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The reorganization ef oceanic spreading centers is often accomplished through the process of rift propaga-
tion. We first examine general rift propzgation geometries for the simple two-plate case in which the pre-
pagating rilt instantanecusly reaches full spreading rate while the other rift dies instantaneoucly, such that
the propagating and dying rifts never overlap. A velocity space representation provides a lramework far
describing the geometry of rift propagation and its various tectonic elements, and shows how both the [ailed
rift and isochrons between the two rifts are reoriented as a consequence of purely rigid plate tectonics We
then discuss the more complex geometries that resuit when both growing and dying rifts spread simeultane-
ously during propagation, such that a tectonically independent overlap region, like the Easter or Juan Far-
nandez plates along the East Pacific Rise, is produced. We examine the effect of the propagation rate and
rise time of spreading on the evolution of overlap regions between dual oceanic spreading centers. The tec-
tonies and evolution of such regions can be modeled by assuming that they act either as rigid microplates or
as zones of distributed shear. Rigid plate models are suggested by the reasonable success of Euler vectors
derived from inversions of plate motion data {spreading rates, transform azimuths, and slip vectors) both in
describing available data and in predicting subsequentiy acquired data. On the other hand, recent struc-
tural data showing fabric oblique to the surrounding spreading centers might suggest shearing, rather than
rigid behavior, in the interior of the Easter micropiate. We use schematic evolutionrary simulations for an
Easter-style geometry to examine whether plate motion data and orientations of preexisting and present
structures ean be used to discrirninate between rigid and shear models. In 2 microplate model, rigid plate
tectonies requires that relative motion occeur only aslong the boundaries of the overlap region, while strue-
tures within the overlap zore rotate rigidly. In coatrast, in a shear madel, relative motions at the boun-
daries dilfer from those predicted by rigid plate tectonics, and the angular relationships of structures within
the overlap reglon are altered by internal deformation. Thus inversion of relative motion data yields
different results for rigid and shear behavior. Similarly, under favorable eircumstances, structural trends
could be diagnostic of the different cases, We find that much of the Easter structural data suggestive of
shearing are also consistent with rigid plate tectonics. We conclude that microplate models offer useful
testable hypotheses for describing overlap systems and that shearing need be invoked oaly to explain
features net describable by rigid plate tectonics. Furthermore, the approaches used here to study curreat
everlap regions should be useful in the analysis of similar regions formed during past ceearic plate boundary
reorganizations.

Rises and ridges are transient features...
H. W. Menard {1966|

INTRODUCTION

In 2 volume dedicated to H W Menard's memory, a
natural beginning to a discussion of changes in oceanic
spreading center geomebry is with the ohservation that
midocean ridges evolve Figure 1, from Menard ef al.
[1964] demonstrates the existence of the Galapagos Rise, a
bathymetric high east of the East Pacific Rise The paper
noted:

Meager evidence suggests that the East Pacific Rise may be
somewhat younger than the Galapagos Rise.. The impiica-
tions of the existence of the Galapagos Rise may be quite
important with regard to the erigin and history of oceanie
rises and ridges.. Adjacent parallel rises imply complications
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in the origin of oceanic rises which have not previcusly
required explanation.

These prescient speculaticus are now accepted; the
Galapagos Rise is considered a fossil spreading center
formed during the evolution of the present East Pacific
Rise {Mammerickz et al, 1980] One approach to studying
the process of such evolution is to examine locations where
spreading center geometry is now changing. Studies of
such ridge-transform systems offer insights into the evolu-
tion of divergent oceanic plate houndaries Here, we focus
on sites where the relative motion between two major
plates is divided between two spreading ridge systems
separated by a tectonically independeni overlap region
Sueh overlap regions, which oceur on different scales and
in various forms, are deviations from simple ridge-
transform-ridge geometries and often provide the mechan-
ism that transfers seaffoor from one plate to another

Dramatic examples oceur along the East Pacific Rise
near the location of the earth's fastest spreading DBathy-
metric, seismic, and magnetic data suggest the existence of
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Fig. 1. Bathymetry and seismicity of the southeast Pacific [Menard et ol 1964|. This paper documented the existence
of the Galapagos Ridge and suggested that it predated the East Pacific Rise. This observation formed some of the
earliest evidence for changes in spreading center geomebry with tme

dual spreading centers between the Nazea and Pacific
plates at two places |Forsyth, 1972; Herron, 1972, Ander-
son ef al, 1974; Handschumacher et ol, 1981; Craig ef al,,
1983; Engeln and Stein, 1984, Naar and Hey, 1985, 1986,
Schilling et al., 1985, Hey et al, 1985, Andersen-Fontana
ef al., 1986] Intriguingly, these two areas, the Easter and
Juan Fernandez microplates, are distinguishable in Figure
1 as concentrations of earthquakes along the East Pacific
Rise near 27°8S and 34'S (Even more surprisingly, the
seismicity of these microplates can also be identified, at

jeast in hindsight, on the map shown by Guienberg and
Richter {1954|) Here, we refer to the Easter and Juan Fer-
nandez ‘‘plates” even while discussing whether these
regions can be treated as rigid

The growth of such overlap regions requires a finite
time, because ridge segments do not extend their lengths
infinitely fast and do not reach their full spreading rate
instantanecusly Thus overlap regions have various spatial
scales Large features hundreds of kilometers wide, such
as the FEaster and Juan Fernandez plates, are generally
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Fig. 2. Simple rift propagation geometry in which the propagat-
ing rift reaches lull spreading rate instantaneously and the dying
rift ceases instantaneously, with no overlap region forming
between simultaneously spreading ridges. The plate on the lefl is
shown by stippling, The pseudofaults bound seafloor formed an
the growing ridge during propagation. Isochrons on the seafloor
between the propagating and failed rifis, formed prior to rift pro-
pagation, are reoriented as they are transferred from the right
plate to the left. This reorientation oceurs by rigid plate tectonics.

considered microplates They presumably evolve by rift
propagation over millions of years, one ridge growing with
time while the other is dying [Hey ond Vogt, 1977, Hey,
1977; Hey et al, 1980] An intermediate scale (75 km)
example has recently been identified in the Orozco
Transform area [Madsen ef of, 1988] Smaller, shorter-
term features with seales of a few kilometers, termed over-
lapping spreading centers, are common along the East
Pacific Rise [Macdonald and Fox, 1983; Macdonald et af,
1984

The identification of doubled magnetic anomalies
formed during major boundary reorganizations that shifted
seaflcor from ome large plate to ancther suggests that
microplates were formed during these reorganizations
[Menard, 1978, Mammerickz et al, 1980; Cande ef al,
1982; Okal and Bergeql, 1983; Rea and Dizon, 1983;
Tamaki and Larson, this issue] Plate kinematics requires
that an overlap region must have existed whenever the
geologic record shows evidence of a ridge jump, unless (as
seems unlikely) the newly formed ridge instantaneocusly
reached {ull spreading rate azlong its full length, or the
process occurred over time by rift propagation, with the
propagating rift reaching full spreading rate immediately.
Thus present propagating rifts and microplates can pro-
vide insights into the mechanisms of large-scale ridge
boundary recrganizations

If the formation of a dual ridge system is a local
phenomenon which is a response ko, and does not affect,
the motion of the major plates, the ov:rlap can take any
form that preserves the rate and direction of relative
motion between the two major plates Any change in the
rate or direction of motion on one of the overlap boun-
daries must be matched by a complementary change along
the other ridge, unless yet another boundary comes into
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existence or the overlap region deforrms This basic
kinematic constraint conirols the evolution of =2l overlap
systems The rheology of lithosphere within the overlap
affects the boundary evolution Here we analyze this pro-
cess, treating rift propagation and boundary evolution
kinematically. The dynamics of the ridge propagation
process have been discussed, using a fraciure mechanics
model, by Phipps Morgan and Parmentier [1985]

In this paper we review the kinematics of rift propaga-
tion and the resulting geometries of various tectonic ele-
ments for two plates with no overlap zone We then dis-
cuss the formation and evolution of overlap regions using
schematic models These models, although simplified, pro-
vide insights into dual spreading centers and show some
key features The models are scaled in space and time to
approximate the Easter plate, the best documented over-
lap zone, but are simplified to emphesize key elements
We discuss the tectonic evolution of overlap regions which
act as rigid microplates and shear zones and investigate
the use of relative motion and structural data to discrim-
inate between the two types of models We show the
effect of propagation rate and rise time on the size, shape,
and deformation of the overlap region

RIFT PROPAGATION

Geometric Framework

Because many overlap systems are thought to have
formed by rift propagation, we review some consequences
of this process In one simple form a new ridge segment
propagates and preempts a preexisting ridge segment, with
the locus of relstive motion between the two plates instan-
taneously shifting from the dying to the growing ridge
(Figure 2) [Hey, 1977) The two ridge segment tips are
joined by a boundary, usually taken to be a transform
fault, which migrates with time As the rift propagates,
seafloor is transferred from one plate to the other The
precise geometry depends on the plate boundary geometry
before propagation For example, propagation may be ini-
tiated at a preexisting transform offset Moreover, the
direction and rate of propagation and spreading rate affect
the geometry (Figure 3) _

For simplicity, we assume that before propagation the
offset ridge segments spread symmetrically and orthogo-
naily at a half spreading rate © From a point marked 7,
the propagator tip P begins to move, at a velocity with
components v parallel and w npormal to the initial ridge
trend The resulting configuration is shown by the iso-
chrons and the growing and dying rift orientations The
geometry of the propagator region depends on all three
rates u ,v, and w. Consider first the case where v > w.
Since the propsgator tip moves in the direction given by
X\ == tan™(w /v), oblique spreading generally occurs
because the growing rift trend differs by A from the nor-
mal to the spreading direction. The trends of the inner
and outer pseudofaults, which enclose the seafioor formed
on the growing ridge during propagation, are given by
g = tan(v +w)/v] and € = tan"(u ~w )/v].

The geometry of the failed rift and transferred seafloor
is independent of the ridge-normal component of the pro-
pagation veloeity w  The failed rift frend s
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Fig 3. Geometry of a propagating rift and its representation in
veloeity space. Z is an origin fixed relative to the original ridge,
P and P denote the propagating and dying rift tips, A and B
are the two plates, and R represents the isochrons rearicated by
rift propagation Line ZP, with angle ), gives the trend of the
propagator; lines AP and BP, with angles g and ¢, give the
trends of the inner and outer pseudofaults; line AD, with angle
«, gives the trend of the dead rift, and line AR, with angle 2
gives the trend of the reoriented isochrons The case showa is for
orthogonal and symmetric spreading, with 2 half spreading rate u
greater than the ridge-normal propagation rate w  The rift thus
propagates into successively younger seafloar

o = tan™u /v) The eflect of seafloor transfer between
the plates is shown by the orientation of originally ridge-
parallel isochrons in the zone between the inner pseu-
dofault and dead ridge These isechrons are reoriented, or
in Searle and Hey’s [1983] terminology, shearad, to trends
A== tan™(2u fv)

Such reorientation occurs by strictly rigid plate tecton-
ics The basic tenet of plate tectonics is that at any time,
there is no relative motion between peints on the same
plate; relative motion occurs only between points on
different plates Although the boundary geometry can, and
sometimes must, change, motion occurs only across plate
boundaries. Thus this simple rift propagation model obeys
rigid plate tectonics The isochrons are reoriented only by
motion across the transform fault, which migrates and
hence time-iransgressively offsets adjacent portions of isc-
chrons

These effects can be described in velocity space, using a
geometric construction that provides the different angles
(Figure 3, top) We use a frame of reference on a preexist-
ing ridge segment, with origin Z, with z and y directions
normal and parailel respectively to the preexisting ridge
trend (Equivalently, these directions can be viewed as
normal and paraliel to the deomed rift, since for simplicity
all preexisting fabric is treated as the same } The plates on
either side move at the half rate v away from the ridge,
which is stationary at point Z Points A and B thus
have coordinates (- ,0) and (¥ ,0) The coordinates of the
propagator tip P are its ridge-normal and ridge-parallel
velocity components (w,v) As a result, line ZP in the
velocity space figure is parallel to the growing rift, and
makes an angle h with the y direction. Similarly, lines
AP and BP are parallel to the inner and outer pseu-
dofaults, with angles g and ¢ {rom the y direction The
dead rift and reoriented isochrons are represented by
points D and R, with velocity space coordinates (0,v)
and (u,v). Thus lines AD and AR are parallel to these
trends and have angles & and B from the y direction

For a given ridge-parallel component of the propagation
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velocity », the relative size of the hall rate u and the
ridge-normal component of the propagation velocity w
yield interesting variations in geometry As the velocity
space representations show, for ¥ > w the rift propagates
into successively younger seafloor, whereas for w > u the
rift propagates into successively older seafloor {Figure 44)
In the latter case the outer pseudofault angle ¢ is defined
in the opposite sense relative to the y direction

Two special cases are illuminating If the ridge-normal
component of propagation velocity equals the half rate
{w == u), the rift follows an isochron, always breaking
into seafloor of the same age (Figure 44) The growing
and failed rifts are parallel (A = o} The outer pseu-
dofault parallels the unperturbed isochrons {¢ = 0}, and
isochrons reoriented by the propagation paralie! the inner
pseudofauit (f = g} We have used a geometry of this
type in discussing the Easter plate [Engeln and Stein,
1984

[f, instead, the propagation velocity has no ridge-normal

b)

W=U g=0

W=0 =0

Fig 4. Propagating rift geometries which have the same half
spreading rate u and an equal ridge-parallel propagation rate v,
but different ridge-normal propagation rates w.  {a) The rift pro-
pagates into suceessively older seafloor, {3) The rift propagates
along an isochron. {c¢) The rift propagates paraliel to the original
ridge
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Fig 5. Propagating rilt geometry where oblique spreading oecurs
prior to rift propagation. § measures the obliquity and gives the
direction of the transform connecting the rift tips Spreading and
propagation rates, and the various angles, are measured with
respect to the prepropagation ridge geometry,

component {w ==0), the rift propagates parallel to the
preexisting ridge (» = 0), and orthogonal spreading occurs
{(Figure 4c) The rift bresks into successively younger
seafloor The pseudofaults have trends g == ¢ =
tan”u /v ), which is the same as the failed rift trend a, so
the inner pseudofault parallels the failed rift This
geometry, formulated by Searle and Hey [1983, Figure 2a),
is with some refinements similar to the propagator at
95 5° W on the Cocos-Nazca spreading center

Specifically, Searle and Hey (1983 interpret the rift at
that site as spreading orthogonally while propagating into
seaficor formed by oblique spreading They describe this
using a variation on the geometry of Figure 4¢, to account
for the preexisting obliquity This effect is zlso describable
using rigid plate tectonies The velocity space analysis can
be applied, by measuring angles and propagation velocities
relative to the initial oblique fabric and using the ridge-
normal component of the half spreading rate. The angle @
between the ridge-normal direction and that of the con-
necting transform gives the obliquity (Figure 5) In velo-
city space, the plates are represented by points A and B
with coordinates {~u ,u tanf) and (v ,-v tanf), and the pro-
pagator tip P is stili (w,v) The dead rift and reoriented
isochrons are given by points D and R, with coordinates
{0, v +w tand) and (v, v +{w~u )tand) The corresponding
angles for the different trends, given graphically by the
velocity space figure, are:

tane == u (v +{w ~u Jtand),
tanf == 2u /(v +(w-2u Jtand),
tank == (w fv },

tang == (u +w }/(v ~v tand), and
tane = (v -w }/(v +u tanf)

The values shown in Figure 5 are similar to those used by
Searle and Hey [1983, Figure 2b]. The orthogonal spread-
ing cases (Figures 2-4) are simply ones with §=0.

Thus given a rtange of propagation velocities and
spreading rates, distinctive and complex structural pat-
terns can be obtzined from simple rift propagation and
rigid plate tectonics Figure 6 shows four different cases
with the same spreading rate and diffierent ridge-normal
and ridge-parallel propagation velocities The ridge-normal
component of propagation velocity increases in successive
panels, yielding propagation into successively younger
{Figures 6a and 64), the same age (Figure 6¢), and succes-
sively older (Figure 6d) seafloor, which correspond to the
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cases in Figures dc, 3, 4b, and 4=z, respectively The ano-
maly patiern is diagnostic of the different cases, which can
be distinguished by the variation in the age of the seaficor
immediately outside (to the right in the figure) the outer
pseudofault, since this pseudofault marks the &race of the
rift tip through the preexisting lithosphere Moving
toward the rift tip along the outer pseudofault, the litho-
sphers gets younger in the first two cases (Figures 62 and
66), stays the same age in the third (Figure 6¢), and gets
older in the fourth (Figure 6d) Thus in ali cases we use
“vounger” and ‘‘older” to denote ages relative to the
present

The two left panels show the same ridge-parallel propa-
gation velocity, but in Figure e the ridge-ncrmal velacity
is zero The trends of the reoriented isochrons znd failed
rift, which are independent of ihe ridge-normal propaga-
tion velocity, are the same in these two cases but the pseu-
dofault and growing rift gecmetries differ In contrast, in
cases b through d, the ratio of ridge-normal and ridge-
parallel propagation velocities is constant so the growing
rifts have the same trend, but the trends of the reoriented
isochrons, the failed rift, and the pseudofauits differ In the
figure, propagation begins at a preexisting transform, so
the zone of reoriented isochrons has finite width ab its
southern limit, corresponding o the length of the preexist-
ing transform. lf the transform ofifset were small {or zero)
this zone would be wedge shaped, a5 in the case shown by
Hey et ol {1980|

Refinemenis

Greater complexities have been suggested The evolu-
tion of a region can be affected by multiple propagation
episodes [Hey and Wilson, 1982; Wilson et al., 1984
Moreover, Hey et al. [1980] suggest that a shear zone of
finite extent separates the growing and dying rifts at the
95 5°W site A finite overlap region forms when both
ridges are simultaneously active, as accurs if a finite “'rise
time" is needed {or all spreading to be be transferred from
the dying to the growing rift The size of the overlap
region depends on the propagation rate and rise time
[Engeln and Stein, 1984] A shear zone, one of the possible
geometries, is suggested by curvature of isochrons in the
overiap region Since rigid plate tectonic models require
discrete plates within which no relative motion occurs,
separated by boundaries across which all relative motion
aceurs, such models cannot deseribe a zone of distributed
shear Analytic expressions for a zone of simple shear in
the spreading direction, corresponding to the geometry in
Figure 4c, are given by McKenzie 1988

The simple propagator geometries {Figures 2-6) can be
viewed as degenerate cases of an overlap system, in which
the overlap has zero area, since spreading starts and stops
on the growing and failing rifts instantaneously Consider
three end-member models of the overlap region: a rigid
plate, a shear zone, and an extensional zone (Figure 7)
For simplicity, motions on the overlap region's boundaries
are assumed parallel to those between the major plates In
the rigid plate case, conventional plate tectonics sirictly
applies A zone of simple shear, in which deformation is
parallel to the spreading direction, can be regarded as the
limit of closely spaced transiorm faults, whereas an exten-
sional zone can be considered the limit of a series of closely
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Fig. 6 Propagating rift geometries and the resulting isochrons. All cases have the same spreading rate but different

propagation velocities.

The ridge-normal component of propagation velocity increases in successive panels, yielding
propagation into suceessively younger (Figures Sa and 68}, same age (Figure 6¢c),

and successively older (Figure 6d)

seafloor. Figures 64 and 66 have the same ridge-parallel propagation velacity, but in Figure 8a the ridge-normal velo-
city is zero As a result, the reoriented isochrons and failed rift have the same trend in Figures Sa and 65, but the
propagator region geometries differ. In contrast, in Figures 68-6d, the growing riflt trend is similar, but the pseu-

dofault, reoriented isochron, and failed rift trends differ.

spaced ridges or normal faults The actual behavior of
overlap regions may be any combination of these possibili-
ties Rigid plate models have been proposed for the Easter
and Juan Fernandez plates on the basis of the distribu-
tions of seismicity [Forsyth, 1972; Anderson ef al, 1974
and relative motion studies {Engein and Stein, 1984;
Anderson-Fontana et al, 1986] Shear in the overlap
region has been suggested for a propagating rift near the
Galapagos [Hey and Vogt, 1977, Hey et al, 1980, 1986]
Courtillot {1982] analyzed continental rifting and the sub-
sequent initiation of seafloor spreading using a shear
model

The situation for extensional zones is less clear Such
models are commonly used in continental tectonics to
describe regions like the Basin and Range The oceanic
analogy is less clear, although Isezaki und Uyeda [1973]
suggested that diffuse spreading occurred in the Japan Sea
Thus although multiple overlapping ridges, corresponding
in the limit to an extensional zone, are geometrically
acceptable, none have been definitively observed in
modern oceanie lithosphere We therefore limit our discus-
sion to dual ridge systems with either rigid plates or shear
zones in the overlap region and explore the different conse-
quences of these models for the evolution of a region like
the Easter plate.

EASTER PLAIE

Models of large overlap systems are conditioned by the
observations and resulting ideas from the Easter plate, the

best studied example Sinee its identification [Herran,
1972; Forayth, 1972], its tectonics and evolution have been
studied by several investigators Anderson et al. [1974]
suggested that the region acts as a rigid microplate whose
southern boundaries were spreading centers joined by long
transforms to the East Pacific Rise to the north
Handschumacher et al [1981] used magnetic data to inter-
pret the eastern boundary as a propagator growing north-
ward at the expense of the west ridge

Recent studies follow this theme of microplate growth

BOUNDARY GEOMETRIES;
EQUIVALENT MAJOR PLATE MOTION

SINGLE
MBGE
[ %1
RIGID
han s I MICHOPLATE
11
11
e . st
e SHEAR
e ZONE
R | e v M
[}
i ke W e M EXTEZNQSA‘}(E)NAL

Fig 7. Boundary geometries that yield the same relative motion
betweer two major plates at a spreading center
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by rift propagation The hypothesis that the region
behaves as a rigid plate, rather than a diffuse deformation
zone, is suggested by the concentration of seismicity along
the boundaries (Figure 8, top} Euler vectors for the
motions between the Easter, Nazca, and Pacific plates can
be determined by combining spreading rates {rom mag-
netic anomalies and azimuths of motion from bathymetry
and earthquake focal mechanisms in 2 relative plate
motion inversion that best fits the data in a least squares
sense [Chase, 1972; Minster et al,, 1974] If the microplate
is rigid, the data should be well it Once Euler vectors
are determined, relative motions can be predicted on por-
tions of the boundaries where data are not yei available

Figure 8 {bottom) shows the results [Engein end Stein,
1984] The proximity of the Nazca-Easter and Pacific-
Easter poles allows significant variation in motion along
the boundaries The model predictions are good; spreading
rates decrease rapidiy to the north along the east ridge.
The Pacific-Easter Euler vector fits the observed rate on
the northwest boundary fairly well and predicts slow
spreading on the southwest boundary These predictions
agree with seismological observations: the southwest boun-
dary is the most active seismically with normal faulting
evenis suggesting slow spreading, by analogy to the Mid-
Atlantic Ridge, whereas the strike-slip events suggest
transform motion. The transform direction implied by the
strike-slip events on the scuthwest boundary is fit well,
and spreading is predicted to be slightly oblique The
northern boundary (or diffuse boundary zone) remains
unelear, with the predicted motions changing from oblique
convergence to strike-slip to oblique divergence The main
constraint on the pole locations is the variation in rates
along the growing ridge and the assumption of orthogonal
spreading. Addition of the slip vectors causes only minor
changes in pole positions

These relative motions were determined using earth-
quake slip vectors |Engeln and Stein, 1984], marine mag-
netic data [Handschumacher ef al, 1981], and a boundary
geometry inferred from the bathymetry [Memmerickz and
Smith, 1978] Subsequent detailed magnetic and bathy-
metric surveys [Hey ef al, 1985; Schilling et sf, 1985;
Naar end Hey, 1985; 1986] provide better descriptions of
the plate’s geometry Analysis of these data yields prelim-
inary pole locations [Near end Hey, 1985, D Naar, per-
sonal communication, 1986} similar to those determined
with the earlier data, and suggests that the nature of the
boundaries agrees with the predictions of the Euler vec-
tors. The similarity of poles and the successful predictions
suggest that the Easter plate can be treated as a rigid
microplate when studying preseni-day relative plate
motions.

The new data both allow 2 more accurate mode! and
offer new insights They reflect the history of the boun-
dary geometry which may have evolved in a series of rift
propagation stages In addition to the magnetic data,
which directly record the spreading history of various
boundary segments, seafloor lineaments reflect both the
history of boundary segments and the mechanical nature
of the region between the growing and dying ridges Hey
et al {1985] note that Seabeam bathymetric data show
trends in the plate interior oblique to the spreading center
trends observed outside They suggest that the oblique
trends result from the complex evolution of the overlap
region, as seaflcor in the microplate was transferred from
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the Nazca to the Easter plate Specifically, they propose
that

because of the time-progressive transferral of this litho-
sphere from one plate to ancther, the preexisting fabrie of
the transferred lithosphere was sheared acd tectoniealiy
rotated into the observed oblique trends characteristic of
continucus rift propagation... The scale of the mieroplate
shearing is impressive. with shear deformation distributed
over the entire plate {~ 400 X 400 km}. .

We thus explore the evolution of Easter-style overlap
systems for two end-members, a rigid microplate or 2 zone
of simple shear, for which the region's boundaries and inte-
rior evolve differently Though an overlap region may not
have been entirely rigid or pervasively sheared throughout
its evolution, one of these types of behavior may dom-
inate, although an intermediate combinadion of the “end
member” cases may be most accurate

Two basic data types reflect the region’s evolution
First, the location of and relative motion on the boun-
daries provide both ‘‘instantaneous" relative motion data
at any time, and an isochron history comparable to mag-
netic anomaly data These will be distinet for the end-
member cases Second, various structural features that
either predate or form during rift propagation refiect the
region’s history. Because the rates and directions of rela-
tive motion change during rift propagation and death, the
nature and orientations of these features record past rela-
tive motions and are disgnostic of the mechanics of the
overlap region Preexisting structures within the overlap
move passively while both ridges are active if the region is
rigid, but are deformed if the region is pervasively sheared
Thus structural features can be dizgnostic of the mechani-
cal behavior of the overlap region

Rice PLATE MoDEL

Figure 9 traces the development of a rigid plate between
the propagating and dying ridges through five equal time
increments Since the plate is rigid, no relative motion
occurs between poinis within the microplate; relative
motion occurs only at points on the boundaries. For sim-
plicity, a set of clarifying assumptions has been made The
west plate is fixed, and the Euler pole for the two large
plates is 80° away. Spreading on these ridges is orthogo-
nal, and all spreading is symmetric. The Iinitial
confipuration, two ridges offset by a transform, changes as
propagation begins at time T'; at the southeast ridge seg-
ment and continues until T, when propagation ceases As
the growing ridge propagates into the major plate along an
isochron, a convergent boundary moves with the tip, so
seafloor is transferred from the east major plate to the
microplate. The spreading rate on the growing (east} ridge
increases linearly with time, while spreading on the dying
ridge slows at the same rate, o that poinis on the dying
ridge become inactive as the corresponding points on the
east ridge reach full rate As a result, the microplate
rotates and the southern transform evolves into a slow and
obliquely spreading ridge Time T, is the instant before
the southernmost point on the west ridge ceases spreading
and the southern boundary starts to migrate northward,
transferring seafloor from the microplate to the major
plate to the west Thus by T’y one third of the overlap
has been transferred between the large plates. As the
geometry of the northern and southera boundaries is not
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into 3 slow spreading ridge. The cldest anomalies on the microplate fermed at the growing ridge are pseudcfaults,
Sets of anomalies formed on the growing and dying ridges “Ian” in opposite directions

constrained by the assumed relative motions, two simple
assumptions are made The propagator tip is joined to the
next ridge segment to the north with a straight boundary
Simitarly, once the southern boundary begins to propagate
northward, it joins the point of zero spreading on the
dying ridge to the propagating ridge For seafloor created
on the growing ridge, the boundaries separating pre-
existing seafloor from that created during propagation are
pseudofaults

The Euler pole for the plate to the east with respeet to
the microplate is at the propagator tip from time T, to
T3, and then migrates northward witheut further propaga-
tien For simplicity, rift propagation occurs ia three
diserete time steps Continuous propagation would smooth
the ridge and anomaly orientations

The isochrons formed or the growing ridge reflect two
different aspects of the microplate’s history Rift propaga-
tion controls the variation along the growing ridge of the
age of the oldest seafloor enclosed within, and thus adja-
cent to, the pseudofaults Thus the age of the oldest
seafloor formed on the growing ridge during propagation
decreases toward the tip, reflecting the more recent initia-

tion of spreading. The position of the Euler pole yields a
variation along the growing ridge in spreading rates and
hence the distance between successive isochrons Since in
this case the Euler pole is at the rift tip, the spreading rate
and hence distance between isochrons increase with dis-
tance from the tip It is worth bearing iIn mind the
differences between the two effects Although for the case
here both effects reinforce to produce the “fanning” ano-
maly pattern, both need not operate together It is possible
to eonceive of rift propagation with a very distant Euler
pole, in which case the isochrons would not “fan,” but
there would be a clear variation in the age of the oldest
sezfloor enclosed within, and adjacent to, the psendofaults
Alternatively, a nearby Euler pole could genmerate 2 fan-
ning anomaly pattern on 2 ridge that is not propagating
(Near and Hey, 1986, Figure 3|,

The sets of anomalies formed on the growing and dying
ridges during propagation ‘'fan” in opposite directions
The transform that went into extension also gives rise to
“fanned” anomalies The fznned anomalies leave a charac-
teristic pattern once a piece of lithosphere ceasss to he
part of the microplate and is transferred to the left plate
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Fig. 10 Ceometric constraints on the Euler vectors for a three-
plate system: a microplate (“M") betweea western (“W") and
eastern (“E") major plates I wyg, the Euler vector for the
western major plate relative to the eastern one is far away, and
that for the major plate to the east relative to the microplate
{wgy) is near the propagator tip, the magnitude of the latter
must be much greater for the spreading rate on the southeramost
portion of the propagating rift to be comparable to that between
the major plates. As a result, wyye, the sum of the other two
Euler vectors, is similar in both direction and magnitude to wgy, .
In this case, since both Euler poles are nearby, refative velocities
vary rapidiy along all the microplate's boundaries,

(time T'y). The set of {anned anomalies formed on the
fatled ridge is symmetric about its trace One half of the
set of fanned anomalies formed on the growing ridge
remains on the left plate, and the other hali moves away
on the right plate As a result, one and a half sets remain
on the left plate Tamoki znd Larson {this issue| have
identified such a pattern in Mesozoic magnetic apomalies
in the west central Pacific and interpret it as evidence for
the Magelian microplate

In this contexs, is it useful to consider the Euler poles
for an example similar to what we have been considering
The pole between the major plates is far away, in this
example 907, so that the spreading rate along the ridge
between them varies slowly In contrast, the pole for the
motion of the eastern plate relative to the micropiate is at
the rift tip, so that the spreading rate increases rapidly
from zero at the tip If we require that the spreading rate
on the southernmost portion of the propagating rift be
comparable to that between the major plates, the magni-
tude of the Buler vector wgy for the eastern plate relative
to the microplate must be much greater than wyg, that
for the western plate relative to the eastern plate (Figure
10) Since wyy, the Euler vector for the western plate
refative to the microplate, is the sum of the other two
Euler vectors, this vector is similar in both magnitude and
direction to wgy and the corresponding Euler pole is also
near the microplate, in this ¢ase to the south As a result,
the rate of relative motion varies rapidly with distance
zlong the corresponding boundary

Since the Nazca-Pacific pole is far from both the Easter
and Juan Fernandez microplates, then if the Euler pole for
the propagaiing rift is near the tip, such a geometry
applies This is the case for the Euler poles shown for Eas-
ter in Figure 8 and for the recent model for Juan Fernan-
dez |Anderson-Fontana et al, 1986] It appears to have
been the case for the Mesozoic Magellan microplate
{Tamaki and Larson, this issue| Since the sets of
anomalies formed on both of the ridges bounding that
mieroplate fan dramatically, it seems likely that the Euler
poles for the microplate’s motion relative to both the
Faralion and Pacific plates were nearby

ENGELN ET AL: MICROPLATE AND SHEAR ZoONE MODELS

The structural pattern within the microplate reflects
several basic effects Isochrons formed at the growing ridge
have been reoriented by the rigid rotation of the micro-
plate lsochrons formed at the dying ridge have been
reoriented by two processes Iirst, they encounter the
migrating northern boundary as they are transferred to
the microplate In the geometry shown, differential con-
traction oceurs, with the maximum shortening furthest
from the propagator tip and the minimum shortening at
the tip The resultant differential shortening, shown by
comparison of isochron lengths on either side of the west
ridge, distorts the fabric somewhat. This effect is especially
noticeable in the geometry used for this model, since rates
vary rapidly along the northern boundary because the
Euler pole is close Second, once on the microplate, these
isochrons rigidiy rotate Thus much of the seafloor within
this zone has undergone reorientation, although in the
rigid plate model no deformation oceurs within the overlap
zone

We have used this rigid case as an approximate analogy
to the Easter plate, with time T, the present [Engeln and
Stein, 1984] As our goal is to trace the evolution of the
boundary and structures, we extend the model to a time
when some seafloor has shifted from one major plate to the
other In the model (Figure 9), relative motion {arrows)
across the dying ridge changes direction with time as the
overlap region rigidly rotates This change can be accom-
modated in several ways One {Figure 11} is that as the
spreading direction shifts, transforms reorient and remain
parallel to the relative motion and ridges propagate and
die &% maintain a continuous boundary Here oblique
spreading oceurs; it is also possible for the ridge segments

SPREADING DIRECTION CHANGE
AND TRANSFORM REORIENTATION
ON OYING RIDGE

MICROPLATE

MAIGR PLATE
[PR—

Fig 11. Spreading direction changes and transform reorientation
cn o dying ridge From the initial direction, spreading shifts to a
new direction at each time shown The boundary ¢an adjust in
several different ways In the case shown, transforms recrient to
rernain parallel to relative plate motion and ridge segments pro-
pagate and die to keep the boundary continuous. The boundary
adjustment can also oceur by formation of leaky transforms or
new, orthogonally spreading, ridge segments. Seafloor is con-
stantly broken and transferred from plate to plate by this process.
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Fig. 12. Schematic evalution of an Easter-type micreplate by rift
propagation. A new east ridge grows, the west one slows, and the
southern transform leaks, becoming a slowly spreading ridge. The
microplate interior rotates owing to the variation in spreading
rates along the growing ridge. The curved initial geometry is an
approximation, since the kinematics allow either ablique or
orthogenal spreading on the dying ridge.

to reorient to allow orthogonal spreading or for transforms
to retain their orientation and acquire either extensional or
contractional components of inotion. The relative motion
does not constrain which of these will oceur; all are accept-
able kinematically Such teorientation may disrupt and
complicate the magnetic signature of the ridge, as pro-
posed for the dying ridge at Easter [Engeln and Stein,
1984

As spreading rates and directions can change rapidly
along both the propagating and dying ridges, smaller-scale
reorientation features may form. Nasr and Hey (1986
found that the growing ridge at Faster may be composed
of several propagating and dying rifts. Moreover, these
boundaries may include overlapping spreading centers, as
noted at Juan Fernandez {Craig ef al,, 1983] Such boun-
dary complexities may make delineation of the active
ridges difficult and determination of relative motions less
reliable

In the rigid case, the southern and northern boundaries
have 2 complex evolution required by the change in rela-
tive motions along the dual ridges and the constraint that
the area between them not deform Thus these are the
boundaries most likely to deviate from this simple
geometric mode! The southern transform evolves through
a “leaky” transform stage (Menard and Atwater, 1968] into
2 nearly orthogonal, slowly spreading ridge by time T
At the same time, rotation of the overlap zone about the
nearby Buler pole causes convergence across the northern
plate boundary, which moves northward with time, reach-
ing its final position at Ty It would be surprising if the
northern boundary evolved exactly like 2 convergent zone
which continuously reforms at new sites, producing some
shortening at every point Nonetheless, we expect that
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this boundary will be generally convergent In contrast,
the evolution of the initial transform into a slow spreading
center is a simpler process and should occur in a fashion
similar to the model It is worth noting that the general
nature of the convergent northern and extensional south-
ern boundaries of the Baster plate is similar to this simple
model [Engein and Stein, 1984] In particular, Hey et al.
{1985] propose that part of the southern boundary is an
eastward propagating rift perhaps indicative of a “leaky”
transform

A version of the mode] with the propagation rate and
direction and other kinematic factors closer to the Kaster
geomnetry is shown in Figure 12 As propagstion oceurs,
the microplate grows and rotates as the relative motions
change. The ridges are shown by heavy lines, pseudofauits
are shown dotied, transform faults are shown dashed, and
other lines indicate isochrons As the microplate rotates,
spreading occurs on the southwest boundary and shorten-
ing induced by the rotation results on the northern boun-
dary. Moticn along the dying ridge slows and becomes
oblique to the overall ridge trend as propagation continues
Preexisting structures and the ridges are reoriented by
purely rigid plate kinematics, both at the propagating
boundaries and in the microplate’s interior, owing to rigid
rotation caused by the differential spreading along the
growing and dying ridges The differential shortening
along the migrating northern boundary is reflected within
the overlap zone by both isochron length changes and dis-
tortion of the original fabric

Figure 13 compares the last panel of Figure 12 with
data for Easter. In general, the fit is good The trends
and relative motions across the boundaries approximate
those observed Structures within the pseudofaults show
the observed {anning, and many of the preexisting
structures are matched reasonably well both within and
outside the microplate This schematic model, though sirmi-
lar to the Faster geometry, is not a reconstruction, which
requires knowledge of the prepropagation geometry and its
evolution The curved initial geometry is a simplification,
since the kinematics do not constrain whether the dying
ridge spreads obliquely or orthogonally as the direction of
motion changes Moreover, the complex propagation his-
tory [Naar and Hey, 1985] has been approximated with a
single rift that briefly propagated eastward Nonetheless,
the success of the schematic model ir reproducing many
features of the data suggests that rigid plate kinematics
may adequately describe major {eatures resulting from the
evolution of microplate systems. We thus suggest that
microplate models offer useful testable hypotheses for
describing overlap systems and that shear behavior need
be invoked only to explain fealures not describable by
rigid plate tectonics

SHEAR MODELS

We now consider a nonrigid mode! that, in many ways,
resembles the rigid plate geometry of the previous section
Here the entire overlap region deforms in simple shear
parallel to the spreading direction as a response to the
differential spreading zlong the growing and dying ridges
Displacement occurs parallel to the original transform
orientation and is distributed evenly throughout the over-
lap region. The model approximates the trend of the pro-



2850

EASTER PLATE: SEABEAM LINEATIONS

ax

TRANSFORM

et e

PSEUDOFAULT

LIS N Y

Hey et al, 1985

ENGELN BT AL: MICROPLATE AND SHEAR ZONE MODELS

SCHEMATIC MICROPLATE MODEL

SATTTRRCCATRETTEANE

)
%

iy

B

T

—

i

Fig. 13. Comparison of the schematic model (last panel of Figure 12) with Easter piate structural data. The model,
though not an actual reconstruction, replicates many of the observed structures Data along the propagating east
ridge and leaky southern boundary are fit reasonably well, as are trends within the major pseudofauits.

pagating rift and the size of the overlap zone (Figure 14}
The propagation history, relative plate motion, and initial
plate geometry are the same as for the rigid plate model in
Figure ¢ We show the development of the boundaries of
the shear zone to examine the effect of the rigidity of the
seafloor within the overlap on the boundary configuration
The spreading rate on the propagating ridge increases
linearly with distance {rom the propagating tip This is
equivalent to having the Euler pole at the tip in the rigid
plate case, given the small angle approximation (sing == 4)

Comparison of Figures 9 and 14 shows significant
differences between the rigid plate and simple shear zone
cases In the shear case, isochrons within the overlap zone
reorient by differential translation of seafloor For the
rigid case, isochrons within the overlap zone reorient by
seafloor transfer at the micropiate's boundaries and by
rigid rotation Although the overall trends of the growing
and dying ridges are similar, individual segments evolve
differently The rate and direction of motion change aloag
the dying ridge in the rigid case, but in the simple shear
case, only the rate changes In the shear case the direction
of relative motion becomes oblique to the overall ridge
trend because the ridge reorients as segments further north
spread faster than those to the south (Figure 14, arrows)
For simplicity the figures show oblique spreading Because
the kinematics determine transform but not ridge orients-
tion, orthogonal spreading is also possible

The greatest differences between the rigid and simple
shear cases are shown by the evolution of the northern and
southern boundaries In contrast to the rigid case, hoth
boundaries remain fransforms in the shear case Motion
across the southern boundary slows as spreading slows on
the dying ridge Conversely, moticn zcross the porthern
transform increases until it becomes a fransform between
the two large plates and the shear zone vanishes This
shear geometry would predict neither the spreading

observed along the southwestern ridge nor the contraction
along the northern plate boundary

This case is 2 simple shear geometry analogous to that
in Figures 4b and 6c, where rift propagation occurs along
isochrons McKenzie [1986] has presented a simple shear
madel, also for slip parallel to the spreading direction, for
a geometry analogous to Figures 4¢ and 6a, where rift pro-
pagation occurs parailel to the original ridge For such
shear geometries, the evolution of the boundaries and the
orientation of structures in the ovetlap zone differ from the
rigid plate model Other shear geometries are also possible;
for example, slip need not be restricted to the spreading
direction R Hey and D Naar (personal communication,
1986) suggest that slip may occur along originally ridge-
parallel normal faults Such a geometry, which would
exploit preexisting zones of weakness, might produce over-
lap boundaries and relative motions more similar to the
rigid plate geometry In this geometry, motion in the over-
lap would be a combination of shear and rotation, analo-
gous to the cage discussed by Nur et al {1988], and could
allow the southwest ridge to spread under some cir-
cumstances

KiveMATIC FACTORS

For a given initial configuration and direction of propa-
gation, the geometry of the overlap region and the amount
of shear or rigid rotation of seafloor within it are deter-
mined by a combination of four factors: the propagation
rate, the rise time from the initiation of spreading until
full spreading is reached, the ofiset distance between the
dual ridges, and the change in spreading rate along each of
the dual ridges The propagation rate times the rise time
determines the length of the dual ridges; the offset, which
increases with time, determines the width of the overlap
zone Figure 15, drawn for a shear zone case, contrasts
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Fig. 14. Evolution of 2 continuous zonre of simple shear between two major plates. Note the internal deformation of
the shear zone, the reorientation of the two ridges, and the formation of » northera transform boundary.

the various effects. A greater propagation rate or longer
rise time increases the sizes of the overlap region Thus the
most basic propagating rift mode] is one with zero rise
time, such that the two ridges overlap only at a point
{Figures 2-6) A finite overlap region occurs for nonzero
rise times

A variety of length to width ratios have been observed
in overlap regions The migration of the Vema Transform,
proposed from the identification of ahandoned transform
valleys [Van Andel ¢f al, 1971} 2nd anomalously old rocks
along the fanking ridge [Bonatti and Crane, 1982, sug-
gests ratios of about 1 to 5. Overlapping spreading centers
are characterized by three to one ratios [Macdenald ¢! al,
1684]. The largest present-day overlap regions, the Faster
and Juan Fernandez plates, have intermediate ratios
nearerto 1to 1

The rate and amount of deformation depend on the pro-
pagation rate, rise time, and change in spreading rate over
the overlap length. The deformation is shown by the
distortion of an initially linear feature, such as the iso-
chron in Figure 15, during and after passage through the
shear zone In this case, the numerical values given are

the tangent of the angle from the original orientation or
twice the shear strain The total shear experienced by
seafloor transferred from one major plate to the other is
inversely proporticnal to the propagation rate for a given
rise time (Figure 15, left and center) Although the rise
time does not afect the total shear, z longer rise time
results in a slower shear rate but longer residence time in
the shear zone, producipg the same net deformation (Fig-
ure 15, left and right) The amount of shear depends on
how rapidly the spreading rate inereases along the growing
rift

RELATIVE PLATE MOTION INVERSIONS

It is nztural to ask what occurs if = shear zone overlap
system were treated as a rigid plate In other words, given
plate motion data from the boundaries of a shear zone,
what would result irom inversion of the data? We exam-
ine this question using synthetic data for the rigid and
simpie shear models of the prior sections

Figure 16 shows the two cases at time Iy, roughly
analogous to the present Easter geometry. We assume that
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Fig. 15. Effect of ridge propagation rate and rise time on geometry and internal deformation of an overlzp region,
drawn as a simple shear zone. The active overlap area is shaded. Deformation values, shown by position of the dot-

ted isochron, are twice the shear strain.

rate and azimuth data are available at the points shown,
with standard deviations of 1 em/yr in rate and 10° in
azimuth Stars mark Euler poles determined by inverting
the two synthetic data sets using the Minster et al [1974]
algorithm. The poles determined for the rigid case are
identical to those used to generate the model The poles
found for the shear case correspond to the rigid plate
geomebry that provides the best fit, in a least squares
sense, to the data Since the data are inappropriate for a
rigid medel, misfit occurs The rapid variation in spread-
ing rates favors a nearby pole, while the uniform east-west
directions of motion favor a distant pole The best ftting
pole is a compromise between the rate and azimuthal data
and is determined by their assigned standard deviations.
Comparison of the data (dots) and predictions (dashed
line) shows the resulting compromise and misfit. As shown
by the shear zone results (Figure 16, right center columa),

there is an orderly sense of misfit brought about by the
conflicting assurmptions of a rigid plate analysis performed
on nonrigid seafioor

Additional insight into the resuits of treating the shear
case as rigid can be obtained by examining the north
{ridge-ridge-trench) and south (ridge-ridge-ridge) triple
junctions in velocity space (Figure 17) [McKenzie end
Morgan, 1969] The predictions of motion for the micro-
plate {M) relative to the plates on its west {W) and east
(E) can be compared with the “measured” rates and
azimuths For the rigid plate case, the predicted motions
fit the data, as expected In the shear case, the velocity tri-
angle, which is required to close in the inversion because
plate rigidity ts assumed, incorrectly describes the motion
Point “M (inversion)" gives the predicted position of the
microplate in velocity space; point "M (data}' shows its
true position Equivalently, best fit vectors derived for the
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Fig. 16. Relative motion Inverslon of error free synthetic rate and azimuth data for a three-plate system (a micro-
plate “M" between western *“W" and eastern “E" plates) for rigid and simple shear geometries. In the rigid plate
case, the data are predicted exactly by the resulting Euler vectors. In the shear case, the data are misfit as the inver-
ston used to calculate the Euler vectors assumes that the plates do not deform internally. The Euler poles are a
compromise between the rates, which lavor 2 nearby pole, and the azimuths, whick favor a distant one

three plate pairs individually without a closure require-
ment would fail to close because the rigid plate assumption
is invalid

The misfit to the data (Figure 18) indicated by reduced
chi-square, ¥, is, of course, zero for the rigid plate case,
and about 1 for the shear case Since the data in both are

TRIPLE JUNCTION ANALYSIS

RIGID MICROPLATE SHEAR ZONE
2
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Fig 17. Triple junctions in velocity space for the rigid and shear
cases. The inversion requires that the junctions close: in the shear
case the predicted and obsgerved positions of the microplate
disagree

error {ree, the only misfit results from the systematic error
of treating a shear zone as & rigid plate It is thus more
realistic to examine the two cases assuming that errors are
present in the data To do so, we conduct 50 numerical
experiments in which the data are perturbed by the addi-
tion of a Gaussian error to each point. This procedure pro-
vides an estimate of how the results of 2 plate motion
inversion are aflected by errors in the observations {Stein
end Gordon, 1984] Figure 18 shows a histogram of y.2 for

SYNTHETIC DATR WITH ERRORS

2d T T
rigid plate shear zone
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Fig. 18 MishAt to relative motion data for the geometry of Figure
16, given Buler vectors resulting from inversion of the data after
errors are added. Fity trials were conducted for each case: the
shear case is usually less well fit because the rigid plate assump-
tion is viclated
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Fig 16. Microplates associated with past ridge reorganizations
{Top) Farmation of the Bauer microplate, znalogous to the
present Easter microplate, during rearganization of the East
Pacific Rise. Simplified from Mammerickz el af {1980] (Bottam}
Transfer of o portion of the Pacifie plate to the Antarctic plate
during northward propagation of the Pacific-Aluk-Antaretic triple
junction, If both ridges were simultanecusly active, 2 microplate
presumably existed Note the analogy to the present four-plate
system formed by the Juan Fernandez microplate at the Pacifie-
;\Iazc?‘Antarctic triple junction. Simplified from Cande ¢f al
1682

the two cases As expected, x 7 is usualiy about 1 for the
rigid case, since the errors are Gaussian with the standard
deviations assumed in the inversion Reduced chi-square is
significantly higher, typically about 2, for the shear case as
systematic error from the incorrect assumption of rigidity
adds to the random errors from the data

For real data the situation would be more complex, as
reduced chi-square is significantly less than 1 for global
piate motion models (Minster and fordan, 1978; Gordon et
el, 1987|, implying that errors in the data are overes-
timated. As a result, it may be diflicult to use reduced
chi-square directly to distinguish errors in the data from
deviations from plate rigidity For example, the Easter
plate data used in our earlier study {Engeln and Stein,
1984] are probably unsuitable F tests of triple junction
misclosure [Gordon ef al , 1987] may offer an alternative
method of examining possible deviations {rom plate rigi-
dity in sttuations where high-quzlity data are available

Discussion

The model results have interesting implications for
interpretation of data for overlap systems such as the Eas-
ter microplate Most significantly, an oblique structural
fabric need not result jrom pervasive shearing The Easter
data (Figure 13, left) show ridge-parallel north-south
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trending structures east of the east ridge on the Nazca
plate In contrast, on the microplate west of the ridge the
primary structural fabric, oriented northeast-southwest, is
oblique to the ridge A zone of such structures covers
much of the piate More complex patterns appear along
the southwest and west ridges, and in the northern interior
portion of the piate Similar patterns can be produced for
both rigid {Figures 9, 12, 13} and shear {Figure 14) cases
The structural data are thus consistent with, but do not
require, shear within the microplate

The mode! results for relative plate motions also have
interesting comsequences Most significantly, in a simple
shear geometry, neither extension at the south boundary
ner shortening at the north boundary occurs The observa-
tions of extensional seismicity [Engeln and Stern, 1984] and
spreading [Hey ef ol, 1985 on the southern boundary of
the Easter plate and compressive earthquakes near the
northern boundary strongly favor a significant component
of rigid piate rotakion

Interpretation of the results of the plate motion inver-
sions leads to similar conclusions In particular, the Euler
vectors from our study using earlier data [Engeln end
Stein, 1984] and the similar preliminary results [Naar and
Hey, 1985, and personal communication, 1986] from subse-
quent data predict extension, as observed, on the southern
boundary ‘The inversion used explicitly assumes that the
data are on the boundaries of rigid plates and cannot be
applied (without major modifications) to a shear zone

What prospects, then, do these models suggest for stu-
dies of the Easter plate and similar situations? The Easter
plate geometry is more complex than the schematic model
The model geometry and history were simplified to test
the essential ingredient: the eflects of shear and rotation
on plate boundaries and internal structure These simula-
tions show that obligue structures in such a geometry are
consistent with rigid microplate evelution and may not
require pervasive shearing Such models can be general-
ized to incorporate more complex geometries and propaga-
tion histories as further magnetic and struetural data
hecome available Similarly, the data used in our 1984
study, though adequate [or estiration of relative motions,
were inadequate to fully test the applicability and limita-
tions of rigid plate models As improved relative motion
and structural fabric data sets bacome available, better
resolution of these issues should be possible

We thus conclude that a combination of relative
motion, seismicity, and structural analyses provides valu-
able insight into the behavior of the seafloor within large
or moderate sized overlap regions The successful applica-
tion of these techniques to modern examples suggests that
they could also be used to study ancient microplate-sized
overlap systems Studies of past ridge reorganizations sug-
gest that microplates have formed Figure 19 (top) shows
the formation of 2 possible analog to the present Easter
microplate, the Bauer microplate, which existed during an
earlier reorganization of the East Pacific Rise [Mazmmer-
ickz et al, 1980] Figure 19 (bottom) shows the transfer of
a poriion of the Pacific plate to the Antarctic plate during
a past ridge reorganization [Cande et ol , 1982] Since the
transfer was accomplished by northward propagation of
the Pacific-Antarctic Ridge while the Aluk-Antarctic Ridge
was also active, it seems likely that a microplate (which
might be called the Tula plate after the Tula Fracture
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Zone which forms its boundary with the Antarctic plate in
the figure) existed during rift propagation The five-plate
{microplate plus four major plates) system that resulted
from the evolution of the Pacific-Aluk-Antarctic triple
junction may have been analogous to the present four-
plate system formed by the Juan Fernandez microplate at
the Pacific-Nazca-Antarctic triple junction A microplate
model for regions along the Farallon-Pacific Ridge, similar
to that for Easter, has been suggested by Sager and Prin-
gle {1987| based on Cretaceous paleomagnetic data from
seamounts Overlaps may also have been associated with
events such as the migration of the Vema Transform [Ven
Andel et ol, 1971; Bonatti ond Crene, 1982] Analysisof a
vartety of such systems with various sizes should help
define the limiis of rigid plate tectonics during ridge
reorganizations and provide insights into the relationship
of microplates to reorganizations Possibly microplate
models will also prove useful in describing continental rift-
ing in places, such as the Alar triple junction area [Acton
et al, 1986|, which evolved by rift propagation [Courtillot
et al, 1980]

The analysis presented here offers no direct way of
assessing when shear or rigid behavior will oceur One
might expect more rigid, platelike tectonics at larger over-
lap systems owing to the increase in lithospheric thickness
and strength with age Analysis of a variety of overlap
geometries will show if these generalizations in fact apply

Single ridge spreading systems are obviously the norm
Simple energy arguments show that dual ridge systems are
not, in general, favored {Sleep et al, 1979] Nonetheiess,
under certain conditions, dual ridge systems do evoive
Local effects such as hotspots [Hey end Vogi, 1977, Hey el
al, 1983], triple junction geometries {Cande ef of, 1982;
Res end Dizon, 1983; Anderson-Fontana et al, 1986,
Tamaki and Larson, this issue|, and fast spreading [Hey et
al, 1985] may play a role in many overlap systems Over-
lap systems are intimately related to major ridge reorgani-
zations, since overlaps are often produced when ridge
geometries changed It is, however, unclear whether over-
lap systems are peneral features of ridges that can form
under 2 wide range of circumstances or whether they are
characteristic of certain, limited intervals when significant
changes in the plate boundary confizuration are oceurring
For example, do the nearby Easter and Juan Fernandez
plates reflect a present ridge reorientation, or are they
caused by purely local (hotspot and triple junction) effects?
Detailed study of both modern and ancient overlap sys-
tems should help resolve this issue
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