilometers. Their model for Reunion was similar to mine but their 
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Figure G-6. Reconstructed positions of the Deccan-Reunion hotspot. 

Circle positions are based on the present-day position of Reunion 
(0-2 m.y. old) while diamonds are based on the position of 
Mauritius (1-7 m.y. old). The locations of Deep Sea Drilling 
Project (DSDP) holes are shown by small circles with ages in 
parentheses, if known. DSDP data and base map are from Fish and 
others (1989). The Mauritius track is similar to the Reunion 
track of Molnar and Stock (1987, figure 5). The Mauritius track 
is similar to the Reunion track of Molnar and Stock (1987, figure 
5). Base map and ages are from Fisk and others (1989). 
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track was positioned several hundred kilometers further west and thus 

did not inte~sect the Deccan Traps. As my rotation parameters for the 

Indian Ocean and southwest Pacific are similar to theirs, the 

difference must be due to my revised poles for the Pacific hotspots. 

I do not include the final rotation between East and West 

Antarctica in my set of global plate motions. The Deccan Traps extend 

over a region approximately 1000 x 1000 kilometers, and the actual 

position of the hotspot relative to this immense area in the late 

Cretaceous-early Tertiary is unknown. In addition, the fixity of 

hotspots has not been proven. 

the preceding analysis however. 

Several important points emerge from 

The first is that within the limits 

of the data uncertainties, the Reunion and Pacific hotspots appear 

fixed in position with respect to each other. Conversely, if the 

Reunion and Pacific hotspots are fixed with respect to one another, my 

adopted model for plate interactions within Antartica is "in the 

ballpark." Secondly, it can be seen that minor extension in 

Antarctica about a pole in the Antarctic region can cause apparent 

latitudinal offsets in plate circuits through Antarctica which are on 

the order of 2-4 degrees (220-440 kilometers). 

Interactions Prior to 90 Ma 

- Constraints -

1. The Mesozoic margin of Gondwana included the Antarctic Peninsula, 

Thurston Island and Marie Byrd Land microplates of West Antarctica 

(Storey and others, 1988), as well the Norfol k Ridge, North New 
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Zealand, South New Zealand/Chatham Rise and Campbell Plateau 

microplates in the New Zealand region (Howell, 1980). Subduction 

and accretion of exotic terranes continued until middle Aptian -

early Albian time (approximately 110 Ma) in the New Zealand 

region. Subduction beneath the Antarctic Peninsula began in 

earliest Mesozoic or late Paleozoic times and has continued until 

present (Dalziel and Grunow, 1985). 

2. The pre-breakup reconstruction of Gondwana based solely on 

relative rotations between South America, Africa, and East 

Antarctica identifies approximately 600 km of overlap between the 

Antarctica Peninsula and the Falkland Plateau/Pantagonia. This 

overlap disappears by 100 Ma. 

3. The Antarctica Peninsula, Thurston Island and Ellsworth-Whitmore 

Mountains terranes or microplates have experienced 15 to 25 

degrees of clockwise rotation about a pole located in the vicinity 

of western Drake Passage since the middle Jurassic-early 

Cretaceous with little or no relative displacement between the 

three (Storey and others, 1988: see Dalziel and Grunow, 1985, for 

additional references). An alternative model for the Ellsworth 

Mountains which better fits the available structural data includes 

90 degrees of counter-clockwise rotation, aligning these mountains 

with the Pensacola Mountains and the Cape Fold Belt in pre-ri ft 

Gondwana (Watts and Bramall, 1981). 

4. The spin axis position defined by paleomagnetic data for North 

America, is offset from that defined by paleomagnetic data of the 
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Pacific plate, when these plates are coupled by global plate 

rotati ons. The mi sfit is very 1 arge pri or to 80 Ma, and is 

consistent with the presence of a convergent boundary between the 

Pacific plate and the western margin of Gondwana. 

5. Poorly-constrained paleomagnetic data from the Pacific suggest up 

to 60 degrees of westward motion for the Pacific plate during the 

interval 145 to 80 Ma, about a pole close to the spin axis. 

Possible hotspot tracks identified in Appendix F support a model 

of about 52 degrees of westward motion. 

6. There is approximately 1000 kilometers of non-closure in the 

western Gondwana region between models of relative and absolute 

plate motions at 80 Ma. This closure error is described in Table 

G-10. This lack of closure in models based on APWPs are due to 

loose constraints in PEP positions obtained from paleomagnetic 

data. The lack of closure for models based on hotspot tracks 

indicates significant relative motion between Atlantic Ocean 

hotspots, and those of the Pacff1c and Indian Oceans. The 

magni tude of the non-closure is consi stent with the results of 

Molnar and Stock (1987). 

7. Marine magnetic anomalies of the Argo Abyssal Plain (North 

Australian basin) may provide a link to Pacific spreading if they 

represent spreading between East Gondwana and the Izanagi plate. 

This would allow use of the circuit: East Gondwana (East 

Antarctica)-Izanagi-Pacific for the period represent by anomalies 

M26 (158 Ma) to M16 (141 Ma). 



Table G-10. Comparison of 80 Ma total reconstruction poles for the 
Pacific Plate relative to Marie Byrd Land. 

Relative plate motions based on magnetic anomalies in the 
southwest Pacific (Stock and Molnar, 1987; and this work). 
Pacific plate is tied to the absolute reference frame through 
Pacific hotspot tracks and the Pacific APWP. Pieces of Gondwana 
are tied together through the circuit: North America-Africa-East 
Antarctica (Marie Byrd Land). Gondwana tie-in to the absolute 
reference frame is either the North American APWP or North 
American (North Atlantic) or African (South Atlantic) hotspot 
tracks. The mi nimum amount of rotati on non-closure for any 
method is about 1,000 kilometers, measured at present-day 
locations of anomaly 33r in the southwest Pacific. 
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TABLE G-10 

Pacific Plate Tie Gondwana Tie Lat Long Rot. 
(N) (E) 

1. ------------Relative--------------- 64.05 -61. 43 52.79 

2. Pacific Hot Spots1 N.A. APWp1 41. 78 -72.79 49.29 

3. Pacific Hot Spots1 African Hot Spots2 53.77 -71.57 58.24 

4. Pacific Hot Spots1 N.A. Hot spota2 53.75 -73.30 58.01 

5. Pacific APWp1 N.A. APWp1 -2.16 -84.16 35.39 . 

Rotation of Misfit 

Between1. and 2. 35.81 58.90 20.19 

1. and 3. -6.74 66.23 12.00 

1. and 4. -6.70 60.53 12.33 

1. and 5. 59.13 33.44 50.81 

1 Data from this work. 
2 Hotspot rotations from Duncan (1984) • 
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- Models -

In the preceding section I describe the most-likely scenario for 

late Cretaceous plate tectonic evolution in the southwest Pacific. At 

90 Ma I feel that the Pacific/Phoenix ridge was just beginning to 

subduct beneath the western margi n of Gondwana. And by 84 Ma, the 

plate configuration was probably analagous to that of Baja California 

with the Norfolk Ri dge/Chatham Ri se and then the Lord Howe 

Rise/Campbell plateau being incorporated as part of the Pacific plate. 

Initiation of spreading between the Campbell Plateau and Marie Byrd 

Land provides the first "hard" data (chron 33r) directly relating 

plate motions within the Pacific basin to a portion of Gondwana. 

I check the possibility that Australia was fixed relative to the 

Pacific plate prior to 90 Ma, and that the Argo and Izanagi anomalies 

document the motion of single composite Izanagi plate relative to a 

composite Pacific-Australia plate. This model requires that rotations 

documented by Pacific-Izanagi and Australia-Argo anomalies be the same 

when the plates are reconstructed to their pre-90 Ma position. I 

rotate the Pacific and Australian plates back to their 90 Ma position 

relative to Antarctica and perform a PEP analysis on Argo and Izanagi 

spreading trends (see Plates F-IOA and F-IIB for PEP statistics of the 

individual rotations). The results of the analysis, as well as 

spreading rates documented in Appendix F, show that this model is not 

va 1 i d, and that there was convergence between the Argo and Izanagi 

plates, and/or pre-90 Ma convergence between Australia and the Pacific 
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plate. The rotated best-fit rotation models for the Australia-Argo 

and Pacific-Izanagi plate pairs are shown as Plate G-32. 

In the absence of direct relative motion data between a Pacific 

basin plate, and a fragment of Pangea/Gondwana, I am forced to rely on 

links through other reference frames which I have already shown to be 

in error by about 1,000 kilometers at 80 Ma (see Table G-10). While 

the paleomagnetic and hotspot data for the Pacific agree reasonably 

well, similar data for North America, my tie-in for the dispersing 

plates of Gondwana, do not. I use the Pacific hotspot track to define 

absolute motions as it is more-precisely defined than the Pacific 

APWP. Absolute motions for the continental plates are not well

defined by the North American APWP. The lengthy stillstand from 133 

to 80 Ma probably includes non-resolvable motion about the spin axis. 

I therefore use the African (South Atlantic) hotspot track as a 

starting point to define the absolute motions of Gondwana. I am faced 

with several choices for registering the absolute motions of Gondwana, 

based on my assumption of the source for the closure error. Some 

sources of closure error at 80 Ma are: 

- errors in dating along the tracks, 

- a missing link in the plate circuit, 

- poorly-constrained rotations for the major plates, 

- rotations between the Pacific and Atlantic hotspots. 

I investigate each of these possibilities. I model errors in 

dating along tracks by adjusting dates of the stage poles spanning the 

80 Ma date. I do this for both the Pacific and African tracks but am 
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only able to improve the closure by about 30-40 percent, still leaving 

a large amount of closure error. Due to the previous closure I found 

between the Reunion (Indian) and Pacific hotspots, it is unlikely that 

there is an unidentified boundary in the plate circuit linking Marie 

Byrd Land to the Indian and East Antarctic plates. Patriat and 

Segoufin (1988) provide evidence for well-constrained closure between 

the African, Indian and Antarctic plates. And the missing rotation(s) 

in my circuit cannot be explained by the limited deformation in Africa 

and/or Antarctica since 80 Ma. The same argument holds for my set of 

rotations between the major plates which I feel are well-constrained. 

When anomaly crossings are available from both sides of a spreading 

center I have shown that the resultant combined rotations have 

uncertainties in the range of 100's of kilometers, not 1000's. 

The above analysis suggests that there has been motion between the 

Pacific and Atlantic hotspots, a conclusion also reached by Molnar and 

Stock (1987). A second possibility is that published hotspot tracks 

for the South Atlantic are in error." . If I consider the relative 

rotations between adjacent plates to be accurate, I can calculate the 

relative rotations between the two!'sets of hotspots, considering the 

hotspots as end-member plates to my plate circuit. This was done for 

10 m.y. intervals, back to 80 Ma, and the results are provided in 

Table G-11. The 80 Ma total reconstruction pole for the South 

Atlantic/African hotspots relative to the Pacific hotspots identifies 

12 degrees of clockwise rotation about a pole at 3.0oN., 100.1°E. 

This southward migration of the African hotspots increases the amount 



Table G-l1. Rotations of the South Atlantic/Africa hotspots relative 
to the Pacifi c hotspots based on the li nkage: Pacifi c 
hotspots - Pacific plate - Antarctica - African plate -
South Atlantic/African hotspots. 
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TABLE G-ll 

Total Reconstruction Pole Forward stage Pole 

North East North East 
Age Latitude Longitude Rotation I Latitude Longitude Rotation 

10.0 64.51 144.33 1.05 64.51 144.33 -1. 05 
20.0 86.85 -119.63 5.06 82.41 -63.62 -4.14 
30.0 63.75 -87.49 5.39 -5.69 -81. 01 -2.16 
40.0 42.92 -75.65 5.47 -31. 88 -56.28 -2.06 
50.0 29.66 -71.41 6.29 -21. 59 -57.40 -1.62 
60.0 18.94 -75.19 8.23 -11.12 -81.90 -2.40 
70.0 -5.66 -72.25 8.19 -77.78 -12.68 -3.52 
80.0 -3.08 -79.88 12.00 0.68 -95.83 -4.05 
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of observable hotspot motion. My synthetic APWPs for North American 

which are ba~ed on hotspot tracks exhibit 3 to 12 degrees of northwest 

offset relative to the paleomagnetically derived APWP at 80 Ma. I 

also show an additional 3 degrees of southward motion for the Pacific 

plate at 80 Ma based on comparisons between the APWP for the Pacific 

plate and the synthetic APWP based on hotspot tracks (shown earlier in 

Plate G-12). Thus, the non-closure can be explained by relative 

motion between the hotspots, consistent with my analysis of the 

paleomagnetic data. 

My model of 90-145 Ma motions between plates of the Pacific basin 

and Pangea is based on ali nkage through the Pacifi c and Afri can 

hotspots. I include an additional rotation in my circuit to account 

for relative motions between the sets of hotspots since 80 Ma. 

However, I cannot quantify motions between the Pacific and Atlantic 

hotspots due to lack of well-constrained data for this time interval. 

As a consequence, I arbitrarily assume the Pacific and Atlantic 

hotspots are fixed relative to each other during this time interval. 

Prior to 145 Ma I have no data which can contain the absolute position 

of the Pacific plate. I constrain the absolute position of the 

dispersing fragments of Pangea via the North American APWP. 

Summary of Late Jurassic through Mid-Tertiary History 

The two preceding sections provide a kinematic model of plate 

interactions in the southwest Pacific from late Jurassic to mid

Tertiary times. From about 150 Ma to 90 Ma the Pacific plate remained 

at a fairly constant latitude ("'4 degrees). Rapid spreading between 
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the Pacific and Phoenix plates along the trend of the Eltanin Fracture 

Zone system (Larson and Chase, 1972) caused the Pacific-Phoenix ridge 

to migrate southward toward the western margin of Gondwana. This led 

to rapid subduction of an increasingly younger, hotter, more bouyant 

Phoenix plate beneath the western margin of Gondwana, causing 

compression and crustal thickening in the overriding plate. The 

eventua 1 subducti on of the Pacifi c-Phoeni x ri dge created a thermal 

pulse followed by an extensional stress regime. This sequence of 

events is analogous to that described by Coney and Harms (1984) for 

metamorphic core-complex generation in western North America, and is 

probably responsible for the Paparoa metamorphic core complex of New 

Zealand, described by Tulloch and Kimbrough (1989). 

When the edge of Gondwana overrode the active ridge, the Norfolk 

Ri se/Chatham Ri se and then the Lord Howe Ri se/Campbell Pl ateau were 

rifted from Gondwana and seafloor spreading was initiated in the 

Tasman Sea and southwest Pacific. Initiation of spreading between the 

Pacific plate and the stationary Antarctic plate resulted in northward 

motion of the Pacific plate as documented by the Emperor and 

Louisville Seamount Chains. East of the Eltanin Fracture Zone system, 

the Phoenix plate continued its rapid southerly motion. The Pacific

Phoenix ridge migrated south with respect to the Pacific-Antarctic 

ridge with increasing offset along the Eltanin Fracture Zone system. 

To reduce this offset a second ridge between the Phoenix and Pacific 

plates formed north of Tharp Fracture Zone about the time of anomaly 

29, and propogated to the north side of the Heezen Fracture Zone by 



the time of anomaly 28. 
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North of the Tu 1 a Fracture Zone, rift 

propagation did not occur until about the time of anomaly 21, and 

involved the incorporation of a sizeable portion of the Pacific plate, 

into the plate southeast of the new ridge. This material which formed 

or was captured between the dual ridges separating the Pacific and 

Phoenix plates, could have been part of a new microplate (the Aluk 

plate following Herron and Tucholke, 1976), or could simply have been 

an addition to the Antarctic (Bellingshausen) plate. This tectonic 

model is shown in Figure G-7. 

Reconstructions of the Major Plates from 200 Ma to present 

A series of global plate reconstructions is provided for 25 m.y. 

time increments beginning 200 Ma. Reconstructed anomalies of the 

Pacific basin are shown in purple, and their generation is based on 

the method, described at the end of Appendix F. The position of the 

Pacific basin plates relative to Gond.wana is unconstrained prior to 

145 Ma, and the earliest reconstructions (200, 175 and 150 Ma) reflect 

the 145 Ma position. Reconstruct!tons are displayed in a reference 

frame fixed to the position of the Pacific hotspots from the present 

to 145 Ma, and in the reference frame defi ned by the North Ameri can 

APWP for prior times. The positions of the Shatsky (S), Hawaiian (H), 

Mid-Pacific (MP), Magellan (MG), Ontong Java (OJ), Manihiki (M), 

louisville (l), Yellowstone (Y), and Reunion (R) hotspots are 

identified by bold red letters. The reconstructions are presented in 

equatorial and polar views as Plates G-33 through G-41. 
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Figure G-7. Schematic model for the late Cretaceous and early 
Tertiary plate tectonic history of the south Pacific. 
See text for details. 

Abbreviations used: 

AL - ALUK plate 
AP - Antarctic Peninsula 
AUS - Australia 
BEL - Bellingshausen Plate 
CP - Campbell Plateau 
CR - Chatham Rise 
EAN - East Antarctica 
EFZ - Eltanin Fracture Zone 

System 

a) 85 Ma 

b) 70 Ma 

c) 50 Ma 

LHR - Lord Howe Rise 
MBL - Marie Byrd Land 
NNZ - North New Zealand 
NR - Norfolk Ridge 
PAC - Pacific Plate 
PH - Phoenix Plate 
TFZ - Tharp Fracture Zone 
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a) 85 Ma 

b) 70 Ma 

c) 50 Ma 

EAN 

Figure G-7 
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APPENDIX H. A DESCRIPTION OF COMPUTER HARDWARE AND SOFTWARE USED IN 
TECTONIC MODELING . 

Overview 

An important aspect of this work was the development of computer 

tools to assist in the analysis of a myriad of very large data sets. 

This section describes some of the problems encountered during 

creation of the tools. I review currently available technology and 

suggest improvements to assist in future tectonic modeling. I also 

briefly review some of the hardware, software, and data processing 

used in the course of this research. 

All computer tools and techniques that were used in this work were 

deve loped by the author un 1 ess otherwi se noted. Thi sis not to say 

that the solutions are unique, or that even the approach is unique. 

The wheel has been reinvented many times in the world of computer 

science. The software is not included as part of this work although 

it is available from the author. The fallibility of individual 

programs, the quality of the user interfaces, the amount of error 

checking, the adaptability of the code to similar or different 

problems, the portability of the code to other computers, all vary 

greatly from program to program. 
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Current State of Commercially Available Hardware and Software 

The tectonic modeling techniques and presentation of results could 

not have been done without computers, and would have been extremely 

difficult and costly to accomplish with the state-of-the-art computers 

of 5 years ago. This is due to the large amounts of data involved, 

and the complexities in rotation and graphical projection of this 

data. Computer hardware has rapidly evolved in the past 5 years, so 

that the processing capabilities of former full-blown, main-frame 

computers costing $104 - $105 are exceeded by the current generation 

of workstations costing $103 - $104• 

Unfortunately, computer software development has not kept up with 

the evolving hardware. Software standards, especially those 

pertaining to graphics, have been slow to develop for several reasons. 

With the emphasis on hardware performance, many vendors have used 

proprietary processing chips and firmware (efficient machine encoded 

instructions for specific tasks) in order to maintain a competitive 

position in the market place. While specialized hardware can be 

incorporated as an enhancement to an adopted standard, there is 

usually a loss in performance due to the overhead of the general-case 

software standard. As hardware evolves, with different vendors 

becoming preeminent in the field of graphics processing, older 

hardware and the associated graphics software quickly become obsolete. 

And although obtaining new-generation hardware is simply a dollar 

expenditure, modifying or writing new softwa~e involves a tremendous 
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expenditure in time, often by the research scientist. The gradual 

acceptance of the 2-D graphics standard, GKS (Graphical Kernal 

System), the 3-D standard, PHIGS (Programmer's Hierarchical 

Interacti ve Graphi cs System), the metafil e standard, CGM (Computer 

Graphics Metafile), and various window standards by most of the major 

hardware vendors will eventually resolve many of the current graphic 

software development difficulties. 

Geographic data processing and display software has likewise been 

slow to develop. A lthough there has been a recent pro 1 iferat i on of 

commercially available Geographical Information Systems (GIS), these 

packages are oriented toward the display and analysis of multiple sets 

of static XV data. Current efforts in this field are directed toward 

the integration of raster and vector data, 3-D persp~ctive displays, 

and development of compact graphical data structures. Complete 

integration of vector graphics and image processing (raster graphic) 

technologies remains a future goal, and generally software packages of 

both types, with the requisite 'liri'kage, must be purchased and 

integrated by the user or system mana~er. 
!' 

Hardware and Software Requirements for Geographical Modeling of 
Tectonic Processes 

The modeling of global tectonics requires simultaneous evaluation 

and fitting of large and diverse data sets, often from geographically 

distinct regions of the world. Strictly numerical techniques such as 
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regression analysis or 'inversion techniques require certain 

assumpti ons about the nature of the data and associ ated errors and 

often fail to provide an adequate feE~l for the goodness-of-fit. One 

must be able to rapidly compare a model with the observed data, and 

this is most easily done with the assistance of computers and computer 

graphics. 

Many of the special problems associated with global tectonic 

modeling have not been adequately addressed by currently avail abl e 

comp,uter technology. Geographic data have coordinates of latitude, 

longitude, and radial distance (elevation). When working within areas 

of limited extent, one can consider the global surface as a plane and 

use Lambert Conformal or Universal Transverse Mercator (UTM) X-V grid 

coordinates. However, when large areas of the earth are studied, data 

must be projected onto a 2-dimensional map surface through a non

linear transformation. And this transformation'will result in varying 

amounts of distortion within the projection. While there are special 

workstations that can rapidly handle 3-dimensional visualization of X

Y-Z data, there has been little effort to base hardware or firmware on 

spherical coordinates. Several exceptions include work by Goodchild 

and Shiver (1989) and Verhoef and others (1989). 

A second consideration for the tectonic researcher is presentation 

of results to the scientific community. There are several high

performance graphical workstations which can accomplish rapid 

hierarchical rotations and three-dimensional display of geographical 
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data (with multiple light sources and shading). This technology has 

been successfully applied to interactive global tectonic analysis 

(i.e., Rowley and Lottes, 1988: Pindell and others, 1988: Scotese and 

others, 1988). However it is often difficult to get a high

resolution, publication-quality print of what one sees on the graphics 

screen. This is because the high-performance graphics is obtained 

through special internal graphics processors which do a 

hardware/firmware display transformation to the vector data contained 

in the display list. If one writes the vector data to a metafile for 

plotting on another device, the viewing transformations are lost. 

There are several options for obtaining a low resolution image. 

- The screen raster image whi ch may have a reso 1 ut i on of 1,000 x 

1,000 pixels (picture elements) can be sent to a color printer to 

obtain an image quality of about 100 dots per inch (dpi). 

- The screen image can be photographed using a hood and standard 35 

mm camera. Factors such as scanning rate and the lighting 

intensity of 1-pixel wide lines affect the ultimate quality of as 

print or projected slide. Resolution is less than 100 dpi. 

- The screen image can be offloaded to a VCR type devi ce. In thi s 

process there is a 2~3x loss in the number of lines in the image. 

A scan converter is required to ensure that horizontal or vertical 

lines of the image simple don't disappear. High resolution storage 

and playback devices are now becoming available (using optical disk 

techno logy), but at best it wi 11 be several years before thi s 
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technology is affordable and can be used as a media for technical 

communications. 

None of these options are acceptable to current scientific journals. 

Illustrations therefore have to be redrafted from low resolution 

originals, and the net result is that less science is communicated to 

colleagues,. 

During the tectonic modeling process it is often necessary to 

study interactions in widely separated geographic locations, or 

perhaps to study different views or projections of a single geographic 

area. This means that windowing capabilities are required. It is 

also advantageous to be able to hierarchically link the pan and zoom 

of different windows. For example, if one were to simultaneously view 

a geographic region at scales of 1:100,000 and 1:1,000,000, it would 

be nice to be able to pan both these windows by a similar amount of 

ground distance (;'e., the mapped image panning rate to accomplish 

. this would be in a ratio of 10:1). It is also advantageous to use 

hierarchical data and modeling structures (such as is done in PHIGS) 

so that if I describe a rotation of plate B with respect to plate A, 

the results of this rotation would be graphically displayed in any 

window containing plates A and/or B. 

A summary of specifications for an interactive tectonic modeling 

system (ITMS) are as follows: 

- globally positioning of data in 4 dimensions (latitude, longitude, 

radius/elevation, and time), 



- graphical representation of data uncertainties, 

- hierarchical linking of data structures, 

- multiple, full-color, graphic windows, 

hierarchical linking of windows, 

- windows as map projections, 
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- functional mapping from the data to window environment (i.e., 

Elevation = f { Age }, Latitude/longitude = f { time }), 

- creation of an lIaudit trail II type metafil e so that the contents of 

any window could be output with the full resolution of any hardcopy 

device, 

- graphics generated in accordance with standards. 

Description of Hardware Available for This Research 

This research benefitted from hardware purchased in support of a 

mineral resource evaluation for Costa Rica which was funded by the 

U.S. Agency for International Development. Computational requirements 

for that project included creation of digital geographic information, 

statistical and graphical analysis of geochemical and geological data, 

and creation of an atlas of geochemical maps for publication. 

Hardware that was available to assist in data capture included a 

Calcomp 9100 series digitizer with various "smart" options such as 

automatic skewness correction, the ability to digitize in user 

coordinates, and a digital readout. A Sony, studio-quality camera was 

utilized for the capture and conversion of an image to red, green and 

blue signals that could be projected onto a graphics terminal. 
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The interactive graphics device used in this research was a 

Chromatics CX1500 series color graphics station, connected by a Direct 

Memory Access (DMA) channel to a VAX 8650. This graphics station 

supports numerous input devices including a framegrabber for capture 

of video signals. The graphics device can either be configured with 

24 color planes, or 12 planes, doub 1 e-buffered (one plane is viewed 

whil e the other is bei ng drawn): and has 4 overl ay planes, doub 1 e

buffered, for use in menui ng or in the superpos it i on of dynami c 

objects on complex, slow-to-redraw, background images. The terminal 

has 4 megabytes of local segment storage, reducing the amount of data 

shipping between the terminal and the host computer. Hardware and 

fi rmware performance enhancements are i ntegr-ated withi n the GKS 2-

dimensional graphics standard, and thus are transparent to the user 

and to the programmer. 

Hard-copy output was obtained with a Calcomp 5800 series color, 

electrostatic plotter. This plotter produces images at 400 dpi and 

can produce 1 i nes with a thi ckness "of "1/400th of an inch, and fill 

patterns ranging from 1/200th to 1/25th of an inch. The plotter is 
I: !. 

capable of using 1024 different colors in anyone plot. The plotter 

also has the capability to place data on any of 256 numbered planes 

which either overlay, erase, or merge with lower numbered planes. 
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Description of Software Used for This Research 

At the time the Costa Rican project was initiated, a survey was 

made of commercially available software: basic statistical and 

graphics packages, geographic information systems, and high

performance systems of coupled hardware and software. Few of the 

software packages that were reviewed met even a small subset of the 

modeling or hard-copy display requirements. Many of the extensive 

software packages were built using a core of antiquated, first 

generation (storage tube technology), graphics commands. None of the 

packages incorporated the GKS standard which had been recently 

adopted. In fact, many of the vendors did not know that a graphics 

standard existed. 

Realizing that I would have to develop most of the software, I 

decided to utilize the evolving standards whenever possible. This 

decision mandated my choice of hardware, such as the Chromatics 

graphics system which was designed with the GKS graphics standard in 

mind, and the Calcomp plotter which had a basic software package that 

seemed adaptable to this standard. My lowest level software libraries 

consisted of the Chromatic's FORTRAN implementation of the GKS 

standard, level 2c (see Enderle and others, 1984: or ANSI standard 

X3.124.1-1985 for a thorough description), Calcomp's Basic Software 

Package for Color El ectrostati c Plotters (Cal iforni a Computer 

Products, Inc., 1985), and a set of library routines which I developed 

to drive the digitizer. With this low level software, I developed 

1 i brari es to assi st in creati ng user interfaces, to manage vari ous 
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types of graphical input allowed under GKS, to manipulate and provide 

publication quality text for incorporation in maps and charts, to 

perform various geographic coordinate transformations, etc. I also 

developed libraries containing the tools required for tectonic 

analysis such as the rotating of points, the adding of rotations, the 

calculate of "stage" poles, etc. 

Graphics software was required for three distinct tasks: 

- data input, 

- graphical and statistically analysis, modeling, and display, and 

- data output in "hard-copy" publishable format. 

Data Input 

Much of the geographically located data was input or "captured" by 

the digitizer using software originally developed by Scott MacInnes 

and Greg Cole for the Costa Rican A.J.D. project, and extensively 

modified by Greg Cole. Although the data structures generated through 

input with this software are basically 2-dimensional, they have the 

advantage of rapidly translating into the basic GKS drawing 

primatives: points, lines, fill areas, cell arrays, and text strings. 

Data Conversion 

In order to cal cul ate basement depths for the Paci fi c Ocean, it 

was necessary to remove sediment thickness and adjust for the 

isostatic loading. Bathymetry data was obtained through the National 

Geophysical Data Center, and was gridded at a 5-minute interval. 

Sediment thickness information was only available on contour maps, and 

was digitized as a series of lines. In order to integrate this 
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digital and contour data, the contour data were digitized and 

converted to a gridded data base through the following procedure. A 

two-dimensional array representing the 5-minute grid was created. 

Each array element was treated as a picture element (pixel) or grid 

point representing a 5-minute by 5-minute square area within an image 

of the contour map. The digitized contours were rasterized to grid 

points or pixels. Rasterization was accomplished so that contours 

were contiguous and exactly I-pixel thick. Linear interpolation was 

accomplished along lines which successively bisected uninterpolated 

regions of the image, alternately in the vertical and horizontal 

directions. Slope projection was used in interpolating between 

contours of equal value, such as in the large areas with sediment 

thickness of 0 to 200 meters. This linear interpolation by bisection 

was continued until all grid points were assigned values. 

Sediment loading corrections can be applied if the seismic travel 

time through the sediments is known. Sediment thi ckness data had to 

be "unprocessed" back into travel times. The source map of sediment 

thickness (Ludwig and Houtz, 1979) includes an inset identifying the 

processing constants used in each region of the map. The outlines of 

these regions were digitized, and the regions were plotted as polygons 

on a graphics screen at a scale in which the screen pixels represented 

5 x 5 mi nute gri d poi nts. Pi xe 1 colors were then read into a data 

base and provided a gridded index identifying which constants were 

needed for the inversion of each gridded value, from thickness to 

travel time. It was not possible to digitize these regional outlines 
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as accurately as the sediment thickness, due to the reduced size of 

the inset map, but the boundaries between regions generally occur in 

areas with thin sediment cover, and thus errors caused by use of the 

wrong constants are minor. 
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