GLOBAL PLATE RECONSTRUCTIONS,
THE AREA-AGE RELATIONSHIP, AND
GLOBAL CHANGES IN SEA LEVEL
by
José Wilson Corréa Rosa

B.S., Universidade de Brasilia, Brasilia, Brazil
(1983)

Submitted to the Department of

Earth, Atmospheric, and Planetary Sciences
in Partial Fulfillment of the
Requirements of the Degree of

DOCTOR OF PHILOSOPHY

at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

09 November 1989
(© Massachusetts Institute of Technology 1989

Signature of Author

artment of Earth, Atmospheric, and Planetary Sciences

09 November 1989

Certified by

Peter Molnar
Thesis Supervisor

Accepted by

/S Thomas H. Jordan
Chairman, Departmental Committee on Graduate Students

MASSACHUSETTS INSTITUTE
OF TECHNOLOGY

LIBRAHIES

o

" Lindgron



GLOBAL PLATE RECONSTRUCTIONS,
THE AREA-AGE RELATIONSHIP, AND
GLOBAL CHANGES IN SEA LEVEL

by
José Wilson Corréa Rosa

Submitted to the Department of Earth, Atmospheric, and
Planetary Sciences on 09 November 1989, in partial
fulfillment of the requirements for the degree of
Doctor of Philosophy

Abstract

For the first time, a study of past changes in the sea level based on changes
in the area-age distribution of the oceans is done with the systematic estimation
of the associated uncertainties. The differences in the total volume of the ocean
basins due to differences in the distribution of area with age of the ocean floor,
but assuming a constant area of the ocean basins and a constant volume of ocean
water, should have caused a decrease in the sea level of 30 & 10 meters since
anomaly 13 time (35.58 Ma) and a decrease of 97 £ 10 meters since anomaly 25
time (58.94 Ma). To deduce this, we analyzed the available datasets of magnetic
anomaly and fracture zone crossings and of the resulting rotation parameters
describing finite reconstructions of the major plates. We improved this dataset
with the digitization of new data and with the calculation of new and consis-
tent rotation parameters. We built isochron maps for the present time and for
reconstructions at the times of anomalies 13 and 25 (35.58 Ma and 58.94 Ma).
The northwards movement of India since its collision with Eurasia is another
major factor in changes in the sea level since about 50 Ma, the approximate
time of the collision.

For the anomaly 13 reconstruction, the change in the volume of the ocean
basins due to the northern motion of India yields a decrease in sea level of
about 42 meters £+ 16 meters and for the anomaly 25 reconstruction, we have a
decrease of about 76 meters £ 46 meters.

The combination of changes in the sea level due to differences in the area-
age distribution, and sea-level changes caused by the penetration of India into
Eurasia yield a decrease in the sea level of 72 + 19 meters since the time of
anomaly 13 (35.58 Ma) and a decrease in the sea level of 173 & 47 meters since
anomaly 25 time (58.94 Ma).

The combination of the changes in sea level due to the previous factors and
the assumption that most of the ice in Antarctica was formed in the past 30 m.
y. gives us predicted decreases in sea level of 143 + 25 meters since the time of
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anomaly 13 (35.58 Ma) and of 244 + 53 meters since the time of anomaly 25
(58.94 Ma).

Thesis Supervisor: Peter Molnar

Title: Senior Research Associate in Geophysics
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Chapter 1

Introduction

Stratigraphic studies show that many transgressions and regressions identified
along different continental margins are nearly simultaneous and similar in mag-
nitude, indicating global changes in sea level. Because global changes in sea
level reflect changes in tectonic, glacial, and other large scale processes (i.e. the
change in the total volume of sea water), sea-level changes indicate the times of

major events.

A eustatic sea-level change on a global scale may be caused by a change in
the total volume of water in the oceans, by a change in the volume of the ocean
basins, or by a combination of both. The change in the volume of water may be
due to glaciation and deglaciation, or to the production of juvenile water from
magmatic sources or hot springs. Tectonic processes or the filling of the basins

by sediments may cause a change in the volume of the ocean basins.

Among these, only tectonic processes seem to be capable of causing long-
period sea-level changes (Vail et al., 1977). Pitman (1978) considered that
glacial changes and processes such as dessication and flooding of small ocean
basins cause rapid changes in sea level of tens of meters, but variation in the

volume of midocean ridges, related to changes in the rate of seafloor spreading,
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10 1. INTRODUCTION

is the mechanism most likely to cause larger and longer lasting changes in sea

level.

Pitman [1978] showed that transgressions and regressions that are syn-
chronous worldwide may be caused by changes in the rates of sea-level rise
or fall. He indicated that the subsidence rate at the seaward edge of a passive
margin platform, due to cooling of the lithosphere, is comparable with the rate
at which sea level rises or falls. So, if there is a fall in the sea level, the shoreline
will stabilize at that point on a margin where the rate of sea-level fall equals
the difference between the rate of subsidence and the rate of sediment infill. If
the rate of sea-level fall decreases, a transgression will occur, and if the rate
of sea-level fall increases, a regression will occur. If there is a rise in the sea
level, the shoreline can stabilize at that point on a margin where the rate of
sea-level rise equals the difference between the sedimentation rate and the rate
of subsidence. Under these conditions, if the rate of sea-level rise increases, a
transgression will happen, and if the rate of sea-level rise decreases, a regres-
sion will occur. Pitman [1978] developed a quantitative relation between the
position of the shoreline and the rates of subsidence, of sea-level change, and
of sedimentation. He constructed a sea-level curve, where sea level is shown to
fall steadily but at varying rates since Late Cretaceous time, due to a decrease
in the volume of ocean ridges, resulting from a decrease in the rates of seafloor
spreading.

The study of global changes in sea level has major applications that are very
important to the oil industry. It is used to improve stratigraphic and struc-
tural analysis incorporating the effects of sea-level changes, in the estimation
of geologic age before the drilling of a site, and in the development of a global

geochronology system.

In regional stratigraphic studies, comparisons of regional sea level curves,

based on the analysis of seismic sequences and regional sea-level changes, with



1.0. CHAPTER 1 11

global sea-level curves can suggest age of sequences with poor control and can fill
gaps in regional sea-level curves. Such comparisons also help in the prediction
of depositional facies and distribution of sequences. In areas with sparse or
no well control, the sea-level curves can be used to estimate the geologic age of
strata before drilling. In the areas with good subsurface control and well defined
biostratigraphic zones, the seismic sequences can be correlated for accurate age
control. If the subsurface control is poor within the grid, geologic ages can be
inferred by the comparison of a regional chart of relative sea-level changes built
from seismic data, with a global sea-level curve.

A major potential application of a global sea-level curve is in the study of
geochronology (Vail et al., 1977) since global cycles are defined just by the global
change in the relative position of sea level through time. The construction of
accurate regional sea-level charts can be used to improve the global chart.

Finally, differences between the regional sea-level curve and the global curve
may suggest anomalous regional processes such as tectonic subsidence or uplift
(Vail et al., 1977).

The study of sea-level changes is important not only to the petroleum stratig-
raphy but also to the studies of the heat budget of the earth, the force system
on the surface plates, and paleoclimate.

A large portion of the heat loss occurs in young sea floor. Using a thermal

model and subsidence of oceanic ridges, the ridge volume can be related to the

ridge heat flow (Turcotte and Burke, 1978; Parsons, 1982).

Since orogenic events are mainly associated with plate consumption, past
changes in sea level can be indicators of the episodicity of orogeny (Turcotte
and Burke, 1978). Turcotte and Burke [1978] associated high global sea levels
with cycles of high ridge heat flow. This implies a high rate of plate production

and, consequently, a high rate of simultaneous plate consumption.

Parsons [1982] discussed further applications of the study of the area-age
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distribution to the study of changes in the force system acting on the plates.
A change in this force system would change the magnitudes and directions
of plate velocities and hence the rate of plate generation and the distribution
of consumption with age. Furthermore, the resultant changes in the area-age

distribution would lead to new changes in the force system.

Changes in sea level are correlated with changes in the total surface of con-
tinental land and hence have important consequences on paleoclimates. The
total continental land area affects total weathering systems, the CO, level of
the atmosphere and the heat budget of the earth. Berner et al.[1983] deter-
mined that the CO, content of the atmosphere is highly sensitive to changes
in the seafloor spreading rates and total continental land area. They deter-
mined a much higher CO; level for the Cretaceous atmosphere, based on the
study of seafloor spreading rates. Assuming that CO, level and surface air tem-
perature are correlated with an atmospheric greenhouse model, they predicted
paleotemperatures for the Cretaceous. Berner et al.[1983] concluded that the
predominant factor affecting atmospheric CO, and climate over the past 100

Ma., is worldwide tectonic activity.

In addition, the change in the total water and ice coverage can be linked
to the absorption of heat from the sun and hence contributes to the total heat

budget of the earth.

The ultimate objective of this thesis is to analyze the relationship between
the distribution of area with age of the oceans and global changes in sea level.
In order to accomplish this objective, we first had to organize a global dataset
of magnetic anomalies and fracture zones, and a global dataset of rotation pa-
rameters. Then, we had to analyze the magnetic and bathymetric data in order
to test the rotation parameters. We improved both of these datasets by digitiz-
ing and including more recently published data and by calculating new rotation

parameters in order to minimize the uncertainties in the area-age distribution
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of the oceans. We used these data to construct a reliable map of the age of the
ocean basins for the present time and for 35.58 Ma and 58.94 Ma. We devel-
oped a method to measure the areas of a particular age span of the oceans. We
used this method to measure the distribution of area with age of the oceans at
the present time and at the two particular times chosen for the reconstructions
(35.58 Ma and 58.94 Ma). Finally, we analyzed the implications of the resulting

area-age distribution for global changes in sea level.

The first goal of the work presented here was to organize a set of magnetic
anomalies, fracture zones and plate boundaries that included all the data col-
lected and presented until now in the geophysical literature. We also collected
published sets of rotation parameters. These first two steps involved a detailed
search in the literature followed by the digitization of all the data that were not
included in an earlier database, previously organized by other MIT researchers
(Molnar et al., 1975; Molnar et al., 1988; Pardo-Casas and Molnar, 1987; Rosa
and Molnar, 1988; Stock and Molnar, 1982, 1987; Sudrez and Molnar, 1980)
with contributions from Kim Klitgord, Hans Schouten, Tanya Atwater, Steve
Cande, and John Sclater. We compiled isochrons for the times of magnetic
anomalies 5 (10.59 Ma), 6 (19.90 Ma), 13 (35.58 Ma), 18 (42.01 Ma), 21 (49.55
Ma), 25 (58.94 Ma), 30-31 (68.47 Ma), 34 (84.00 Ma), MO (118.35 Ma), M4
(125.91 Ma), M11 (132.78 Ma), M16 (141.52 Ma), M21 (149.65 Ma), and M25
(156.42 Ma).

The second task in this thesis was the analysis of the magnetic and bathymet-
ric data in order to test the rotation parameters. This resulted in the refinement
and modification of the rotation parameters and of the uncertainties associated
with them to build a consistent set of parameters with calculated uncertainties

that would work with all the plate boundaries.

We then constructed an internally consistent, reliable map of the age of the

ocean basins for the present time and for two particular times in the past (35.58
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Ma and 58.94 Ma). These are times of reliable reconstructions, when sea level
was different, and when the plate configurations differed from the present plate
configuration. This involved the definition of the isochrons for the present time
and the later reconstructions of these isochrons to the past ages, as well as the
extrapolation of the isochrons to certain areas of the ocean floor which were
present in the past but were subducted later and are now not present on the
existing ocean floor. The definition of the isochrons involved the analysis of the
magnetic and bathymetric data, the digitization of the isochrons, together with
the analysis and calculation of the rotation parameters.

The final goal was to analyze the area-age distribution for the present time
and for the reconstructions at the times of anomalies 13 and 25 (35.58 Ma and
58.94 Ma respectively), and to associate the changes in these area-age distribu-

tions with sea-level changes.

1.1 Overview of Contents

In Chapter 2, we summarize our studies on the rigidity of the Pacific plate during
late Cretaceous and Tertiary time, with the analyses of magnetic anomaly and
fracture zone crossings, due to Pacific-Farallon-Vancouver-Kula-Nazca spread-
ing, together with the calculation of rotation parameters and associated uncer-
tainties. This portion of our work was already published by Rosa and Molnar
[1986, 1988]. These results contributed to an improved tectonic history of the
Pacific Ocean with implications for the geologic setting of western North Amer-
ica (see Stock and Molnar, 1988).

Tertiary plate motions in the southeastern Pacific were studied in detail in
Chapter 3. This chapter presents an analysis of the data of Cande et al. [1982]
with the calculation of rotation parameters and associated uncertainties, a stage

which was not performed by those workers. The southeastern Pacific region has



1.1. OVERVIEW OF CONTENTS 15

undergone a complex tectonic history with spreading between several pairs of
plates. Our analysis agrees with the evolution of this region originally proposed
by Weissel et al. [1977] and supported by Cande et al. [1982], involving a major
reorganization of plate boundaries between anomaly 26 time and anomaly 18
time.

In Chapter 4 we show the results of our analysis of global magnetic anomaly
and fracture zone data, and of published rotation parameters, which were used to
build a consistent set of global rotation parameters with calculated uncertainties.
These were used together with digitized plate boundaries to define isochrons for
the present time and for reconstructions at anomaly 13 time (35.58 Ma) and at
anomaly 25 time (58.94 Ma).

In Chapter 5 we present the method used to calculate areas on the surface
of the earth. We also discuss the errors associated with the method. This
reliable and innovative method is used in Chapter 6 to determine the area-
age distribution for the present time and for the reconstructions at the times of
anomalies 13 and 25 (35.58 Ma and 58.94 Ma respectively). Finally, we interpret
the changes in the area-age distribution in terms of changes in sea level.

Chapter 7 summarizes the results of each of the previous chapters, and

presents further conclusions regarding the analysis of these results.

Figure Captions

Figure 1.1. Late Cretaceous to present sea-level curves (adapted from Kom-
inz, 1984). The heavy dashed curve is from Haq et al.(1987). Kominz

(1984) curve with error range, includes a 48 meters ice-volume correction.
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It is a ridge-volume sea-level curve and assumes that the age-depth re-
lationship of Parsons and Sclater (1977) and the magnetic anomaly time
scale of Larson et al.(1982) are correct. The Pitman (1978) curve is also
a ridge-volume derived sea-level curve with a 48 meters ice-volume cor-
rection. The Watts and Steckler (1979) sea-level curve is derived from
Atlantic continental margin subsidence data. The dashed and dash-dot
curves are derived from Paris basin subsidence data. The high (dashed)
curve is that of Brunet and Le Pichon (1982) by assuming post-Cretaceous
tectonic uplift. The hachured area is a water depth uncertainty. The Bond
(1979) sea-level estimates are derived from a combination of stratigraphic

data and continental hypsometry.
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Chapter 2

Uncertainties in
Reconstructions of the Pacific,
Farallon, Vancouver, and Kula
Plates and Constraints on the
Rigidity of the Pacific and
Farallon (and Vancouver) Plates

between 72 and 35 Mega annum

2.1 Introduction

Since the first efforts to make global reconstructions of the major plates, it has
been evident that there must have been an additional plate boundary in the

sequence of finite rotations needed to reconstruct the Pacific plate, and hence

18



2.1. INTRODUCTION 19

the Farallon plate, to other plates. The need for such a boundary is most
clearly revealed by a comparison of the reconstructed positions of early Tertiary
paleomagnetic poles from the major continents both with those of the Pacific
plate and with inferred loci of the spin axis from sediment facies on the Pacific
plate [Gordon and Coz, 1980; Sudrez and Molnar, 1980]. Whereas most of the
paleomagnetic poles from the continents agree within the uncertainties of one
another, they disagree by more than 1000 km with those of the Pacific plate.
Consequently, Gordon and Coz [1980] and Sudrez and Molnar [1980] concluded
that the additional plate boundary must lie somewhere between the equatorial

Pacific and east Antarctica.

Determination of the reconstructed positions of the Farallon and North
American plates is further complicated by the possibility of deformation of the
Farallon plate during their history of convergence. Menard [1978] suggested
that around 55 Ma, the Farallon plate split and that the area north of the
Murray fracture zone moved as a separate plate, the Vancouver plate, from the
remainder of the Farallon plate south of that fracture zone. Because at 55 Ma
the Murray fracture zone could have lain 1000 km or more south of its present
position, if Menard’s [1978] contention were correct, it would not have been the
Farallon plate that was subducted beneath most of North America during the

Eocene and Oligocene epochs, but rather the Vancouver plate.

Unaware of Menard’s [1978] suggestion of a Vancouver plate, the initial pur-
pose of our study was to examine whether an important early Tertiary plate
boundary could have lain north of the Eltanin fracture zone system, north of
about 45°S in the South Pacific, within what is now the Pacific plate. While
this study was in progress, Engebretson et al. [1984] presented results similar
in many ways to some of those that we present here and showed that a plate
boundary probably did not lie north of the Eltanin fracture zone. Shortly after-
ward, Stock and Molnar [1987] found the missing plate boundary within what
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is now the Antarctic plate north of west Antarctica. Nevertheless since some
aspects of our approach and some details of our results differ from those of En-
gebretson et al. [1984], we also present evidence similar to theirs for the rigidity
of the Pacific plate. In addition, we found Menard [1978] to have been correct in
that the Vancouver plate existed and moved separately from the Farallon plate

since the time of anomaly 21.

2.2 Data

The first step was to reexamine all published profiles of magnetic anomalies
that we could find from the Pacific plate: Atwater [1970] (her unpublished
chart), Bassinger et al. [1969], Elvers et al. [1972, 1973], Grim and Erickson
[1969], Handschumacher et al. [1975], Hayes and Heirtzler [1968], Malahoff and
Handschumacher [1971], Mason and Raff [1961], Molnar et al. [1975], Peter
[1966], Peter et al. [1970), Pitman and Hayes [1968], Raff[1966], Raff and Mason
[1961], Shih and Molnar [1975], Vacquier [1965], and Vacquier et al. [1961].
From them we picked the locations of anomalies 13, 18, 21, 25, the negative
anomaly between 30 and 31, and the positive anomaly on the young side of 32,
according to the numbering system of Pitman et al. [1968] (Figure 2.1). To
define fracture zones, we used the contour maps of Chase et al. [1970] in the
North Pacific and crossings of the Agassiz fracture zone on Mammerickx’s map
of the South Pacific in the work by Molnar et al. [1975]. Unlike Engebretson
et al. [1984], we did not consider the seafloor formed in the Early Cretaceous
and Jurassic periods. Uncertainties were assigned to the location of individual
crossings of magnetic anomalies according to the resemblance of the magnetic
anomalies to those observed on other profiles and to whether or not satellite
navigation was used. For fracture zones, we arbitrarily assigned an uncertainty

of 20 km because of the difficulty of defining where within the complicated
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topography the plate boundary lay.

All reconstructions are given for particular pairs of magnetic anomalies, not
for uniformly spaced intervals of time, because of the uncertainties in the geo-
magnetic time scale.

For Cenozoic magnetic anomalies we used ages given by Berggren et al.
[1985], and for Mesozoic anomalies, those of Kent and Gradstein [1985]. Values
for the anomalies that we used are given in Table 2.1, together with those of

Harland et al. [1982], which were used by Engebretson et al. [1984].

2.3 Search for the Poles of Rotations

In the reconstruction of the history of the Pacific-Farallon-Vancouver-Kula sys-
tem, only one side remains of the seafloor originally formed at the Pacific-
Farallon, Pacific-Vancouver, and Pacific-Kula ridges. The other sides have been
consumed in subduction zones. Nevertheless, we can still determine most of the
history based only on the magnetic anomalies and fracture zones present today
on the Pacific plate. Insofar as the plates were rigid, the magnetic anomalies
and the fracture zones represent the locations in the past of the ridges and trans-
form faults. Thus to describe a reconstruction, we calculated the position of the
pole of rotation and the angle that brought into accord the two sets of magnetic
anomalies of different ages and the corresponding segments of the fracture zones
that then were transform faults.

The “best” pole positions and angles for each interval of time between con-
secutive magnetic anomalies were first calculated using Hellinger’s [1979] meth-
od and then improved by qualitative analyses of the resulting fits of the data.
Hellinger’s method [Hellinger, 1979; Stock and Molnar, 1982] begins with a
primary search to find the angle of rotation, for a given pole position, that min-

imizes the misfit of corresponding segments of magnetic anomalies and fracture
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zones. A second iterative search within a particular region is then made for the
location of the pole with the minimum misfit. Since we have data from only one
plate, points representing a magnetic anomaly of one age were rotated about a
given pole to overlie points of an older magnetic anomaly.

Because Hellinger’s method uses a least squares analysis of errors, it is sensi-
tive to data that do not follow the assumptions of the method [Hellinger, 1979).
A lack of sufficient data to define a trend in a plate boundary, as is the case
for some anomalies in the South Pacific, makes Hellinger’s method insensitive
to these data. Significant differences in trend between corresponding segments
of the boundary, caused for instance by changes in direction of spreading or
by disruption by propagating ridges and transform faults, can make the distri-
bution of misfits not Gaussian at all [Hellinger, 1979]. Although we tried to
avoid such situations, one check suggested that we were not entirely successful.
The calculated rotations should agree among themselves. For example, if we
combine the rotation necessary to rotate anomalies 13 over anomalies 18 with
the rotation of anomalies 18 to anomalies 21, we should obtain the rotation for
the 13-21 rotation. In practice, however, when rotations such as these three
were calculated independently, they were not consistent. “Best” fits obtained
by Hellinger’s [1981] method were routinely examined visually, and we made
qualitative choices of the best fitting reconstructions (Tables 2.2, 2.3, and 2.4).
In all cases, however, the reconstructions obtained from Hellinger’s method lay

well within the uncertainties in the reconstructions that we present.

2.4 Calculations of Uncertainties

Because of the differences in the distribution of magnetic anomalies and fracture
zones of different ages, two variations on the procedure outlined by Stock and

Molnar [1983] were used to describe uncertainties in the rotations. With either
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variation we avoid the unwieldy description of the uncertainties in both the
position of the pole and the rotation angle, quantities that are dependent on one
another. Instead we cast the uncertainty in terms of small perturbing rotations
about three orthogonal axes.

For the Pacific-Farallon rotation of anomaly 30-31 to 32 and for the rota-
tions that describe either Pacific-Kula or Pacific- Vancouver motion, we used the
method developed by Stock and Molnar [1983] and modified slightly by Molnar
and Stock [1985] (Figure 2.2a). We found the positions of three axes: one in the
center of the set of the older anomalies of the pair, a second 90° from it in the
direction of transform faults that were, or would have been, active then, and a
third 90° from the first in a direction perpendicular to such transform faults.
Small rotations about each of these three axes produce small but allowable mis-
fits: (1) a rotation about the first produces a skewed fit, with underlap of some
magnetic anomalies and overlap of others, (2) a rotation about the second axis
mismatches fracture zones (transform faults), and (3) a rotation about the third
systematically mismatches the magnetic anomalies but not the fracture zones.
We tolerated uncertainties in positions and misfits of 20 km. The minimum
angle of rotation to give a 20-km skewed mismatch can be approximated by

20(km)
111.4(£2-)sing

degree

where L is the length, in degrees, of the plate boundary for which there are data
[Stock and Molnar, 1983]. The angle of rotation that gives a 20-km mismatch
of the fracture zones or magnetic anomalies is 0.18°.

For the Pacific-Farallon rotations that use data south of the Pioneer fracture
zone from both the North and South Pacific, we used a different method to
obtain the three orthogonal axes (Figure 2.2b). For each rotation, we took the
southernmost crossing of the older anomaly north of the Murray fracture zone

as a northern axis. Rotation about this axis would cause a large mismatch
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of data in the South Pacific without degrading the fit in the North Pacific
substantially. Given the limited number of data, we allowed a rotation of 0.36°,
corresponding to misfits of as much as 40 km in the South Pacific. Using the
azimuth of the Murray fracture zone, we calculated an axis 90° away from this
first point; a rotation about this axis would allow mismatches of 20 km of the
fracture zones in both the North and South Pacific. As a southern center, we
took a point 90° from the other two. Small rotations about this axis cause
much larger mismatches of the magnetic anomalies in the North than in the
South Pacific. We allowed a 20-km mismatch for these anomalies at the Murray
fracture zone, corresponding to an angle of 0.18°. Examples of the calculated
uncertainty regions for each rotation were plotted beside the selected anomalies
in Figures 2.3-2.6, and the partial uncertainty rotations are listed in Tables 2.5-
2.7.

2.5 Results

2.5.1 Pacific-Farallon, south of the Pioneer fracture zone

As we show below, the magnetic anomalies younger than anomaly 21 and cor-
responding fracture zones north of the Pioneer fracture zone and south of the
Murray fracture zone cannot have formed by spreading of the same Farallon
plate from the Pacific plate. It appears that the seafloor between the Pioneer
and Murray fracture zones formed by separation of the Pacific plate from the
Farallon plate, which lay south of the Murray fracture zone, and not from the
Vancouver plate [Menard, 1978], which lay north of the Pioneer fracture zone.
Thus we begin our discussion with results for Farallon-Pacific motion south of
the Pioneer fracture zone. The magnetic anomalies, particularly 13, 18, and

21, between the Pioneer and Murray fracture zones played an important role
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in this analysis, since this is the area with the best coverage. To illustrate
the reconstructions, we show the rotated points representing the crossings of
each anomaly to those of the next older anomaly, and the rotated positions of

anomaly 13 over all the others (Figures 2.3-2.5).

Just south of the Murray fracture zone (Figure 2.4), however, there is an
anomalously large space between anomalies 13 and 21, where a ridge jump must
have occurred [Menard and Atwater, 1969; Harrison and Sclater, 1972]. Thus
anomalies 13 from this segment do not help in the reconstruction. A little far-
ther south of the Murray fracture zone, approximately at 26°N, there are two
crossings of anomaly 18 (Figure 2.4). If the trend of these anomalies can be
extended to the north, the spacing between anomalies 13 and 18 south of the
Murray fracture zone is more than twice the spacing between these anomalies
north of this fracture zone. In this case, the ridge jump would have occurred
sometime after anomaly 18, and the possibility of asymmetrical spreading could
be ruled out, since the maximum distance between two anomalies in the case of
a totally asymmetrical spreading must be twice the separation of the anomalies
in a symmetrical spreading system. On the other hand, if we consider only
anomalies 13 and 21, the spacing between these anomalies just south of the
Murray fracture zone is less than twice the spacing between these same anoma-
lies between the Pioneer and Murray fracture zones. In this case, a ridge jump
could have occurred, but the possibility of asymmetrical spreading during the

interval between 35 and 50 Ma cannot be discarded.

Between the Pioneer and the Murray fracture zones, anomalies 13, 18, and
21 show slight departures from their north-south trends (Figure 2.4). These
variations in trends gave us some difficulty when we rotated them over one
another and over older anomalies. Although Menard [1978] explained these
departures as a result of a split of the Farallon plate about 37 Ma, we think
that they can be explained by a process of ridge jumping, probably by the
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propagation of spreading centers and transform faults [Hey, 1977; Shih and
Molnar, 1975]. In any case this difficulty is most serious for reconstructing
anomaly 25 and younger anomalies. Only four crossings define the anomaly 25
lineation between the Pioneer and Murray fracture zones, and only one pair of
them can be overlapped by rotated anomalies 13, 18, or 21. We chose to overlap
the southern two crossings of anomaly 25 because by doing so we also can match
anomalies 21 and 25 south of the Murray fracture zone. If we were to match the
northern crossings of anomaly 25, we could match neither crossings of anomaly

21 south of the Murray fracture zone nor the trend of the fracture zones.

Crossings of magnetic anomalies in the South Pacific are few, and by them-
selves they could not define poles and angles well. We, like Engebretson et al.
[1985] however, found that we could use the same pole positions (Table 2.2) to
match the magnetic anomalies and the trend of the Agassiz fracture zone in
the South Pacific with the magnetic anomalies and fracture zones in the North

Pacific south of the Pioneer fracture zone (Figures 2.4 and 2.5).

To reconstruct anomaly 25 to anomaly 30-31, we found that we could use
the trends of the Surveyor and Mendocino fracture zones and the crossings of
these anomalies between them (Figure 2.3). The spacing of these anomalies
farther north, however, is too large, and some asymmetric accretion of material

to the Farallon and Pacific plates must have occurred there (Figure 2.3).

We found no reliable crossings of anomaly 32 in the South Pacific, but from
those profiles of anomaly 30-31 near 35°S, 145°W, we are convinced the spread-
ing rate there was relatively slow and that anomaly 32 must lie only about
100 km west of anomaly 30-31. Nevertheless, crossings of anomalies 30-31 and
32 from the Great Magnetic Bight in the North Pacific to those south of the
Murray fracture zone can be rotated to one another such that the predicted po-
sition of anomaly 32 in the South Pacific lies just west of anomaly 30-31 there

(Figure 2.5).
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Thus as Engebretson et al. [1984] found, magnetic anomalies and fracture
zones in the North and South Pacific are sufficiently concordant that we can be
confident that, except for local areas such as the disturbed zone south of the
Murray fracture zone, the Farallon and Pacific plates behaved rigidly from the

time of anomaly 32 to that of anomaly 13.

2.5.2 Pacific-Vancouver, north of the Pioneer and Men-

docino fracture zones

To fit magnetic anomalies north of the Pioneer fracture zone and younger than
anomaly 21, we found that the parameters used for the region south of it yield
unacceptable misfits (Figure 2.7), and rotation parameters different from those
used for the area south of the Pioneer fracture zone are necessary. The need for
different parameters is particularly clear from the trends of the Surveyor, Men-
docino, and Pioneer fracture zones, which differ by about 11° from that of the
Murray fracture zone. It was largely because of this difference in trends of frac-
ture zones that Menard inferred that there must have been a Vancouver plate,
separate from the Farallon plate beginning some time between the formation of
anomalies 25 and 21. Note also, however, that when the magnetic anomalies
north of the Pioneer fracture zone are rotated about the poles determined for
the Pacific south of the Pioneer fracture zone, some rotated anomalies lie on the
south side of the Mendocino, Surveyor, and Pioneer fracture zones and others
mismatch their counterparts by as much as 100 km (Figufe 2.7).

When we rotate backward the magnetic anomalies 21 and 18 over crossings
of magnetic anomaly 13 south of the Pioneer fracture zone about the poles of
rotations determined for the Pacific north of this fracture zone (Table 2.3), the
rotated anomalies lie on the south side of the Murray fracture zone (Figure 2.8).

This implies that the seafloor be a result of spreading between the Pacific and
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Farallon plates and not between the Pacific and Vancouver plates. Only if the
creation of the disturbed zone were associated with propagating ridges that
crossed the Murray fracture zone, could its trend be oblique to transform faults
that offset the Pacific-Farallon ridge. We cannot completely eliminate this pos-
sibility, but both the parallelism of the Murray and Clipperton fracture zones
and the orthogonality of magnetic anomaly lineations to the Murray fracture
zone suggest that the Murray fracture zone formed as a transform fault between
the Pacific and Farallon plates and does not reflect deformation near the triple
junction of the Pacific, Vancouver, and Farallon plates. Thus we think that
the Pacific-Farallon-Vancouver triple junction lay on the Pioneer fracture zone,
but we cannot eliminate completely the possibility that it lay on the Murray

fracture zone or between these two fracture zones.

Engebretson et al. [1984] did not infer that the Vancouver and Farallon plates
were distinct. They relied on various published inferences of linear trends of
magnetic anomalies and projections of their intersections with fracture zones to
constrain the reconstructions. Locations for such projected intersections proba-
bly contain larger errors and discrepancies than those of individual crossings of
magnetic anomalies. Thus we suspect that their data included sufficient “noise”
to make the misfits of the data north and south of the Pioneer fracture zone
seem acceptable without revealing the mismatch of some tens of kilometers that

we found.

Replacement of the Farallon plate by the Vancouver plate in global plate
reconstructions makes small, but in some cases significant, changes in the cal-
culated rates of subduction beneath western North America between 50 and 35
Ma. In the present coordinates and with respect to the Pacific plate at the time
of anomaly 13, the calculated position of the pole of rotation describing the con-
vergence between the Vancouver and Farallon plates from the time of anomaly

21 to that of anomaly 13 is 41°N, 108°W. This position is nearly due east of
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the east-west trending Mendocino fracture zone. Although the rotation angle of
7.8°, corresponding to an average angular velocity of 0.56°/yr is not small, the
proximity of the pole to the Farallon-Vancouver plate boundary, a maximum
of 18° from the pole, means that the relative motion across that boundary was
small, less than 20 mm/yr. Moreover, at the part of the west coast of North
America where the eastern half of the Mendocino fracture zone would have in-
tersected it, the rate of motion of the Farallon and Vancouver plates would have
been smaller and virtually negligible. Ignoring the existence of the Vancouver
plate, however, is more serious at its northern extremity, which relative to North
America lay near the present latitude of Cape Mendocino at the time of anoma-
lies 13 and 18 [Stock and Molnar, 1988]. At this position and at the time of
anomaly 13, the calculated velocity of the Vancouver plate with respect to the
Farallon plate is about 30 mm/yr. Therefore the calculated average relative
velocity between the Vancouver and North American plates at this locality also
differs by 30 mm/yr from the velocity that would be calculated for the Faral-
lon and North American plates, assuming that there was no separate Vancouver
plate. Thus the inclusion of a separate Vancouver plate is probably unimportant
for some crude calculations of the subduction history of western North America,
but is important for those seeking quantitative relations between plate motions
and the geology of the continental interior of western North America.

Finally note that some authors relate the major reorganization in the Pacific-
Farallon-Kula relative motions at about 55 Ma to the death of the Pacific-Kula
ridge [e.g., Byrne, 1979; Duncan, 1982]. Engebretson et al. [1984], however,

believe that the Pacific-Kula spreading continued until about anomaly 18.

2.5.3 Kula plate

Numerous crossings of anomalies 25 and 30-31 and a few of anomaly 32, plus

the trend of the Amlia fracture zone, allow us to determine parameters for the
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reconstruction of these anomalies (Figure 2.6). Unfortunately, the published
profiles east of the Amlia fracture zone (Figure 2.6) clearly show anomalies that
are not part of the sequence in the rest of the world [Peter et al., 1970]. Thus a
clear ridge jump makes it impossible to match the best sets of anomalies 30-31
and 32. In any case, the same pole position works for both reconstructions,

but the uncertainty for the reconstruction of anomaly 30-31 to 32 is clearly the

larger.

2.6 Conclusions

Five results can be listed from our analysis in this chapter. (1) Tables 2.2-2.4
list sets of consistent rotations for the Pacific-Farallon, Pacific-Vancouver, and
Pacific-Kula plates between the times of anomalies 13 and 32, and Tables 2.5-
2.7 give uncertainties. (2) The Pacific and Farallon plates between the Pioneer
and Agassiz fracture zones appear to have been rigid, with neither broken into
two plates in that interval of time. (3) Therefore the additional Tertiary plate
boundary inferred by Gordon and Coz [1980] and Sudrez and Molnar [1980]
must have been south of the area studied within the Pacific plate south of the
latitude 43°S, or within the Antarctic plate. (4) Spacings of magnetic anomalies
13, 18, and 21 north of the Pioneer fracture zone and the orientations of the
Pioneer, Mendocino, and Surveyor fracture zones differ from those south of the
Pioneer fracture zone and suggest that between the formation of anomalies 25
and 21, the northern part of the Farallon plate split from the rest of it to form
the Vancouver plate, as Menard [1978] had inferred. (5) Therefore it has been
the Vancouver plate, not the Farallon plate, that was subducted beneath most

of western North America from about 55 Ma until the spreading center was
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annihilated at the subduction zone.

Figure Captions

Figure 2.1 Locations of magnetic anomalies and fracture zones used in this
chapter. Magnetic anomalies are shown as triangles and identified by
number. The Amlia fracture zone is shown as A, and the other fracture
zones are shown as C. Oblique Mercator projection with a pole at 72.90°N,

90.77°E.

Figure 2.2a Diagram showing locations of centers of rotation used for calcu-
lating uncertainties by the method developed by Stock and Molnar [1983]
and modified slightly by Molnar and Stock [1985]. Points A and D repre-
sent the locations of the northernmost and southernmost crossings of the
set of the older magnetic anomalies of the pair, respectively. Centers for
mismatched magnetic anomalies (m. ma.) and for mismatched fracture

zones (m. fz.) are indicated.

Figure 2.2b Diagram showing locations of centers of rotation used for calcu-
lating uncertainties by a variation of the method outlined by Stock and
Molnar [1983]. Points A and B represent the locations of the northernmost
and southernmost crossings of the set of the older anomalies of the pair,
respectively, in the North Pacific. Points C and D represent similar lo-
cations in the South Pacific. Centers for mismatched magnetic anomalies

(m. ma.) and for mismatched fracture zones (m. fz.) are indicated.
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Figure 2.3. Fits and uncertainties in rotations of magnetic anomalies in the
North Pacific. The magnetic anomalies are shown as triangles and iden-
tified by number. Numbers in parentheses show inferred locations. The
Amlia fracture zone is shown as A, and other fracture zones are shown as
C. The solid circles represent the rotation of each anomaly over the next
older anomaly. The crosses represent the rotation of magnetic anomaly
13 over all others. Oblique Mercator projection with a pole at 72.90°N,
90.77°E.

Figure 2.4. Detailed view of part of Figure 2.3 showing fits and uncertainties
in the rotations of magnetic anomalies between 24°N and the Mendocino
fracture zone. The magnetic anomalies are shown as triangles and iden-
tified by number. Numbers in parentheses show inferred locations. The
fracture zones are shown as C. The solid circles represent the rotation of
each anomaly over the next older anomaly. The crosses represent the rota-
tion of magnetic anomaly 13 over all others. Oblique Mercator projection

with a pole at 72.90°N, 90.77°E.

Figure 2.5. Fits and uncertainties in rotations of magnetic anomalies in the
South Pacific. The magnetic anomalies are shown as triangles and iden-
tified by number. Numbers in parentheses show inferred locations. The
Agassiz fracture zone is shown as C. The dot-dashed lines represent pro-
posed fracture zones. The solid circles represent the rotation of each
anomaly over the next older anomaly. The crosses represent the rota-
tion of magnetic anomaly 13 over all others. Oblique Mercator projection

with a pole at 72.90°N, 90.77°E.

Figure 2.6. Detailed view showing fits and uncertainties in the Pacific-Kula
rotations. The magnetic anomalies are shown as triangles and identified

by number. The Amlia fracture zone is shown as A, and other fracture
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zones are shown as C. The solid circles represent the rotation of each

anomaly over the next older anomaly.

Figure 2.7. Misfits in the rotations of magnetic anomalies north of Pioneer
fracture zone and fits in the rotations south of Pioneer fracture zone us-
ing the rotation parameters appropriate for the rotations south of Pioneer
fracture zone (Table 2.2). The magnetic anomalies are shown as trian-
gles and identified by number. The fracture zones are shown as C. The
solid circles represent the rotation of magnetic anomaly 18 over magnetic
anomaly 21. The crosses represent the rotation of magnetic anomaly 13
over magnetic anomalies 18 and 21. Oblique Mercator projection with a

pole at 78.00°N, 140.00°W.

Figure 2.8. Fits in the rotations of magnetic anomalies north of Pioneer frac-
ture zone and misfits in the rotations south of Pioneer fracture zone using
the rotation parameters appropriate for the rotations north of Pioneer
fracture zone (Table 2.3). The magnetic anomalies are shown as triangles
and identified by number. The symbol (13) shows the inferred location of
magnetic anomaly 13 in the disturbed zone. The fracture zones are shown
as C. The solid circles represent the rotation of magnetic anomaly 21 over
magnetic anomalies 18 and 13, and also the rotation of magnetic anomaly
18 over magnetic anomaly 13. Oblique Mercator projection with a pole

at 78.00°N, 140.00°W.
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Chapter 3

Uncertainties in
Reconstructions of the Pacific,
Antarctica, Farallon, and Aluk

Plates during Cenozoic time

3.1 Introduction

Several spreading centers have been active in the southeast Pacific since early
Cretaceous time, reflecting spreading among several pairs of plates: Pacific-
Antarctica/Bellingshausen, Antarctica/Bellingshausen-Aluk, Pacific-Aluk, Pacific-
Farallon, Antarctica/Bellingshausen-Farallon, and Antarctica-Nazca. Our knowl-
edge of the tectonic history of this area was much improved by Cande et
al.[1982], who, with much new data, identified a major re-organization in plate
boundaries between anomaly 26 time and anomaly 18 time. At this time, a
large fragment of sea floor was broken off the Pacific plate and joined to the

Antarctica plate. This region, east of the Hudson Trough and south of the Hum-

43
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boldt fracture zone (Figure 3.2), had subsequently spread rapidly away from an
area in the southwestern Pacific, where a sequence of older anomalies, that were
formerly adjacent and part of the same sequence of magnetic anomalies, had
been identified by Weissel et al.[1977).

Weissel et al.[1977] had speculated that the anomalies west of the Henry
Trough (Figure 3.2) were formed by Pacific-Aluk spreading. Weissel et al.[1977]
proposed a model involving a major reorganization of plate boundaries between
anomaly 26 time and anomaly 18 time (Figure 3.1). Before anomaly 26 time
there was one triple junction involving the Pacific, Aluk and Antarctic plates
and one triple junction involving the Pacific, Farallon and Aluk plates (Figure
3.1a). By anomaly 18 time, there was one triple junction involving the Pacific,
Antarctic and Farallon plates and one involving the Antarctic, Farallon and
Aluk plates (Figure 3.1b). The tectonic history proposed by Cande et al.[1982]
seems to confirm their speculation. Cande et al.[1982] concluded that the re-
organization occurred progressively over a 18.5 m.y. interval at about anomaly
21 time (49.55 Ma), and showed how this reorganization happened.

Here we analyze further the data in the southeast Pacific to quantify the
reconstructions of the Pacific, Antarctic, Farallon, and Aluk plates at time of
selected anomalies. These poles and angles of rotation will be used in later
chapters for our global plate reconstructions, which is one of the major objectives
of this thesis. In addition, they may be useful in later studies of the history of

subduction along the South America and West Antarctica margins.

3.2 Data Analysis

In order to be able to study the region, we digitized the magnetic anomalies,
fracture zones and plate boundaries presented by Cande et al.[1982] (Figure
3.2, Figure 1 of Cande et al., 1982). These data were separated into groups
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according to the spreading centers where the oceanic crust was formed. (Figure
3.3, Figure 2 of Cande et al., 1982).

As described in Chapter 2, we emphasize that all reconstructions here were
made for particular pairs of magnetic anomalies, not for uniformly spaced in-

tervals of time, due to the uncertainties in the geomagnetic time scale.

3.3 Search for the Poles of Rotations

With the exception of a small part of seafloor just south of the southernmost
point of South America, only one side remains of the seafloor originally formed
at the Antarctica-Aluk, Pacific-Aluk, Pacific-Farallon, and Antarctica-Farallon
ridges. Therefore, we determined the rotation parameters using only the mag-
netic anomalies and fracture zones present today on the Pacific and Antarctica
plates.

We used the same methodology used in Chapter 2 to define the best-fit pole
positions. The "best” pole positions and angles for each interval of time between
consecutive magnetic anomalies were first calculated using Hellinger’s [1979]
method, described in Chapter 2, and then improved by qualitative analyses of
the resulting fits of the data. For the southeast Pacific, however, there is much
less data than was available for the Pacific-Farallon-Vancouver-Kula system.
Thus, we had to make qualitative choices of best fitting reconstructions to define
most of the rotation parameters (Tables 3.1 to 3.6).

Sometimes we refer to the Bellingshausen plate, instead of the Antarctica
plate, since a reanalysis of early Tertiary magnetic anomalies on the Pacific
plate south of the Campbell Plateau by Stock and Molnar [1987] indicated that
until a little before anomaly 18 time (42.01 Ma), there was a triple junction of
the Pacific, the Antarctic, and a third plate now beneath the Bellingshausen
sea, which they named the Bellingshausen plate.
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3.4 Calculations of Uncertainties

For the calculation of the uncertainties associated with the rotation parameters
(Tables 3.7 to 3.11) we used the method of Stock and Molnar [1983] modified
later by Molnar and Stock [1985] and described in the previous chapter (Section
2.4). The calculated partial uncertainty rotations listed In Tables 3.7 to 3.11 can
be added to the best-fit rotations to estimate the uncertainty region surrounding
the best-fit pole and angle.

Sometimes we could not calculate the uncertainties associated with the ro-
tation parameters due to a lack of data. For example, in those places for which
we have just one segment of the isochron with its orientation and size poorly
defined by just one magnetic anomaly crossing. If it was impossible to calculate
the uncertainties directly from the end points of plate boundaries, we interpo-
lated or extrapolated from the parameters calculated for the adjacent magnetic
anomalies.

The uncertainties in the rotation parameters are large because the lengths
of plate boundaries are very short. In contrast, in Chapter 2, we studied the
Northeast Pacific where the isochrons represent well defined and long plate

boundaries, yielding small uncertainties in the rotation parameters.

3.5 Results

The southeast Pacific is a region of complex tectonic history. Calculating the
rotation parameters, we noticed several interesting points that we shall discuss
now.

Studying the Antarctic-Aluk (Bellingshausen-Aluk) data presented by Cande
et al.[1982] with their collection of new magnetic anomalies, fracture zones and

bathymetric features, we noticed that the data from north and south of one of
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the fracture zones, could not be matched with the same rotation parameters,
especially sometime before anomaly 10 (Figure 3.2, Figure 1 of Cande et al.,
1982). This is the second fracture zone south of the Hero fracture zone and
the second fracture zone north of the Tula fracture zone, southeast from the
region that is hachured in their figure (Figure 3.2). It is clear that a single
reconstruction will not match the magnetic anomaly crossings north and south
of this fracture zone for the 13-18 rotation, or for the 18-20 rotation. This fact
could be real or it could be a result of poor identifications. A collection of new
magnetic anomaly crossings and bathymetric data from this region is necessary

to solve this problem.

Another problem that could be solved with the collection of new data is that
there are no crossings of magnetic anomalies younger than anomaly 22 south of
the Tula fracture zone and there are no crossings of magnetic anomalies older
than anomaly 20 north of this fracture zone. We are not sure that the younger
data south of the Tula fracture zone would be consistent with the rotation

parameters determined for the data just north of this fracture zone.

Another feature noticeable in the Antarctica (Bellingshausen)/Aluk data
presented by Cande et al.[1982] is that the lineations of magnetic anomalies
25 and 26, south of the Tula fracture zone, have different azimuths from the
lineations of magnetic anomalies 23, 24, 27, 28 and 29. This also could be a result
of misinterpretation of the magnetic data, sparsity of the magnetic anomaly
crossings, unidentified fracture zones with small offset, or poor navigation. We
can also notice that there was probably a ridge jump near anomaly 27 time,
south of the Heezen fracture zone, where the spacing between the crossings
of anomaly 28 and the crossing of anomaly 27 is different from the spacing
between these two anomalies just north of this fracture zone. The Antarctica-
Aluk reconstructions for anomalies 6 to 13 are the best constrained. There are

not enough data to define well the other reconstructions.
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In the region corresponding to Antarctica (Bellingshausen)-Farallon spread-
ing, just north of the hachured area in Figure 3.2, there ;;vas probably a ridge
jump between the times corresponding to magnetic anomalies 13 and 18 at the
ridge segment west of the westernmost fracture zone. There was probably an-
other ridge jump between the time of magnetic anomaly 12 and the time of
magnetic anomaly 18, along the segment of ridge between the second and the
third fracture zones counting from the west to the east.

We calculated the rotation parameters for the Nazca-Antarctic rotations for
anomalies 5, 6, and 13, using the Nazca-Pacific and the Pacific-Antarctic poles
and angles. If we use the pole and angle for the anomaly 5 rotation to rotate
the data from Cande et al.[1982], the anomaly 5 crossings rotate parallel to the

azimuth of the fracture zones that bound them.

3.6 Conclusions

The southeastern Pacific has been an area of complex tectonic activity with the
spreading occurring between at least six different plate boundaries. Cande et
al.[1982] presented more data and proposed a tectonic history for the area that
agrees with that of Weissel et al.[1977].

We digitized all the data presented by Cande et al.[1982] and calculated
rotation parameters with their associated uncertainties. As we expected, the
uncertainties are large since we do not have enough data to constrain most
of the rotations. However, these data are still useful for determining the age
distribution of the ocean floor in this region. The rotation parameters can be
used for calculating subduction rates from global plate circuits. Although the
lengths of the spreading centers in this region are not large, a reanalysis of the
original magnetic profiles and future collection of new magnetic and bathymetric

data may reduce the uncertainties and further improve the details of the tectonic
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history proposed by Weissel et al.[1977] and Cande et al.[1982].

Figure Captions

Figure 3.1. Orientations of plate boundaries in the southeast Pacific at dif-
ferent times (from Weissel et al.,, 1977). Note the change in the plates
involved in the two triple junctions at each of the two reconstructions

(Figure adapted from Cande et al., 1982).

Figure 3.2. Magnetic anomalies and fracture zones in the southeast Pacific
Ocean after Cande et al.[1982]). The 