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PRESENT PLATE CONFIGURATION AND
CHAPTER OVERVIEW

In the present configuration of tectonic plates, the northeast
Pacific region is dominated by the huge Pacific Plate. Along its
castern edge, the Pacific Plate presently interacts with two
medium-sized oceanic plates, the Juan de Fuca and Cocos Plates,
and a few related small platelets: the Yakutat, Explorer, South
Gorda, and Rivera Plates (Fig. 1). All of these occupy relatively
small regions along the edge of the Pacific Plate, interacting as
well with the North American Plate along its western rim.

The most complex modern plate boundaries in the northeast
Pacific region occur where the eastern edge of the Pacific Plate
abuts directly against North America. These are primarily strike-
slip boundaries with subordinate amounts of extension: the
Queen Charlotte-Fairweather fault system, including the oblique
motion of the Yakutat block, and the San Andreas fault system,
including the oblique extension in the Gulf of California. The
diffuse nature of the earthquake zones around these features,
depicted in Figure 1, shows that plate boundaries within the
continental lithosphere are not as narrow and simple as those
within the oceanic plates. The broad zones of activity in the Great
Basin show the existence of at least two diffuse inland zones of
deformation, as well.

The present plate tectonic situation of the north Pacific is
quite unusual in the world ocean system in that this vast expanse
of ocean is so dominated by the one plate and contains so few
spreading centers. The evidence embedded within the Pacific
plate shows that this present odd configuration is a rather recent
development. In the early Cenozoic and earlier times the north
Pacific basin was rich in plates and spreading systems. Large
oceanic plates lay to the north, east, and south of the Pacific Plate.
In this chapter we review what is known about these ancient
plates and their slow evolution to the present configuration. First
we shall examine the magnetic anomaly isochron pattern in the
northeast Pacific and its implications for the history of sea-floor
spreading among the plates within the ocean basin. Next we
examine global-scale data used for plate tectonic reconstructions
and review the reconstructions that have been made in order to

examine the interactions between the oceanic plates and their
continental neighbors. Finally, we shall examine a few of the
phenomena in the continental geologic record of the western
United States that resulted from these plate interactions and that
help us refine our understanding of them.

SEA-FLOOR SPREADING HISTORY
OF THE NORTH PACIFIC

Magnetic anomaly data base and polarity reversal timescale

The primary data bases used in most plate tectonic recon-
structions are maps of magnetic anomaly isochrons and topog-
raphy of the ocean floor. In Plates 3A, 3B, and 3C we present
new compilations of fracture zones and selected magnetic anom-
aly profiles and contours in the north Pacific, along with isochron
interpretations. Printed in reverse on the backs of the plates, for
use with a light table, are the bathymetric contours from Mam-
merickx (this volume). In Atwater and Severinghaus (this vol-
ume) we describe some details of the construction of these plates.
Segments of the maps in the plates will be used in Figures 4
through 12 to examine the spreading histories of local regions.
The areas covered by these figures are shown in red on Figure 2.

The primary difference between previous interpretations
and the new ones presented here is our liberal use of propagating
rift traces (pseudofaults and shear zones) wherever they are sug-
gested by the data. These features, described in Hey and others
(this volume), are the mechanism by which mid-ocean ridges
reorient themselves following changes in direction of spreading
and also seem to be associated with hot spots, although the rela-
tive importance of these two factors is not resolved.

Magnetic anomalies are dated by comparing them to the
sequence of polarity reversals documented for the Earth’s mag-
netic field. Magnetic anomalies will often be referred to in the text
by their identification numbers with numbers in brackets to show
ages in millions of years according to the revised polarity reversal
scales of Kent and Gradstein (1985) and Berggren and others
(1985). Portions of these time scales are presented on the plates
and figures, as needed.
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Figure 1. Seismicity and present-day plates and plate boundaries in the northeast Pacific and western

North America.

The relevant sequence of magnetic field reversals includes
three distinct periods, as follows. During the Late Jurassic and
Early Cretaceous, the field polarity reversed often in a sequence
called the “M-series” reversals (Larson and Pitman, 1972). In this
series, prominent reversed intervals have been numbered M29
through MO, the latter being the youngest. This was followed by a
time interval in the mid-Cretaceous during which the field was
stable for more than thirty million years, having few or no rever-
sals. This interval is called the “Cretaceous quiet period” or “Cre-
taceous normal superchron.” During the third period, from the
Late Cretaceous to the present, the field was again reversing in a
sequence often called the “Heirtzler series,” after the paper by
Heirtzler and others (1968) in which these reversals were first
dated. Prominent normal polarity intervals are numbered from
34 to 1, the latter being the normal polarity epoch that we pres-
ently enjoy. In some parts of the time scale, additional, interven-
ing events have been identified by attaching letters to the next
younger number, e.g., anomaly 5C.

The ages assigned to the reversal boundaries in the scales

have been obtained in various ways, but the majority are from
paleontological dates from Deep Sea Drilling Project cores. Some
of the dates are much more reliable than others, and all are still
subject to refinement. Thus, we often know the age of a location
on the sea floor very precisely with respect to the polarity reversal
sequences but more poorly with respect to absolute time or to the
geologic time scale. For this reason, we often refer to an event
occurring at the time of “chron M6.” This chron can then always
be translated into geologic time using the latest refinement of the
time scale, whatever that may be. In this chapter I use dates from
the time scales of Kent and Gradstein (1985) and Berggren and
others (1985), but I also give chron numbers so that future read-
ers may update these numbers using current scales.

General remarks and overview of Pacific
basin plate histories

Several general observations about Pacific Basin plate histo-
ries should be made at the outset. First, since the North Pacific
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Figure 2. Simplified magnetic isochron pattern of the north Pacific ocean basin. Boxes with numbers
show areas covered in more detail in the figures indicated. Isochrons modified from Figure 3 and plates
3A, 3B, and 3C in Atwater and Severinghaus (this volume).

Basin is dominated by the Pacific Plate, almost all of the available
sea-floor spreading data lie within that plate. Thus, much of our
knowledge concerning oceanic plate histories in this region is
discerned from the half-records of spreading preserved within the
Pacific Plate that formed as other plates moved away from it. As
long as the sea-floor spreading process proceeded in a continuous,
symmetrical manner, we can deduce a fair amount about the
configurations and motions of the other plates involved. How-
ever, whenever there was a disjuncture, for example a reorganiza-
tion of plate boundaries, our ability to determine plate behavior is
seriously hampered by this half knowledge.

The magnetic anomaly isochron patterns recorded within
the Pacific Plate show us the growth of this plate from a rather
small core to its present immensity and show that there were at
least three other plates—the Izanagi, Farallon, and Phoenix—
moving away from it in mid-Mesozoic times, causing this growth.
The patterns also demonstrate a major reorganization of plate
configurations during the Cretaceous quiet period and the exist-
ence of at least two northern plates besides the Pacific in Late
Cretaceous, the Kula and Farallon Plates, plus others in the south
Pacific. The post-Paleocene record of Kula Plate activity is
sketchy at best. Most of the Cenozoic isochron pattern in the
north Pacific Plate concerns only the spreading history of the
Farallon plate, showing its gradual breakup into smaller plates
and their disappearances and founderings at the subduction zones
along the rim of western North America.

In their analysis of the north Pacific Plate motions, Enge-

bretson and others (1984a) found that spreading tended to occur
in “stages” (on the order of ten m.y. duration) of stable, steady
spreading, separated by short periods of adjustment. Thus, they
and other workers were able to compile “stage poles” and aver-
age rates of motion for these stable periods. Coming forward in
time into the Cenozoic, this task becomes ever more troublesome
as the stable stages become shorter and shorter. For the mid-
Cenozoic, Wilson (1988) fit stages a few m.y. in duration, and for
the late Cenozoic, Riddihough (1984) and Nishimora and others
(1984) fit poles at 1-m.y. intervals. This evolution to ever greater
instability as the Farallon plate disintegrates will be a recurrent
theme in the next sections.

Plate motions are always described with respect to some
frame of reference. In the next few sections of this chapter, mo-
tions are usually described with respect to the Pacific Plate. How-
ever, we know that the Pacific Plate through time has been
moving northward with respect to the magnetic pole and proba-
bly westward as well (with respect to the hot spots, for instance).
Such motions would have to be added to the relative plate mo-
tions described in order to determine some more “absolute” mo-
tion of any particular plate. It would be pleasing to our fixist
human perceptions to find a true “absolute” frame of reference to
which all motions might be referred once and for all. So far, the
establishment of such a frame remains elusive, and its very possi-
bility may well be illusive on our part. Plate motions with respect
to the hot spots, for instance, are often described as “absolute
motions,” but objective tests show that the hot spots drift, both
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Figure 3A. Mesozoic M-series magnetic isochrons in the northwest Pacific, modified after Plate 3A in
Atwater and Severinghaus (this volume), Sager and others (1988), and Tamaki and Larson (1988).

with respect to one another and with respect to the paleomagnetic
pole. The safest course (and often the most convenient one, as
well) is simply to use relative frames of reference. In any discus-
sion I shall try to be clear about the frame of reference being used,
but I note that this will shift from section to section in the text,
following the dictates of convenience and clarity.

Mesozoic spreading patterns

M-series lineations. The M-series magnetic anomalies
(M29-MO0) were formed during the time span from late Middle
Jurassic to middle Early Cretaceous, about 160 to 118 Ma.
These magnetic anomaly lineations and their offsetting fracture
zones are shown in Figure 3A, along with some topographic
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Figure 3B. M-series plate configuration, illustrated for chron M1 (121 Ma). At least three other plates,
the Izanagi, Farallon, and Phoenix Plates, were moving away from the small Pacific Plate and from one

another along at least five spreading centers.

Figure 3C. Map patterns of isochrons M1 (121 Ma) and 32r (72 Ma)
and the intervening Cretaceous quiet zone with anomalous topographic
features. Labeled dots are locations of Izanagi-Farallon-Pacific triple
junction (I) and Kula-Farallon-Pacific triple junction (K). There is no
straightforward way that (I) can evolve into (K) without major plate
boundary reorganizations.
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features of interest. They form three distinct sets: (a) the Phoenix,
(b) the Hawaiian, and (c) the Japanese lineations that record the
growth of the Pacific Plate in three directions away from a central
core (Fig. 3B).

The Phoenix lineations lie along the southern side of the
Mesozoic Pacific core. Clear east-west magnetic lineations young
from M25 to M1 southward in an orderly way (Larson, 1976;
Cande and others, 1978). Presently, the Phoenix lineations termi-
nate against the Ontong-Java Plateau on the west. Hilde and
others (1976b) hypothesize that the lineations once extended far
to the west, connecting with the Wharton basin spreading system
in the Indian Ocean and forming the Tethys Ocean floor. Most of
this oceanic crust was consumed in the various subduction zones
of the Philippine-Indonesian complex, but Hilde and others sug-
gest that the east-west anomalies in the Philippine Sea were
formed along this same system and were “captured” during a
plate reorganization before they could be subducted.

The Hawaiian lineations occupy a large tract southwest of
the Hawaiian Ridge, crossing the ridge in places (Fig. 3A) (Larson
and Chase, 1972; Larson and others, 1981). They include the
M-series reversals from M29 to MO and indicate a spreading
direction northeastward with respect to the Pacific Plate, with an
adjustment in direction and rate about chron M11 (135 Ma)
(Sharman and Risch, 1988; Sager and others, 1988).

The junction between the Hawaiian and Phoenix lineations,
marking the ancient Pacific-Phoenix-Farallon triple junction, is
complex. Tamaki and others (1979) and Tamaki and Larson
(1988) document two opposing fan-shaped sets of magnetic lin-
eations formed between chrons M15 and M9 (near 10°N,
175°W, Fig. 3A), leading them to propose the short-term exist-
ence of a small plate, the Magellan Microplate. These fanning
lineation patterns are similar to modern-day patterns mapped
around the Easter Microplate in the south Pacific (e.g., Hand-
schumacher and others, 1981; Naar and Hey, 1986). Indeed, it is
not uncommon to find microplates at triple junctions of fast
spreading ridges, both at modern examples and in the spreading
records of older junctions (e.g., Anderson-Fontana and others,
1986; Mammerickx and others, 1988).

The Japanese lineations occupy the sea floor just east of the
Japanese islands and trench. They indicate spreading by another
plate, the Izanagi Plate, to the north-northwest with respect to the
Pacific Plate throughout the M-series (Hilde and others, 1976a).
A major adjustment about chron M21 (150 Ma) resulted in a
major change in spreading direction, about 24° clockwise.

Sager and others (1988) describe the history of the Pacific-
Izanagi-Farallon triple junction as traced on the Pacific Plate by
the intersection of the Japanese and Hawaiian lineations. They
find evidence of a magnetic bight before the Pacific-Izanagi
change at chron M22 and again after the Pacific-Farallon change
at chron M11, suggesting simple ridge-ridge-ridge triple junctions.
Between M22 and M11 (150 to 135 Ma) the junction was quite
erratic. The chron M22 change was followed by several west-
ward jumps of the Pacific-Farallon ridge and the formation of at

least one temporary microplate on the Izanagi side. The location
and migration direction of the junction, as estimated by extrapo-
lation of the Japanese and Hawaiian lineations, suggests a highly
variable form for the junction, perhaps alternating between ridge-
ridge-ridge and ridge-fault-fault configurations.

The trace of the Izanagi-Farallon-Pacific junction that
formed on the Pacific Plate between chrons M22 and M10 is now
occupied by the Shatsky Plateau (Fig 3A). Although microplates
are common at triple junctions, oceanic plateaus are not, so this
one requires some special explanation. A likely answer is that the
plateau was formed by a hot spot. However, ages obtained at
Deep Sea Dirilling sites on the plateau are very similar to those of
the surrounding sea floor, so that the hot spot would have been
located in the active junction rather than having been superim-
posed later. The great variability and irregularity of the triple
junction might be explained if the junction.were controlled by a
hot spot and the spot drifted, forcing the junction to move along
with it.

Cretaceous quiet period. After the M-series reversals, the
earth’s magnetic field became stable for a time with normal
polarity—the Cretaceous quiet period. Reversals at the two ends
of this period, M0 and 34, are dated as 118 and 84 Ma, respec-
tively. During this long normal epoch, relatively little can be
deduced about the spreading history, since we are missing our
primary dating tool: the magnetic reversal lineations. Topograph-
ic features hold some clues but they are not very specific. One
might hope that the spreading simply continued in an orderly
way while the lights were out, but a comparison of anomaly
patterns before and after the quiet period (Fig. 3C) shows that
this was not so. Major reorganizations are required in the north
and probably in the south as well. The Farallon-Pacific spreading
to the east was probably more continuous, but here too at least
some major shifts of ridge crest segments are required.

On the southern flank of the Mesozoic Pacific Plate, the
M-series magnetic anomalies in the Phoenix group show that
south-southeastward spreading was still strong when the field quit
reversing. Larson and Chase (1972) suggested that this spreading
center continued spreading throughout the Cretaceous normal
superchron, creating all of the southwest Pacific crust from the
equator to 40°S during that time period and evolving into the
present Pacific-Antarctic spreading center near the Eltanin Frac-
ture Zones. This hypothesis, however, requires an extremely fast
average spreading rate for the entire quiet period, about 110
mm/yr average half rate (the present maximum is about 90
mm/yr), so some major ridge jumps seem likely.

The northern side of the mid-Mesozoic Pacific Plate was
bordered by the Izanagi Plate. At the end of the M-series it was
spreading away to the north-northwest, presumably continuing
well into the Cretaceous normal epoch to form the magnetically
quiet sea floor of the far northwest Pacific. On the young side of
the quiet period (Fig. 4), the earliest anomalies of the Heirtzler
series also record a northward moving plate, the Kula Plate, but
there is no straightforward way that the earlier Izanagi Plate could
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have evolved into the Kula. Rather, it is now believed that the
Kula Plate originated as a piece of the northern Pacific or Faral-
lon Plate that broke away in the late Cretaceous.

Woods and Davies (1982) postulate that the Kula Plate
came into existence near the end of the quiet period, breaking
away along the Chinook Trough. Mammerickx and Sharman
(1988) show that this break was probably progressive, propagat-
ing from west to east and arriving at its eastern end shortly before
anomaly 33. Furthermore, they document a rough-smooth transi-
tion in the sea-floor topography north of Chinook Trough, indi-
cating a sudden acceleration of spreading rate near the young edge
of chron 33 (75 Ma) at the dashed line on Figure 4. They suggest
that this marks the time when the plate finally broke free and
began to move rapidly to the north away from the Pacific Plate.

On the east side of the Mesozoic Pacific Plate, spreading
between the Pacific and Farallon plates was probably approxi-
mately continuous through the Cretaceous quiet period. Major
fracture zones in the younger lineations extend well into the quiet

170° 180°
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zone and change azimuth in concert with one another (Fig. 5),
suggesting orderly sea-floor spreading (Sager and Pringle, 1987).
However, lengths of the fracture zone offsets in the older pattern
do not match those in the younger one, so that we must postulate
some ridge jumps, especially a westward jump of the Murray-
Mendocino segment. Furthermore, the region contains some un-
usual topographic features, the Hess Rise and the Emperor Trough
(Fig. 3), which must be explained. Because of the consistency
among the fracture zone trends in the eastern part of the quiet
zone, | favor a reorganization of the Farallon spreading system in
the early (western) part of the quiet period rather than late, as
proposed by Mammerickx and Sharman (1988), for instance.
Another mystery of the central Pacific concerns a wide-
spread Late Cretaceous thermal/volcanic event. Deep Sea
Drilling holes and other data across a broad region of the north-
central Pacific regularly provide evidence of a regional uplift and
massive emplacement of volcanic sills and seamounts between
about 110 and 70 Ma (Winterer, 1973, 1976; Larson and
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Figure 4. Magnetic anomaly pattern formed by spreading between the Kula and Pacific Plates, 90 to 43
Ma (reds), modified from Plates 3A and 3B in Atwater and Severinghaus (this volume). Brackets show
postulated initiation site for Kula-Pacific spreading and dashes show location of topographic rough-
smooth boundary documenting the acceleration of spreading (both from Mammerickx and Sharman,
1988). Line of dots shows dead ridge postulated by Lonsdale (1988a). Anomalies in dark red form the
basis for various hypotheses concerning the post-56 motions and eventual demise of the Kula Plate. The
Great Magnetic Bight is the trace on the Pacific Plate of the Pacific-Kula-Farallon triple junction.
Speckled pattern shows the extent of the Kodiak submarine fan, after Stevenson and others (1983).
Magnetic reversal time scale on this and subsequent figures is after Berggren and others (1985).
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Figure 5. Magnetic anomalies (light red) and fracture zone patterns (dark red) formed by spreading
between the Farallon and Pacific Plates, 100 to 55 Ma, modified from Plates 3A and 3B in Atwater and
Severinghaus (this volume). Arrows show locations of fracture zone bends associated with a change in
Pacific-Farallon direction about 75 Ma. After the change, spreading was uneventful until 55 Ma.
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Schlanger, 1981). Attempts to explain these observations using
hot-spot tracks have been unsatisfactory. Some other broad-scale
event seems called for. Although we do not know whether this
event spilled over onto adjacent plates, it has been speculated that
the anomalously thick oceanic crust of the Caribbean plate origi-
nated in the Pacific and may have been formed by this same event
(Malfait and Dinkelman, 1972; Diebold and others, 1981; Sykes
and others, 1982). Laramide events in North America may also
be an ultimate consequence of this crust-thickening event, as
described below.

Kula-Pacific spreading, 80 to 56 (44?) Ma

South of the Aleutian Trench, the Pacific Plate contains a set
of east-west-trending magnetic anomalies clearly identifiable as
Heirtzler scale anomalies 34 through 25 (Fig. 4) (Grim and
Erickson, 1969; Mammerickx and Sharman, 1988; Lonsdale,
1988a). These anomalies, which grow younger northward to the
Aleutian trench where they are present being subducted, trace the
northward spreading of a plate away from the Pacific Plate. Be-
cause this plate had been subducted, we named it Kula, which
means “all gone” in Athapascan (Grow and Atwater, 1970), but
this may be a misnomer, as described below. Subduction has
continued so that the northern rim of the Pacific Plate is being
subducted, slowly destroying even the Pacific Plate record of the
Kula-Pacific spreading history, and we are left to speculate about
the extent, longevity, and eventual demise of the Kula Plate.

The history of the Kula Plate is, in fact, quite important
because of the fast northward motions that have been calculated
for it. The spreading between the Kula and Pacific Plates was
medium-fast, though quite variable, averaging about 60 mm/year
whole rate, with a maximum of 110 mm/year (Engebretson and
others, 1984a, 1985). This is the northward motion of the Kula
Plate with respect to the Pacific, but the Pacific Plate was also
believed to be moving northward, parallel to the Emperor chain,
at about 60 mm/year, if the hot spot was approximately fixed.
Thus, with respect to the hot-spot frame of reference, the Kula
would have been rushing northward at an average speed of about
120 mm/yr (170 mm/yr maximum), a truly impressive speed.
(The fastest present plate motions, for the Pacific, Cocos, and
Nazca plates, are all about 80 to 90 mm/yr with respect to the
hot spots.) These fast northward motions are often invoked by
North American paleomagnetists and geologists looking for a
mechanism for the quick northward transport of terranes across
the Pacific basin and/or along the rim of North America. (The
Farallon Plate, by comparison, had a much slower northward
component of motion and a very small tangential component
along the rim of the continent.) Thus, it is of vital interest to
discover the full history of the Kula Plate, if possible.

It appears that the Kula Plate was relatively short lived,
although the younger part of its history is poorly known. For
most of their length the Kula lineations extend only to anomaly
25 (58 Ma) before they are subducted into the Aleutian trench.
Two younger sections of sea floor exist at the northwest and

northeast ends of the pattern (isochrons in red on Fig. 4), both
indicating a major change at chron 24,

At the northwestern end of the Kula pattern, Lonsdale
(1988a) reports magnetic and topographic lineations that docu-
ment a change in spreading direction to the northwest at chron 24
(56 Ma) and a ceasing of spreading at chron 18r (43 Ma). The
small wedge-shaped piece northwest of the extinct ridge would,
then, be a remnant of the Kula Plate that was captured by the
Pacific Plate when spreading ceased. This solution is not without
problems: the area showing the changes is small, the data are
sparse, and the interpretation invokes a high degree of asymmet-
rical spreading. Nonetheless, it has great appeal for several rea-
sons. The change at chron 24 corresponds in time with a major
change in the Farallon spreading system, discussed below, while
the cessation of spreading at chron 18r corresponds in time to the
age of the Hawaiian-Emperor bend. Presumably this bend reflects
a sudden large change in the motion of the Pacific plate over the
Hawaiian hot spot, and that change, in turn, should be reflected in
its motions with neighboring plates.

At the northeastern end of the Kula lineations, the reversed
section north of anomaly 25, anomaly 24r, is much too wide. The
next positive anomaly to the north of 24r is T-shaped in map
view at its eastern end (labeled “T” on Fig. 4). Such a three-
armed lineation cannot be formed on a single plate by steady
spreading, so the easiest explanation of this T is that a piece of the
Kula-Farallon-Pacific triple junction was captured by the Pacific
Plate when one or both of the spreading centers jumped or stalled.
The major change in direction described by Lonsdale (1988a)
could cause such a reorganization of the triple junction, especially
since the Farallon spreading direction changed at nearly the same
time.

An alternative hypothesis is that Kula-Pacific spreading
ceased during chron 24r, and the Kula plate became attached to
the Pacific Plate (Byrne, 1979, 1986). The Pacific-Faralion
boundary lengthened greatly to the north between chrons 24 and
20, forming a stair-step pattern into the Gulf of Alaska that
follows a regional trend that one might expect for the old Kula-
Farallon ridge. When Kula-Pacific spreading stopped, the Kula-
Farallon ridge would automatically become an extension of the
Farallon-Pacific boundary, and its segments would be reoriented
perpendicular to the new direction. If the Lonsdale history is
assumed instead, the northward motion of the triple junction
during the post-chron 24 reorganization must be very large.

An additional observation that complicates this problem is
the occurrence of the Zodiak Fan on the Aleutian Abyssal Plain.
This exceedingly voluminous turbidite body covers the great
magnetic bight region (speckled pattern on Fig. 4). It is continen-
tal in origin, is Eocene to Oligocene in age (deposited between
about 40 and 26 Ma), and was fed by channels from the north or
northeast (Scholl and Creager, 1973; Stevenson and others,
1983). Most plate reconstructions place this fan in the center of
the ocean at the time it was deposited, thousands of kilometers
from land and separated from the land by mid-ocean ridges and
trenches. The demise of the Kula Plate at least removes an active
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spreading center from the problem, although a newly extinct
ridge is probably as much a barrier as an active one.

The reconstructed position of the Zodiac Fan,so far removed
from obvious sources, leads one to doubt our standard plate
visualizations for the north Pacific. All reconstructions for early
Cenozoic and earlier times include a very large area of unknown
ocean floor in the North Pacific. This area could well have been
filled with plates and plate boundaries, for all we know. Paleo-
magnetic results suggest that portions of southern Alaska were
separate from North America and were farther south in the Eo-
cene, perhaps closer to this area (Stone and Packer, 1979; Stone
and others, 1982; Moore and others, 1983), but it is not clear that
small continental fragments could supply such a voluminous fea-
ture. The final Eocene reconstruction of the North Pacific paleo-
geography must include a source region for this fan.

Farallon-Pacific spreading, 100 to 55 Ma

The record of Farallon-Pacific spreading is the most com-
plete and well mapped of all the records in the north Pacific. It
shows a continuous, fast, east-northeast to eastward spreading
with respect to the Pacific plate throughout the Late Cretaceous
and early Cenozoic, with an increasingly complex pattern in the
middle and late Cenozoic, as the spreading center approached
and encountered the rim of North America.

The Farallon-Pacific spreading directions can be estimated
through the latter part of the Cretaceous quiet zone by tracing the
fracture zones (Fig. 5). These zones are very clearly mapped by
Seasat (Haxby, 1987), bathymetry (Mammerickx, this volume),
and magnetic signatures (Atwater and Severinghaus, this vol-
ume). They show a direction gradually shifting from east-
northeast to nearly east by chron 34, the young edge of the
Cretaceous normal epoch. In the middle of chron 33 (79 Ma),
this direction changed quite abruptly to east-northeast. The
corner formed in response to this change can be seen on all the
fracture zones in the north Pacific, marked by arrows on Figure 5.
It provides an independent method to date them where magnetic
isochrons are poor. After the change, during the long normal
period of anomaly 33, the spreading centers reoriented them-
selves perpendicular to the new direction.

Spreading took place in a steady direction and rate (about
40 mm/yr half rate) from chron 32 to 24 (72 to 55 Ma), and the
configuration of mid-ocean ridges and transform faults remained
nearly constant. The ridge portion connected to the Kula-
Farallon-Pacific triple junction (Great Magnetic Bight) steadily
increased in length, as a natural consequence of the geometry of
ridge-ridge-ridge triple junctions. Thus, by chron 25 this portion
of the ridge had grown an unusually long, straight section of ridge
crest.

One of the more frustrating aspects of late Mesozoic plate
reconstructions for the northeast Pacific concerns the location of
the Kula-Farallon spreading center. From the anomaly patterns
on the Pacific Plate, we know the locations, shapes, and relative
motions of the two spreading systems bordering the Pacific Plate

(Kula-Pacific and Farallon-Pacific). Furthermore, we can derive
the spreading direction and rate of the third ridge, the Kula-
Farallon. Unfortunately, ocean-floor data do not provide any
clues concerning the shape and location of much of this plate
boundary. This turns out to be a substantial lack, because the
predicted plate tectonic regime along the rim of North America is
often very different depending upon which plate, Kula or Faral-
lon (or perhaps some other!), lay offshore. When the possible
extremes are considered for the configuration of the Kula-
Farallon boundary, much of the west coast of North America
falls within the region of uncertainty (as shown in Figs. 14C,
14D, and 14E, below) (Engebretson and others, 1985).

It is interesting to examine the size of the Farallon Plate in
the Late Cretaceous. Engebretson and others (1984a) and Rosa
and Molnar (1988) examined all potential Farallon-Pacific iso-
chrons and fracture zones for chrons 32 through 25. Within
rather small uncertainties, the entire data set extending from the
Kula triple junction near S1°N to the isochrons near 43°S can be
described by a single set of rotation parameters. This is a distance
of more than 10,000 km. The Farallon Plate was a very large
plate at this time, probably filling much of the eastern Pacific. The
immensity of the Farallon plate was short lived, however. At
chron 24 (55 Ma), the Farallon plate began to break up.

Farallon/Vancouver-Pacific spreading, 53 to 30 Ma

The first disruption of the Farallon plate in the north Pacific
is documented by a rather abrupt change in direction of the
Surveyor, Mendocino, and Pioneer Fracture Zones starting about
chron 24 (55 Ma) (Fig. 6). This change is interpreted to show that
the northern portion of the Farallon Plate broke off from the rest,
becoming the “Vancouver” Plate (Menard, 1978; Rosa and Mol-
nar, 1988). The new relative motion was essentially eastward, a
local shift of about 20° clockwise with respect to the Farallon
Plate motion. In response to this change, the transform faults
broke in the new direction, the Mendocino Fracture Zone break-
ing across the Pau Fracture Zone and eliminating it (Atwater and
Severinghaus, this volume). Meanwhile, a number of propagating
rifts appeared along the spreading centers, cracking across the sea
floor to establish new north-south ridge segments (Menard and
Atwater, 1968, 1969; Caress and others, 1988; Hey and others,
1988). In the process, new transform faults, the Sedna and Sila
Fracture Zones, were created in the long, straight segment of ridge
that had just grown at the triple junction (Fig. 6).

The new system took a few million years to settle into the
new pattern. After about chron 21 (48 Ma), this readjustment
was complete, and spreading of the Vancouver Plate proceeded in
a steady direction with only minor adjustments for more than ten
million years. Starting about chron 15 (37 Ma), a major propaga-
tor crossed the Surveyor Transform Fault and swept its offset away
to the north, presaging the coming era of instability.

The location of the new boundary between the Farallon and
Vancouver Plates lies between the Pioneer and Murray Fracture
Zones (Fig. 7). Its trace can be seen in the detailed magnetic
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Figure 6. Magnetic anomaly pattern formed by spreadmg between the Vancouver and Pacific Plates, 55
to 30 Ma (light red), modified from plates 3A and 3B in Atwater and Severinghaus (this volume) and
Wilson (1988). Following the break of the Vancouver Plate from the Farallon at 55 Ma, a set of
propagating rifts reoriented the ridge crest to north-south and created new transform faults, the Sedna

and Sila faults.

surveys off San Francisco as a set of curving, toothlike disjunc-
tures in anomalies 19 to 13 (Atwater and Severinghaus, 1987).
This general region is the logical location for a break to occur,
because a narrow neck had developed in the Farallon Plate here
as the East Pacific rise approached North America. It is interest-
ing to note that the break occurred in the middle of a sea-floor
spreading segment, rather than along one of the large fracture
zones nearby. It appears that lithosphere formed around fracture
zones is extra strong, not extra weak as is often assumed.

The nature and location of the Farallon-Vancouver plate

boundary break may be reflected in the continental geologic rec-
ord because it was delivering young, deformed, and broken
lithosphere to the subduction zone long before the ridge arrived at
the rim of North America (Severinghaus and Atwater, 1988,
1989). Motion along the Farallon-Vancouver plate boundary is
calculated from the Pacific Plate spreading records to be slow,
oblique compression (Rosa and Molnar, 1988). The precise loca-
tion of the boundary is only known from the Pacific Plate trace of
the triple junction. As shown on Figure 7, this location was quite
variable. A pair of propagating rifts alternately shifted it north
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Figure 7. Magnetic anomaly pattern formed near the Vancouver-Farallon boundary, 50 to 30 Ma
(gray), and by spreading between the Pacific and the Monterey and Arguello Plates, 30 to 17 Ma (light
red), modified from Plate 3B in Atwater and Severinghaus (this volume). Red curves show oscillating
trace of the Farallon-Vancouver-Pacific triple junction and the breakup into small plates. Red line of
dots shows dead ridge postulated by Lonsdale (1989).

and south, leaving a toothlike pattern in the record (Atwater and
Severinghaus, 1987). Whether these motions reflect shifts of the
whole boundary or are local triple junction instabilities (such as
reported for the Galapagos by Lonsdale, 1988b) is not known.
Farther south, the Paleogene Farallon-Pacific spreading rec-
ord includes some major reorganizations. Until chron 19, the
ridge segment between the Murray and Molokai Fracture Zones
had the shape of a deep westward embayment in the Pacific Plate
(western part of Fig. 8). Between chrons 19 and 12 (42 to 32
Ma), several substantial pieces of the Farallon Plate, shown in
speckled pattern on Figure 8, were broken off by ridge jumps
and/or propagating rifts and were incorporated into the Pacific
Plate. These jumps and the extra ground they added constitute the
so-called “disturbed zone” found in both the magnetic and bathy-
metric surveys of the region (Atwater and Menard, 1970;
Malahoff and Handschumacher, 1971; Harrison and Sclater,
1972; Atwater and Severinghaus, this volume). South of the
Molokai Fracture Zone the data are sparse and the record low
quality, but a number of readjustments seem required here, in-
cluding the removal of some ground during the same time that it
was being added to the north. The effect of all these reorganiza-
tions was to greatly reduce the offsets on the major fracture zones.

Late Cretaceous-Paleogene plate motion changes;
Summary

The various events in the plate histories described in the last
few sections were all changes in plate motions with respect to the

Pacific Plate. Of course the latter was also moving and changing
its motion from time to time. One record of this motion may be
found in the linear oceanic seamount and island chains, assumed
to have been formed as the Pacific Plate moved over mantle hot
spots. The Hawaiian-Emperor chain is especially clear and well
studied, documenting abrupt direction changes at the north and
south ends of the Emperor chain. The ages of these changes are
believed to be about 75 and 43 Ma, respectively, based on radio-
metric dates on Deep Sea Drilling samples of the seamounts
(Dalrymple and others, 1980; Duncan and Clague, 1985). As
will be discussed in a later section, the hot spots probably drift
with respect to one another, so that their seamount and island-
chain traces represent only approximate records of the plate mo-
tions. Nonetheless, very abrupt corners in the chains, especially
those seen consistently in several chains, almost certainly must
indicate abrupt changes in Pacific Plate motion.

It is interesting to examine the correlations and noncorrela-
tions of the various major changes in plate-plate and plate-hot-
spot motions. The various Late Cretaceous and Paleogene
changes are listed in Table 1. It is encouraging that the 75-Ma
change appears in all the north Pacific records. The major 55-Ma
changes (the Kula Plate chron 24 change in direction or stall, Fig.
4, and the Farallon-Vancouver chron 24 break, Fig. 6) did not
seem to affect Pacific Plate motion direction, as recorded by the
Emperor Seamount chain, at all. Lonsdale (1988a) points out that
this is the date usually ascribed to the formation of the Aleutian
arc and the capture of the Bering Sea portion of the Kula Plate
(Scholl and others, 1986). Such a reorganization of the northern
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Figure 8. Magnetic anomaly pattern formed by spreading between the Farallon and Pacific Plates, 55 to
30 Ma, modified from Plate 3B in Atwater and Severinghaus (this volume). Speckled areas show
portions of Farallon Plate (Murray-Molokai disturbed zone) that were added to the Pacific Plate during
ridge jumps and ridge propagations. Line of dots shows dead ridge, and brackets show postulated
initiation sites for spreading after the ridge jumps. In the Molokai-Clarion section a major propagating
rift removed much of anomalies 19 and 18. As a result of these reorganizations, the Murray and
Molokai Fracture Zones lost much of their offsets. (Compare the left and right edges of the light red

pattern.)

rim of the basin might well affect only the northern plates and not
the Pacific Plate.

The most surprising noncorrelation concerns the change at
43 Ma. The Pacific-hot-spot motion change, shown by the
Hawaiian-Emperor bend, is very poorly recorded by the Pacific-
Vancouver and Pacific-Farallon spreading centers. The Pacific-
hot-spot change in direction recorded at the bend is very great,

about 60°, This time period, around chron 18, is one of the most
stable periods of spreading on the Vancouver-Pacific system (Fig.
6). On the Farallon-Pacific system, this is the time of initiation of
the ridge jumps that formed the Murray-Molokai disturbed zone
(Fig. 8), but the fracture zones record almost no change in direc-
tion. A priori, it would seem likely that any dramatic change in
Pacific-hot-spot (“absolute™) motion would appear also as a di-
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TABLE 1. CRETACEOUS AND PALEOGENE CHANGES IN RELATIVE PLATE
MOTIONS AMONG NORTH PACIFIC PLATES AND HOT SPOTS

Plate Pair Change* Approximate Age Reference
Pacific-Kula Kula gradually breaks off ~ Pre-chron 34 1
90 to 80 Ma

Hot Spot~Pacific Pacific direction: ¢ 35° 74 Ma 56
Pacific—Kula Kula accelerates Chron 33 (75 Ma) 1
Pacific—Farallon Farallon direction: cc 15°  Chron 33 (75 Ma) 3
Pacific-Kula Kula stops (?) Chron 24r (56 Ma) 7

or direction: cc 40° 2
Pacific-Vancouver Vancouver breaks off

and direction: ¢ 20° Chron 24 (55 Ma) 4,8
North America-Kula (?) Subduction jumps to

Aleutians 50-55 MA 9
Hot Spot-Pacific Pacific direction: cc 60° 43 Ma 5,6
Pacific-Kula Kula stops (?) Chron 19 (44 Ma) 2
Pacific-Farallon Initiation Murray-Molokai

"disturbed zone" Chron 18r (43 Ma) 3

*c = clockwise; cc = counter-clockwise.
References:

. Mammerickx and Sharman (1988)

. Lonsdale (1988a)

. Atwater and Severinghaus (this volume)
. Caress and others (1988)

. Engebretson and others (1985)

. Byrne (1979, 1986)
. Rosa and Molnar (1988)
. Scholl and others (1986)

OWoEO~NOONHWN—

. Dalrymple and others (1980); Duncan and Clague (1985)

rection change in the relative motion between the Pacific and
each neighboring plate. The alternative is that the other plates
simultaneously changed their absolute motions by the same
amount as did the Pacific, a less likely hypothesis. It is commonly
believed that plate motions are primarily caused by the pull of the
slabs in the trenches, and that therefore, the direction changes of
each plate should be primarily related to changes in its own
subduction system, quite independent of its neighboring plates
(e.g., Gordon and others, 1978).

Fragmentation of the Farallon Plate, 30 Ma to present

As noted above, most of the North Pacific spreading histo-
ries for Mesozoic and early Cenozoic can be described as stages of
nearly steady spreading separated by short episodes of change or
reorganization. Beginning about 30 Ma, the plate motions no
longer fit this description. Presumably in response to the en-
croachment of North America, the Farallon Plate gradually frac-
tured into smaller and smaller pieces, and each piece moved
separately and became less stable through time.

Monterey and Arguello Plates, 30 to 19 Ma. We noted
above that the first break in the Farallon Plate occurred about 55
Ma in the narrow portion between the Pioneer and Murray Frac-

ture Zones. However, the new Vancouver Plate was still quite
large, and its motions were quite stable and similar to those of the
Farallon Plate. The first real disintegration of the right-hand
plates also occurred in the Pioneer-Murray segment, and it hap-
pened quite abruptly in the middle of anomaly 10 (30 Ma). The
isochron patterns in Figure 7 show that spreading slowed to less
than half its previous rate and shifted 30° clockwise. Within the
broken pattern, two sets of rates and directions can be discerned,
suggesting that two small plates were formed, the Monterey and
Arguello Plates (Severinghaus and Atwater, 1989). The direc-
tions of motion of these small plates resemble the motion of
North America past the Pacific, suggesting that they were at least
partially coupled to the continent. Isochron identifications and
the location of Davidson seamount suggest that the northern
plate, the Monterey, ceased spreading just after chron 6 (about 19
Ma) (Lonsdale, 1989). Of course, the larger Vancouver and
Farallon Plates still remained north of the Pioneer and south of
the Murray Fracture Zones. These continued to move eastward
with respect to the Pacific, but their motions became less stable
and each followed a separate path.

Juan de Fuca Plate, 30 Ma to present. The Vancouver,
or Juan de Fuca, Plate lay north of the Pioneer and Mendocino



Plate tectonic history, northeast Pacific and western North America 35

140° 130°
L4 ) Ll 1 I 6()O
]
—
=
10 -__ 5
—
— S5A
15 = gp
! sC
; o
[} £
. 20 8
— 1)
68
N sc
25
T
TA
8
9
l 30 o
4 450°
! 2o > Qa\)“
l = w’«‘ o
| dna y : Cobb (?ﬁ}et
) f
; 7s g
- & S
I .:‘?: S ...
A 3]
Fl =J.
s |
F ! (%)
f \ ©
| R 2 3
) i g
(&)
ndoci | g .
: 440
TIH R T D
N
e
1 l \ Jl
l 1 / l\ F)

Figure 9. Magnetic anomaly pattern formed by spreading between the Juan de Fuca and Pacific Plates,
30 Ma to present (light red), modified from Plate 3B in Atwater and Severinghaus (this volume). Great
instability of plate motions is shown by shifting isochron trends and multiple propagating rifts (oblique
red lines). The propagators eliminated most transform faults (note straight anomaly 6) and then added

new ones, the Blanco and Sovanko Fracture Zones.

Fracture Zones (Fig. 9). It continued to move approximately east-
ward with respect to the Pacific Plate, but its direction of motion
shifted first counter-clockwise and then more and more clock-
wise. These changes result in wild jumps in the calculated Euler
poles of rotation reported by Wilson (1988). In response to the
counter-clockwise shift, several propagating rifts moved north

and southward, eliminating the Sedna and Sila transform offsets,
so that by chron 6 (20 Ma), shown in red on Fig. 9, the ridge crest
was remarkably long and straight (Shih and Molnar, 1975; Wil-
son, 1988; Atwater and Severinghaus, this volume). Beginning
about chron 5D (18 Ma), the clockwise shifts began and spread-
ing slowed. A set of nested propagating rifts swept southward,
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gradually shifting the trend of the rift and eventually establishing
the Blanco Fracture Zone (Hey and Wilson, 1982). A late-stage
northward propagator added the Cobb offset to the present Juan
de Fuca ridge crest (Johnson and others, 1983). Euler poles and
rotations have been found for short time intervals during this
development, and they document the gradual, fairly continuous
changes (Hey and Wilson, 1982; Nishimura and others, 1984;
Riddihough, 1984).

The clockwise shift and the slowing of the Juan de Fuca
Plate have brought its plate motion much closer to that of North
America. It is still subducting beneath North America along the
Cascadia subduction zone, but only rather slowly (20 to 40
mm/yr) and obliquely (Nishimura and others, 1984; Riddi-
hough, 1984). The Cascadia zone exhibits some unusual charac-
teristics; the seismic zone is very poorly developed here (Weaver
and Baker, 1988), and the low-velocity region is relatively short
(Michaelson and Weaver, 1986; Rasmussen and others, 1987).
These anomalies can be attributed to the slowness of subduction
and the youth of the plate being subducted, since both factors
combine to predict that the slab should be unusually hot, weak,
and short lived (Severinghaus and Atwater, 1987; 1989).

Guadalupe Plate, 25 to 12 Ma. South of the Murray
Fracture Zone, Neogene magnetic anomalies again show increas-
ing instability in the plate motions. This part of the Farallon Plate
lost contact with the Vancouver Plate to the north about chron 10
(30 Ma). In the south, the Nazca Plate broke away, and spreading
began on the Galapagos spreading center about 25 Ma (Hey,
1977; Handschumacher, 1976). The remaining wedge-shaped
piece of the Farallon Plate off Mexico and central America has
been named the Guadalupe Plate by Mammerickx and Klitgord
(1982). This smaller, newly independent plate began to wobble.
The variable isochron trends and nested sets of pseudofaults,
ubiquitous in Figure 10, highlight these changes. Starting about
chron 7 (26 Ma) the Guadalupe spreading direction shifted
clockwise with respect to the Pacific. About chron 6 (20 Ma) it
shifted counter-clockwise again, apparently with a pole of open-
ing quite nearby, so that the anomalies recording this episode are
markedly fanned, widening southward (Fig. 10). By chron 5B, a
long portion of the ridge crest had approached to within 50 to
200 km of the subduction zone along the margin of Baja Califor-
nia, and it had rotated so that it lay nearly parallel to the trench
(Klitgord and Mammerickx, 1982; Lonsdale, 1989).

Spreading ceased on the ridge segment just north of Shirley
Fracture Zone, around Guadalupe Island, near the end of chron
5A (12.5 Ma). This phenomenon is clearly documented by the
available data. Magnetic anomalies 5C, 5B, and much of the 5A
series are clearly symmetrical about the island, growing older
from the island in both directions. Basement ages at the experi-
mental Moho site and at DSDP Site 470 confirm the magnetic
isochron ages (Yeats and Haq, 1981). Thus, Guadalupe Island
marks the dead spreading center, and the sea floor between the
island and the mainland is a remnant of the Guadalupe Plate that
was added to the Pacific Plate (Fig. 10).

The cessation of spreading at the end of chron 5A is postu-

lated to have included not just the Guadalupe Island segment but
rather the entire ridge segment along the length of Baja Califor-
nia. The remaining narrow strip of the Guadalupe Plate is as-
sumed to have become welded to the Pacific Plate all along this
region. Off southern Baja California, this hypothesis is supported
by the sea-floor age encountered at DSDP Site 471. It is too old if
steady eastward spreading is assumed, but it is consistent with an
age-gradient reversal if an extinct spreading center is marked by
the Magdalena ridge. Unfortunately, this interpretation cannot be
confirmed unequivocally by magnetic anomalies since the entire
region contains the 5A reversal series (15 to 11.5 Ma), a very
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Figure 10. Magnetic anomaly pattern formed by spreading between the
Farallon/Guadalupe and Pacific Plates, 30 to 12.5 Ma, modified from
Plates 3B and 3C in Atwater and Severinghaus (this volume). Changing
isochron trends and propagating rift traces show plate motion instability.
By chron 5B, the ridge had shifted in direction almost parallel to the Baja
California margin. Shortly thereafter, at 12.5 Ma, the ridge crest died.
The locations of the dead ridges are conceptually shown by the lines of
dots (after Lonsdale, 1989). Numbered dots show locations of Deep Sea
Drilling Sites 470 and 471.






