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On The Initiation of Subduction
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Estimates of shear resistance associated with lithospheric thrusting and convergence represent lower bounds i
on the force nccessary to promote trench formation. Three environments proposed as preferential sites I
of incipient subduction are investigated: passive continental margins, transform faults/fracture zones, and
extinct ridges. None of thesc arc predicted to convert into subduction zones simply by the accumulation of :
local gravitational stresses. Subduction cannot initiate through the foundering of dense occanic lithosphere e
immediately adjacent to passive continental margins. The attempted subduction of buoyant material at a [+
mature trench can result in large compressional forces in both subducting and overriding plates. This is the
only tectonic force sufficient to trigger the nucleation of a new subduction zone. The ubiquitous distribution
of transform faults and fracture zones, combined with the common proximity of these features to mature il
subduction complexes, suggests that they may represent the most likely sites of trench formation if they are ‘

even marginally weaker than normal oceanic lithosphere.

INTRODUCTION

Plate tectonic theory has expanded considerably from its origi-
nal, essentially descriptive, form to incorporate a greater emphasis
on understanding the associated dynamics as well as the nature
in which plate boundaries evolve. The initiation of subduction
represents a fundamental issue in both of these areas. Because
plate motions are induced primarily by the negative buoyancy of
subducting oceanic lithosphere, and because convergent margins
occasionally evolve into nonconvergent margins, trench forma-
tion must represent a critical element in the dynamics of plate
tectonics.

The most accepted model of trench formation, referred to as
passive margin failure, envisions the nucleation of subduction
as a direct consequence of the cooling of oceanic lithosphere.
Because the oldest (and presumably densest) seafloor is adjacent
to Atlantic-type, or passive, continental margins. the concept of
a “foundering” passive margin is often considered to be intuitive.
Factors commonly cited in support of passive margin failure are
(1) availability of negatively buoyant oceanic lithosphere, (2)
massive sediment loading typical of many of these margins, (3)
potential compression in the adjacent oceanic lithosphere due to
elevational discontinuities at the ocean-continent boundary, 4)
highly faulted nature inherited from the earlier rift phase of passive
margin evolution, and (5) the abundance of Andean-type margins.

Yet consider the following.

{. The existence of negatively buoyant Mesozoic seafloor
fe.g.. Oxburgh and Parmentier, 1977] demonstrates that buoyancy
considerations alone cannot adequately characterize the process of
trench formation. In addition, oceanic lithosphere probably does
not evolve toward greater thickness and density after 100 m.y.
[e.g., Parsons and Sclater, 1977]. Thus Atlantic-type margins may
be no more buoyantly unstable than many other oceanic regions
of the world.

2. Sediment loading merely induces bending stresses, which
are compressive in the upper lithosphere, tensional in the lower
lithosphere, and integrate to zero over the plate thickness. Incipi-
ent lithospheric thrusting and convergence requires net horizontal
compression, which cannot be generated from local vertical loads.
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3. Oceanic lithosphere adjacent to passive margins would be
subjected to compression associated with ocean-continent eleva-
tional discontinuities only if continental masses are elastically non-
self-supporting and push against the nearby seafloor during vis-
cous relaxation. It is not clear that this is the case [e.g., Turcotte
et al., 1977].

4. Other tectonic settings, such as transform faults and fracture
zones, may be considerably more fractured than passive margin
interfaces (which may anneal subsequent to rifting).

5. The abundance of Andean-type margins may only reflect
the stability of these margins. Once established, only a continent-
continent collision or the attempted subduction of a ridge might
eliminate such a boundary.

6. There is no obvious example in the geologic record of the
direct transformation of an Atlantic-type margin into an Andean-
type margin.

7. The existence of intraoceanic trenches, such as the Mariana,
Aleutian, and Scotia arcs, that clearly did not migrate to their
present positions from any continental margin, indicates that even
if passive margin failure is a legitimate geologic phenomenon,
it cannot represent a complete paradigm for trench formation.
Additional, intraoceanic, nucleation sites are necessary.

Subduction nucleation along transform faults and fracture
zones has been proposed on the basis of (1) geophysical stud-
ies of backarc basins [Cooper et al., 1977; Casey and Dewey,
1984; Uyeda and Ben-Avraham, 1972], (2) plate motion recon-
structions [Hilde et al., 1977], (3) oblique convergence exhibited
by young subduction complexes [Fitch, 1972], (4) contemporary
examples of (potential) trench formation (Fukao, 1973; Purdy,
1975; Hegarty et al., 1982; Ruff et al., 1989], (5) ophiolite stud-
ies [Casey and Dewey, 1984], and (6) the proposal that trench-
formation along a former transform fault leads to the creation of
boninites, a rock type generally found among the youngest trench-
related volcanics [Hawkins et al., 1984). Spreading ridges have
also been proposed as sites of trench formation [Jones, 1971;
Casey and Dewey, 1984].

Using a model of driving versus resisting forces applied to
a lithospheric plate [e.g., McKenzie, 1977}, we cstablish lower
bounds on the force necessary to promote trench formation in
each of the proposed nucleation environments, as well as in nor-
mal oceanic lithosphere. These lower bounds are contrasted to
magnitude estimates of tectonic forces proposed to trigger the nu-
cleation of subduction. We conclude that regardless of nucleation
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environment, inplane compressional forces resulting from ridge
push, ocean-continent elevational discontinuities, and lithospheric
basal shear are all insufficient in magnitude for trench formation.
The only adequate inplane compressional forces are those that re-
sult when trench congestion occurs in response to the attempted
subduction of buoyant material at a mature subduction complex.
Theoretical considerations, as well as deformational modeling of
Central Indian Ocean lithosphere, indicate that the necessary stress
levels can result from trench congestion. Due to their common
proximity to mature subduction complexes, transform faults and
fracture zones would represent preferential sites of trench for-
mation if they are even marginally weaker than normmal oceanic
lithosphere. We conclude this paper with a review of the relevant
geologic and marine geophysical literature necessary to test our
conclusions.

MECHANICS OF TRENCH FORMATION

In a quantitative investigation of passive margin failure, Cloet-
ingh et al. (1989, and references therein to their previous work]
concluded that cooling passive margins increase in strength suf-
ficiently to prevent foundering in response to increasing density.
They proposed that unless failure occurs within the first 20 m.y.
of margin evolution, it will not occur at all. These studies, how-
ever, did not explicitly address passive margin failure from a per-
spective of driving versus resisting forces [e.g., McKenzie, 1977].
“Failure” in the Cloetingh et al. models occurs in response to
bending stresses induced by sediment loading and cannot repre-
sent a precursor to the incipient convergence necessary for trench
formation. The latter requires that the entire lithosphere be in a
state of compression. “Failure” in the models of Cloctingh et al.
represents the development of a “plastic hinge” [e.g., Turcotte and
Schubert, 1982] and should not be confused with trench formation.

McKenzie [1977] emphasized that buoyancy considerations
alone are insufficient to characterize trench formation. He pro-
posed that negative buoyancy is compensated by shear resistance
along the potential thrust plane and flexural resistance to litho-
spheric bending into this plane and that an additional, extemally
applied (i.e., nonbody) compressional force is required to trigger
subduction. McKenzie tentatively proposed that ocean-continent
elevational discontinuities at passive margins might play a role.
If the resulting underthrusting is rapid cnough to postpone ther-
mal assimilation to depths of a few hundred kilometers, enough
negative buoyancy accumulates to sustain convergence, and a ma-
ture subduction zone develops [McKenzie, 1977]. In addition to
the inhibiting forces considered by McKenzie, resistance to trench
formation might also include the necessity of overcoming the frac-
ture strength of rocks in establishing a fault plane, a “plowing”
resistance to the “leading edge” of the underthrusting plate, and,
if relatively young lithosphere is involved, positive buoyancy.

Driving Forces

Ridge push forces arise from the negative buoyancy associ-
ated with cooling of the oceanic Lithosphere and are commonly
assumed to trigger passive margin failure. Calculations based on
the cooling plate thermal model produce ridge push estimates that
asymptotically approach a value of about 3 x 10'* N/m [Par-
sons and Richter, 1980). Estimates based on the semi-infinite
half-space cooling model increase indefinitely with age in a lin-
car fashion, from zero at the ridge to a value of approximately 7
x 102 N/m for 200 m.y. old lithosphere [Parsons and Richter,
1980). For lithospheric ages less than 80 m.y., both thermal mod-

els predict the same ridge push forces.

McKenzie [1977] postulated that stresses arising from differ-
ences in elevation between continents and oceans might promote
trench formation. The effectiveness of elevational discontinu-
ities in inducing compressional stresses within the oceanic litho-
sphere would reflect the degree to which the continental (i.e., el-
evated) landmass is elastically non-self-supporting; the continent
will push on the ocean only during attempted viscous relaxation
[e.g.. McKenzie, 1977]. Under optimal circumstances the magni-
tude of this force would not exceed 3 x 102 N/m [Turcotte and
Schubert, 1982]. Thus it would not exceed the compression in-
duced if old, thermally mature oceanic lithosphere existed in the
same location.

Lithospheric basal shear, which results from relative motion
between plates and the underlying mantle, can potentjally induce
inplane compressional forces into the lithosphere [e.g., Phillips,
1990). These “drag” forces are unlikely to be very large for the
Earth, however, due to the sublithospheric low-viscosity astheno-
sphere. Both Forsyth and Uyeda [1975] and Chapple and Tullis
[1977] concluded that plate motions are not significantly affected
by basal shear. Earthquake studies, as well as lithospheric thermal
modeling, indicate that this stress is less than 1 MPa [Melosh,
1977; Wiens and Stein, 1985). Inplane forces induced by basal
shear stresses increase linearly with distance of application. A
basal shear stress of 1 MPa potentially results in an inplane com-
pressional force of 1 x 10'2 N/m per 1000 km of application.

Resisting Forces

Flexural resistance represents the force that must be applied to
oceanic lithosphere if the deflection necessary to establish a trench
is to be maintained. McKenzie [1977] estimated that this resistance
would reach 8 x 10'2 N/m before the necessary deformation
was accomplished. This value was based on an assumed elastic
lithosphere 80 km thick, whereas more recent studies indicate that
a thickness of 40 km is probably more appropriate [McNutt and
Menard, 1982; Wiens and Stein, 1983], implying that the flexural
rigidity incorporated by McKenzie may have been excessive by
nearly an order of magnitude.

Davies [1980] calculated that even if a subducting slab presents
a blunt leading edge as it penetrates the mantle, the resistance con-
centrated at the slab tip would only be about 2 x 107 N/m. In
the trench formation process the leading edge of underthrusting
oceanic lithosphere should be tapered (e.g., Figure 1), and, ini-
tially, only the low-viscosity asthenosphere is encountered, sug-
gesting that any “plowing” resistance to the leading edge would
be even smaller than Davies’ estimate.

Although it might seem that the most significant resistance to
trench formation would be the necessity to “break’” the lithosphere,
it is commonly assumed in lithospheric modeling that the intrinsic
strength of near-surface rock is negligible and the strength of
the upper lithosphere is limited by frictional sliding properties
[e.g., Brace and Kohlstedt, 1980; McNutt and Menard, 1982].
The justification for this is the argument that, given a large
enough area, suitably oriented preexisting fractures are likely to
exist, limiting the regional strength. The rapid cooling of young
oceanic lithosphere in the near-ridge environment might result in
an adequate distribution of fractures provided that annealing does
not occur. The important point here is that the events responsible
for fracturing and weakening the lithosphere are not necessarily
associated with, nor do they immediately precede, the process of
trench formation.

We constrain the minimum resistance to trench formation by
considering only the shear resistance encountered by incipient mo-
tion along a through-going lithospheric fault. We assume that
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Fig. 1. IMustration of the geometry involved in determining shear re-
sistance along an incipient fault planc within normal oceanic lithosphere.
Principal tectonic stresses are represented by o) and o3, the resultant nor-
mal and shear stresses as resolved along the fault plane by ¢, and r, and
the fault plane dip by 6. The half-arrows in the ductile portion of the
tithosphere indicate that relative motion is accommodated by distributed
deformation.

the plate is already “broken” and that the other resistive forces
described above are negligible. Because shear stresses probably
contribute the greatest resistance to trench formation, our method-
ology should provide useful lower bounds on forces involved in
this process (near-ridge environments represent an important ex-
ception, see discussion below). Consideration of the potential for
anomalous weakening uniquely characteristic of each proposed
nucleation environment results in further minimization. Total re-
sistance to lithospheric thrusting and convergence is determined
by integrating the compressional shear resistance as a function
of depth along the fault plane. This integral represents a lower
bound on the force necessary to initiate subduction. Initially, we
estimate the shear resistance of normal oceanic lithosphere, both
to illustrate methodology and to provide a point of reference for
further analysis.

Normal Oceanic Lithosphere

If the resistance to thrusting in the upper, brittle portion of the
lithosphere is governed solely by frictional sliding behavior, shear
resistance (7) is of the general form

=1+ p{oa — Py) 0))

where o, is the normal stress acting across the fault plane, Py
is the ambient pore pressure, y is the coefficient of friction, and
70 is a constant. Byerlee [1978] has determined that with few
‘exceptions, nearly all rock types obey the following frictional
sliding relationship

T = 0.85(t7n b Pf)
r =50 MPa + 0.6{(c. — Pr)

on < 200 MPa
oq > 200 MPa

In terms of the principal stresses o} and o3 (horizontal and vertical,
respectively, Figure 1)

a,.:ﬂ-F—m—_o}cosQO 3)
and 1
T = -2-(0'1—03)sin20 (4)

where 0 is the dip of the fault plane (Figure 1). Motion along an

established fault plane requires that

o1 = 275 — 2uP; + [sin 20 + p(cos 20 + 1)]og
! sin 20 + p(cos 26 — 1)

5

If o5 is specified as the lithostatic overburden pressure [e.g., Brace
and Kohlstedt, 1980], then the shear resistance along a fault plane
can be determined using (4) and (5) if the variation of pore
pressure with depth is known.

If pore pressures approach lithostatic values, the capacity to
resist motion along a fault plane can be virtually zero. This is
demonstrated by the dynamics associated with the shallow por-
tions of mature trenches. Efforts to determine the magnitude of
shear coupling between subducting and overriding plates in ma-
ture subduction zones have produced surprisingly small values.
Earthquake stress drop calculations [Kanamori, 1977; Lay et al.,
1982} and force balance models [Forsyth and Uyeda, 1975; Bird,
1978: Froidevaux and Isacks, 1984], as well as geological and
geophysical observations [Miyashiro, 1973; Rayleigh and Evern-
den, 1981; Davis and von Huene, 1987; Byrne et al., 1988], in-
dicate very low shear stresses in shallow portions of trenches.
The most straightforward explanation invokes elevated pore fluid
pressures that effectively reduce the ambient normal stresses, fa-
cilitating fracture as well as sliding [Davis et al., 1983; von Huene
and Lee, 1983; Moore and Silver, 1987].

Although overpressures exist in many mature trenches, this is
unlikely to be the case for oceanic lithosphere in general. High
pore pressures are a consequence of the rapid subduction or burial
of wet sediments [Daines, 1982; Shi and Wang, 1985, 1986, 1988;
Bethke, 1986]. Deep-sea drilling observations strongly support
the existence of near-hydrostatic conditions within the igneous
portions of the oceanic crust. Drill holes that fully penetrate the
sedimentary veneer rarely become the sites of upwelling flow due
to overpressurization within the igneous basement [e.g., Hyndman
et al., 1987]. Thus we assume that pore pressures are hydrostatic.

At sufficiently high temperatures, relative motion is accom-
modated through distributed deformation rather than slip concen-
trated along a localized fault (Figure 1). The distance over which
this deformation is distributed will affect the strain rate, which,
along with the viscosity of the material involved, determines the
magnitude of the resisting shear stress. Ductile shear stresses as-
sociated with incipient subduction can be estimated from composi-
tionally appropriate flow laws, provided that ambient temperature
and strain rate can be reasonably constrained [e.g., Fleitout and
Froidevaux, 1980]. These flow laws are of the general form

é = Ar"ezp(—H" /RT) (6)

where T is the shear stress, ¢ is the strain rate, R is the universal
gas constant, T is the temperature (K), and A4, n, and H* are
constants that depend on composition.

For incipient subduction we model the thermal structure of
oceanic lithosphere with a semi-infinite half-space cooling model
(parameters in Table 1). There is considerable debate concern-
ing the application of this model to seafloor older than 80-100
m.y. Thermally mature oceanic lithosphere may be more ac-
curately characterized by the cooling plate model [e.g., Parsons
and Sclater, 1977]. Both models are essentially in agreement for
oceanic lithosphere younger than 80 m.y., beyond which the cool-
ing plate model deviates from a linear relationship between depth
and /%, and ocean depths begin to asymptotically approach 6.4
km [Parsons and Sclater, 19771. This is the depth of 100 m.y.
ocean floor predicted by the semi-infinite half-space cooling model
(see, for example, Turcotte and Schubert [1982] and parameters
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TABLE 1. Parameters and Values for Semi-infinite
Half-Space Cooling Model

Value
Gravitational acceleration g 9.8 m/s?
Lithospheric thermal conductivity k; 40J)msK
Sediment thermal conductivity k, 30J/msK

Universal gas constant R 8.314 J/mol K

Asthenospheric temperature T, 1650 K
Surface temperature T, 270K
Volumetric thermal expansion o 3 x 10 K
Strain rate ¢ 1015 1

Thermal diffusivity 1.2 x 10% m¥/s

Lithospheric density p; 3000 kg/m>
Mantle/asthenosphere density pm 3300 kg/m®
Sediment density p, 2500 kg/m?
Ocean water density pay 1000 kg/m?

from our Table 1; also compare theoretical curves of Parsons and
Sclater [1977)). I the oceanic lithosphere does approach a steady
state thermal structure, this structure is adequately approximated
{for our purposes) by the semi-infinite half-space thermal model
with an age of 100 m.y.

Lithospheric processes involving the highest strain rate should
trigger the deepest intraplate seismicity. The observation that
earthquake depth determinations often reflect thermoelastic creep
therefore implies that other processes normally associated with
lithospheric evolution involve smaller strain rates than those char-
acteristic of thermoelastic creep. The initiation of subduction,
however, can hardly be considered within the context of normal
lithospheric evolution. In fact, regions subjected to active in-
traplate deformation (e.g., Caroline Basin, Indian Ocean) exhibit
the deepest intraplate seismicity on record [Wiens and Stein, 1983},
Because the initiation of subduction must involve intraplate defor-
mation, it should have a characteristic strain rate greater than that
of thermoelastic creep. We incorporate a dynamic argument to
establish a lower bound on the strain rate associated with trench
formation. A lower bound is pursued because this will minimize
estimates of ductile shear resistance. A convergent velocity of at
least 1 cm/yr is required if an underthrusting slab is to avoid ther-
mal assimilation prior to accumaulating the negative buoyancy nec-
essary for evolution to maturity [Purdy, 1975; McKenzie, 1977).
Strain rate represents a velocity gradient perpendicular to a duc-
tile shear zone (Figure 1), thus

Avpin
JAY 2

M

Emin =

Equating Az,nq, with the total thickness of oceanic lithosphere
(75 km [Craig and McKenzie, 1986]), and setting Avmin = 1
cm/yr [e.g., Purdy, 1975; McKenzie, 1977], implies a minimum
strain rate of 4 x 107'* 5™ for the process of trench formation. A
strain rate of 107" 57! was estimated by Wiens and Stein [1983] to
be characteristic of oceanic regions subjected to active intraplate
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deformation, and, presumably, the initiation of subduction would
occur in a dynamically similar environment. Thus we adopt a
strain rate of 107 s,

Shear resistance is determined as follows. Along a hypothet-
ical fault plane, brittle and ductile shear stresses are determined
at a particular depth, and the lesser of the two is assumed to
represent the local shear stress resisting motion. This stress is
integrated along the fault plane over a lithospheric thickness of
75 km, and the value of this integral represents the force (per unit
distance) necessary to overcome the total shear resistance. (Pre-
liminary calculations indicated that at 75 km depth shear stresses
were always negligible.) In determining the ductile resistance, a
diabase crust 10 km thick is incorporated [Caristan, 1982}, and
the subcrustal material is modeled with a wet dunite flow law
[Chopra and Paterson, 1981]. Because hydrated dunite is more
ductile than anhydrous dunite, and diabase is more ductile than
dunite, these rheologies are adopted to insure a lower bound on
the estimate of ductile shear resistance to trench formation (also,
our somewhat excessive choice of 10 km for crustal thickness re-
flects a similar minimization). Flow parameters are summarized
in Table 2. For normal seafloor the diabase crust remains within
the brittle deformational regime in all cases, and the composition™ -
of the crust is not relevant to strength determinations. Signifi-
cant accumulations of thermally insulating sediments near passive
margins, however, can elevate crustal temperatures to the point
that compositional effects become nonnegligible.

Shear resistance as a function of depth and lithospheric age is
illustrated in Figure 2 for a fault plane dip of 30°. Because shear
resistance in the brittle regime is independent of thermal structure,
all curves share the same linear stress versus depth dependence.
Figure 3 depicts the integrated shear stress along the fault plane,
which represents the minimum compressional inplane force (per
unit distance) that must be available if lithospheric thrusting and
convergence is to occur. Because the process of trench formation
may involve the reactivation of preexisting faults, we consider a
range of fault plane dips. At small angles the minimum force
decreases with increasing dip because the distance over which the
integration is performed (75 km/sin #) is decreasing. At larger
angles, however, the maximum principal stress o, begins to con-
tribute significantly to the normal stress acting across the fault
plane. This results in more efficient coupling across the fault and
increased resistance to motion with increasing dip angle. Younger
lithosphere is hotter, possessing a shallower brittle-ductile transi-
tion, and because ductile shear resistance is not affected by fault
plane angle, the curves representing younger ages do not exhibit as
pronounced a dependency on this angle. Also, note that whereas
the thickness of the “mechanical” lithosphere (defined as the depth
to a particular isotherm [e.g., McNutt and Menard, 1982]) in-
creases as the square root of the age when determined on the
basis of the semi-infinite half-space thermal model, the compres-
sional resistance of the lithosphere does not. Lithospheric strength
is not directly proportional to mechanical thickness because as the
brittle-ductile transition deepens, the maximum sustainable stress
difference (determined by the intersection of the brittle and duc-
tile curves, e.g., Figure 2) increases. The increase in lithospheric
strength with age is roughly linear (e.g., Figure 3). If the strain
rate is reduced by an order of magnitude, the reduction in inte-
grated shear resistance is about 1 x 10'* N/m for 20 m.y. oceanic
lithosphere and 8 x 10" N/m for 200 m.y. oceanic lithosphere.

As discussed above, if the cooling plate model is a more appro-
priate description of the thermal evolution of oceanic lithosphere
than the semi-infinite half-space model, then the shear resistance
would approach a limit approximated by the 100 m.y. curve.
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TABLE 2. Flow Law Paramcters

A, MPa® 51 H*, J/mol n (dimensionless)
Wet ofivine 1.06 x 10° 444 x 10° 34
Diabase 507 x 10” 2.76 x 10° 305
Granite 743 x 10# 137 x 10° 1.9
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Fig. 2. Compressional shear resistance as a function of depth for normal  Fig. 3. Minimum force (per unit distance) required to promote incipient

oceanic lithosphere assuming hydrostatic pore pressure, a semi-infinite
half-space cooling model (age = t). and a fault plane dip of 30°. Note
that despite the superficial resemblance, these diagrams do not represent
lithospheric “yicld envelopes.”

Lithosphere younger than 20 m.y. of age is addressed in a fol-
lowing section conceming trench formation in near-ridge envi-
ronments. Estimates of ridge push forces corresponding to litho-
sphere obeying the semi-infinite half-space cooling model slightly
exceed 7 x 10" N/m and 7 x 102 N/m for 20 m.y. old and 200
m.y. old oceanic lithosphere, respectively [Parsons and Richter,
1980]. Figure 3 indicates that normal oceanic lithosphere is there-
fore quite capable of withstanding ridge push forces (i.e., nega-
tive buoyancy). This is why oceanic lithosphere does not sponta-
neously founder upon achieving negative buoyancy. Seafloor of
all ages is quite capable of withstanding the stresses associated
with negative buoyancy.

* Passive Margins

Passive margin sediments may decrease the strength of the
adjacent seafloor because they are thermally insulating. Simply
extrapolating near-surface thermal gradients will overestimate the
temperature at the bottom of a thick sediment column because
thermal conductivity increases dramatically with compaction and
solidity. For this reason we perform a simple thermal evolution
calculation. The precise thermal effects of passive margin sedi-
ments are dependent upon the history of sediment deposition. We
assume that the sediments have increased in thickness ina+i
fashion, reaching their final value, h,, at the current age of the
margin. This assumption is primarily one of analytical conve-
nience, because the thermal structure of sedimentary basins and
their basements has already been determined subject to this con-
straint [Turcotte and Ahern, 1977]. Such an assumption, however,
is quite common in passive margin evolutionary studies because

lithospheric convergence within normal oceanic lithosphere as a function
of fault plane angle. Lithosphere of all ages (¢) is capable of withstanding
compressional stresses associated with ridge push. This is why seafloor
does not spontancously founder upon achieving negative buoyancy.

it implies that the rate of sediment deposition is proportional to
the thermal subsidence of the basement ([e.g., Watts and Steckler,
1979: Steckler and Warts, 1982]. On the basis of this thermal
model, the temperature distribution in the oceanic basement adja-
cent to a passive margin is predicted to be [Turcotte and Ahern,
1977)

(T. - T, )erfe(z/2+/xt)

T 1 (ki/ky)erf(ha/2v/AE) ®

T(z,t) =Ta

where £ is time and z is depth measured from the bottom of the
sediment column (i.e., the top of the oceanic basement); all other
quantities are defined (and their values provided) in Table 1. This
expression assumes thermal equilibrium at all times, negligible
heat loss by hydrothermal circulation, and semi-infinite half-space
cooling model boundary conditions.

We adopt the sediment thermal conductivity value used by
Bodri and Jessop [1989] in their study of Canadian passive mar-
gins. Sediment thicknesses as greal as 15 km are considered,
which is almost certainly an overestimate for sediments deposited
on oceanic lithosphere adjacent to passive margins. Although a
thickness of 18 km has been observed in the Baltimore Canyon
Trough, this particular sequence rests on rifted continental base-
ment. The inferred upper limit of sediment accumulations around
the passive margins of the proto-Atlantic prior to basin closure
is 15 km [Hatcher and Viele, 1982]. In mature passive margins,
sediments eventually begin building out rather than continuing to
accumulate vertically (e.g., the Gulf Coast), and thus a future 300
m.y. passive margin would not be expected to have a maximum
sediment thickness significantly greater than those currently ob-
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served. The sediments are assumed to be strengthless and are not
included as part of the 75 km thick lithosphere.

The transition from continental crust to oceanic crust is gen-
erally not abrupt; rather, it involves a distributed thinning of con-
tinental crust to near-oceanic crustal thicknesses [e.g., Avedik et
al., 1982). To further minimize estimates of trench formation re-
sistance, we replace the diabase flow law characterizing the 10
km thick crust with a weaker wet granite rheology (Table 2) after
Hansen and Carter [1982). If abrupt transitions from continen-
tal to oceanjc crust arc common, and oceanic lithosphere were
thrust against 35 km of continental crust, our estimates of passive
margin trench formation resistance would be excessive. The rela-
tively few inferences of abrupt transitions are primarily based on
gravity and/or subsidence, rather than seismic, studies and cannot
be regarded as highly reliable [Tréhu et al., 1989]. It is also im-
portant to note that the thermal structure of oceanic lithosphere
immediately adjacent to nonattenuated continental crust would be
displaced to reduced temperatures due to nonnegligible lateral heat
conduction into the cold craton. Finally, and perhaps most signif-
icantly, geophysical observations reveal that the point of rupture
associated with the establishment of an Andean-type subduction
zone often occurs distinctly seaward of the ocean-continent tran-
sition, or, in other words, entirely within oceanic lithosphere [e.g.,
Dickinson and Seely, 1979]; this will be discussed in greater de-
tail below.

Figure 4 depicts the integrated shear resistance as a function
of fault plane angle for 100 m.y. and 200 m.y. old passive
margins with various sediment accumulations. Even under 15 km
of insulating sediments, these margins are capable of resisting
nearly 3 x 10" N/m and 6 x 10" N/m of compressional force,
respectively. In contrast, when determined on the basis of the
cooling plate model, ridge push forces do not exceed about 3
x 102 N/m [Parsons and Richter, 1980], and semi-infinite half-
space thermal models imply a ridge push force of approximately
7 x 10" N/m for 200 m.y. old oceanic lithosphere [Parsons
and Richter, 1980]. The nearly order of magnitude discrepancy
between available ridge push forces and shear resistance clearly
indicates that passive margin failure does not occur in response to
negative buoyancy. The additional effects of basal shear stress and
stress concentrations at ocean/continent boundaries would still not
indicate the likelihood of trench formation at passive continental
margins.

Transform Faults and Fracture Zones

Whether or not transform faults and fracture zones represent
inherent zones of lithospheric weakness is difficult to assess. A
number of observations indicate that the transform portions of
ridge-transform-ridge boundaries are weaker in shear than the
ridge portions are in tension [Lachenbruch and Thompson, 1972;
Oldenburg and Brune, 1975, Morgan and Parmentier, 1984; Tam-
sett and Searle, 1988). Because transform faults are subjected to
relatively high strain rates [~ 10" 57!, Engeln et al., 1986; Chen,
1988], they might be expected to exhibit seismicity at greater
depths (i.e., higher temperatures) than nomal oceanic lithosphere.
Engeln et al. [1986] concluded that the opposite is actually ob-
served and that transform faults must therefore be weaker than
normal oceanic crust. Bergman and Solomon [1988] questioned
the centroid depth determinations of Engeln et al. [1986] and con-
cluded that seismicity does occur at elevated temperatures. The
ambiguity in data interpretation is demonstrated by the fact that
both groups investigated many of the same events.

Fracture zones might be considered even more likely than
transform faults to represent sites of trench formation due to their

MUELLER AND PHILLIPS: INITIATION OF SUBDUCTION

a 00 250 N T N S N N A RN LN L L I HLNE MR L
9.50 [ -
a 100 m.y. ]
N g25 P Passive Margin
Z B
i<} -
-t -
o 7.00 J
- 3
O 575 £ 3
g - h,, km ]
Sas0f s ]
= s .
] - 10 3
‘2325; 5 —:
2.00"L1||I||||I||||lx|||ll|||l|111||||||1|l|"
10 15 20 25 30 35 40 50
Fault Plane Dip, Degrees
b l|l||||ll||||||||ll[IlIl]llll(llll|l|lr_
Els'o 200 m.y. 7
N H Passive Margin 4
= ]
@ 135 N
o L ]
-— o -1
811.0— -
A :
"5’: r by, km -]
. - 0 -~
§8.5_ H .
L 10 4
= i 15 ]
8.0 poaaa e e b g bz 13T I N

15 20 25 30 35 40 45 50
Fault Plane Dip, Degrees

Fig. 4. Minimum force required to promote the initiation of subduction
at (a) 100 m.y. and (b) 200 m.y. passive continental margins. Although
greater sediment thicknesses, h,, more cfficiently insulate, and therefore
weaken, the underlying lithosphere, passive margin failure does not occur.
The 100 m.y. old model approximates the steady state condition achieved
if the cooling plate model is a more accurate representation of cooling
lithosphere.

greater abundance as well as their more common occurrence in
older (i.e., negatively buoyant) lithosphere. Unfortunately, ob-
servations conceming the relative weakness of fracture zones are
also ambiguous. Correlations of intraplate seismicity with fracture
zones have been proposed to exist [Bergman and Solomon, 1980;
Wiens and Stein, 1984; Okal et al., 1986; Stein et al., 1989] and not
to exist [Bergman, 1986; Solomon er al., 1989). Sandwell [1984]
argued that the progressive relative subsidence that should char-
acterize fracture zones separating oceanic lithosphere of signifi-
cantly different ages is not routinely observed, indicating substan-
tial coupling across these features: similar arguments were offered
by Haxby and Parmentier [1988). In contrast, Bonatti [1978] has
documented substantial vertical tectonism in a number of oceanic
fracture zones, and some Atlantic equatorial fracture zones are
apparently isostatic [e.g, Sibuet and Veyrat-Peinet, 1980; Diament
et al., 1986]. Both observations suggest tectonic adjustment ac-
commodated across a zone of weakness. Lowrie et al. [1986], in
a review of this issue, propose that volcanic activity associated
with many fracture zones is indicative of relative weakness.

The strength of transform faults and fracture zones relative
to normal} seafloor remains a controversial topic in marine geo-
physics. Because our purpose is to estimate minimum resistance
to trench formation, we simply assume that weakening occurs and
recognize three potential mechanisms: (1) extremely pervasive
fracturing, (2) ductile weakening associated with shear heating,
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and (3) brittle weakening associated with serpentinite observed
in these environments. If transform faults and fracture zones are
weaker than normal seafloor simply because they are more per-
vasively fractured, then lithospheric strength estimates based on
application of Byerlee’s Law would provide a more accurate char-
acterization of these regions than of oceanic lithosphere in general.
Because our goal is to pursue a lower bound on the magnitude of
the force involved in the trench formation process, we can proceed
without resolving this issue. Extreme fracturing is already incor-
porated into our basic model as we use Byerlee’s Law, rather than
rock strength measurements, to estimate brittle shear resistance.

Significant shear heating requires negligible heat loss through
hydrothermal circulation within the transform domain; a condition
we view as inconsistent with the ubiquitous serpentinite com-
monly observed in these environments [see review by Bonatti
and Hamlyn, 1981]. The presence of this hydrated peridotite im-
plies substantial fluid circulation [Francis, 1981; MacDonald and
Fyfe, 1985]. Seismic velocity profiles beneath active transform
faults, as well as their inactive fracture zone extensions, indicate
that hydrothermal alteration extends well beyond the depths sam-
pled by surface dredging products [White et al., 1984: Calvert
and Potts, 1985]. In addition, heat flow measurements along the
San Andreas fault indicate minimal shear heating [Lachenbruch
and Sass, 1980). For these reasons we dismiss shear heating as
a significant weakening mechanism for transform faults (such a
mechanism would not apply to fracture zones regardless).

The frictional sliding behavior of serpentinite may represent
the most reasonable weakening mechanism. Dengo and Logan
[1981] demonstrated that different varieties of serpentinite ex-
hibit different sliding behavior. Whereas serpentinites exhibiting
a “flare texture” were determined to possess a coefficient of fric-
tional sliding only slightly less than materials obeying Byerlee's
Law, “mesh-textured” serpentinites were determined to be consid-
erably weaker. Coefficients of sliding friction for the latter ranged
from 0.50 to 0.56 (in contrast to 0.85 for Byerlee’s Law). Mesh-
textured serpentinites are characteristic of the lizardite polymorph
[Dengo and Logan, 1981), which is commonly associated with
oceanic transform faults and fracture zones [Bonatti and Hamlyn,
1981].

We estimate a lower bound on the resistance to trench forma-
tion along oceanic transform faults and fracture zones by incor-

" porating the frictional sliding relationship of Dengo and Logan

[1981] in determining shear resistance to lithospheric thrusting.
Thermal structure is assumed to be that of normal seafloor with
an age of the younger side. In reality, temperatures will be re-
duced from these values due to lateral heat conduction into the
colder side, but because we are pursuing a lower bound on the
shear resistance, our approximation is satisfactory. Shear resis-
tance as a function of depth is determined as above, except that
a new frictional sliding relationship is incorporated for the brittle
regime

T = 0.50(cn — Ps) ()

Figure 5 illustrates integrated shear resistance as a function of
fault plane dip. Note that the resistance associated with young
transform faults and fracture zones approaches that of normal
seafloor of similar age. This is because younger lithosphere pos-
sesses a shallower brittle-ductile transition, and the anomalous
brittle properties of the plate become less relevant to the net re-
sistance. Even when the younger side is 20 m.y. old, lithospheric
convergence requires a compressional force of at least 1 x 108
N/m. These regions are thus capable of withstanding any of the
potential trench-forming forces- discussed above.
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Fig. 5. Minimum force required to promote the initiation of subduction
along a transform fault or fracture zone. The age ¢ refers to the younger
side. An anomalously weak frictional sliding relationship (characteristic
of serpentinite) is incorporated into the calculations of resistance.

Oceanic Spreading Centers

Ridges may be hot enough that deformation occurs in an
extremely ductile manner even in the near-surface environment.
If this is indeed the case, then the shear resistance to lithospheric
thrusting, as determined above, may become negligible. Simple
thermal models, however, may not accurately describe the near-
ridge environment due to the effect of vigorous hydrothermal
circulation on heat transport. A review of this process is given by
Bratt et al. [1985]. We model the thermal structure of a spreading
center in the same manner as Bratt et al. [1985], by allowing the
surface temperature to extend to various depths. This is intended
to mimic efficient heat transport via hydrothermal circulation to
these depths, which we assume do not extend beyond the crust-
mantle interface (~ 10 km). Other than the incorporation of
modified thermal profiles, the procedure for determining shear
resistance is identical to that outlined in the section on nommal
oceanic lithosphere.

Because trench formation in a near-ridge environment involves
young lithosphere, positive buoyancy introduces an additional,
nonnegligible resisting force. The force necessary to overcome
positive buoyancy can be estimated from the “density defect
thickness” (6) as defined by Oxburgh and Parmentier [1977]

- /T (____"m ;m”(z))dz (10)
0

where T is the thickness of the lithosphere, pn, is the density
of the mantle/asthenosphere, and z is depth. At the ridge this
integral is greater than zero, indicating positive buoyancy due
to compositional differences with respect to the underlying man-
tle/asthenosphere. At some point, however, this compositional
buoyancy is compensated by density increases associated with
cooling, and the density defect thickness becomes negative. On
the basis of component densities cited by Oxburgh and Parmentier
[1977], the compositional contribution to the density defect thick-
ness (8.) is independent of age and equals approximately 1.26 km.
(Because this compositional difference exists for all oceanic crust,
it does not contribute to lateral stress variations associated with
ridge push; it does, however, contribute to positive buoyancy.)
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The age-dependent thermal contribution (&) can be determined
from seafloor subsidence [Oxburgh and Parmentier, 1977]

i = (f’-‘f-;—”-’ﬁ) (d — do) (11)

where p,, is the density of seawater and (d — dp) is the amount
of subsidence with respect to the ridge. Using the depth versus
age parameterization of young oceanic lithosphere from Parsons
and Sclater [1977) and densities from Oxburgh and Parmentier
[1977), the density defect thickness becomes

Beotat = 6c + ben = 6. —dV?E 12)

where ¢ is lithospheric age in m.y. and d’=0.245 km/m.y."”. This
equals zero when ¢t = 26.4 m.y.; this is younger than the 40 m.y.
estimate of Oxburgh and Parmentier, probably because we used
a revised depth versus age relationship. Equating ¢ with z /uo,
where z is distance from the ridge and u is spreading velocity,
the buoyant force (per unit distance) that must be overcome to
subduct a ridge is then

z0

F =gpm / [6,, - d\/z—/u_u]dz (13)

0

where g is gravitational acceleration and z is the distance (from
the ridge) at which neutral buoyancy is achieved. For a spreading
velocity of 1 cm/fyr, representative of plates with no attached
subducting slab, zo = 264 km, and this force is approximately
3.6 x 10" N/m.

Figure 6 depicts the minimum resistance (including positive
buoyancy) to lithospheric underthrusting, as a function of thrust
plane dip, for surface boundary temperatures extending to depths
(d) of 0, 5, and 10 km. Ridges subjected to a greater degree of
cooling due to hydrothermal circulation possess a thicker regime
of brittle deformation, which accounts for the greater dependency
of total resistance on fault plane angle. If heat loss through near-
ridge hydrothermal circulation is negligible (an unlikely prospect
{e.g., Lewis, 1983; Brattet al., 1985]), and there is no near-surface
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Fig. 6. Minimum resistance to the initiation of subduction for ridges. In
addition to shear resistance, the cffects of positive buoyancy are included.
Enhanced cooling due to hydrothermal circulation is modeled by extending
the surface boundary condition to depth d. Although the resistance
depicted can be small, other considerations strongly suggest that ridges
are unlikely sites of trench formation.

isothermal zone (d = 0), then the only significant resistance is the
3.6 x 10> N/m associated with positive buoyancy. Other consid-
erations, however, suggest that mid-oceanic ridges are unlikely to
be transformed into subduction zones.

Despite extinction, large remnant tensional stresses will remain
as long as the region is elevated. In addition to the 3.6 x 10%
N/m of compressional force necessary to overcome the minimum
resistance associated with positive buoyancy, enough compression
must first be supplied to convert the recently spreading ridge into
a zone of compression. “Shutting off the ridge” in this manner
would presumably require a force equal in magnitude, but op-
posite in direction, to ridge push. Thus the necessary minimum
force is actually in the range 7 x 10'2 N/m to 1 x 10'* N/m. Such
compression could not be provided by a nearby parallel ridge, be-
cause the associated gravitational forces would not be transmitted
up adjacent ridge crests. Also, because plate motions are always
directed away from ridges, near-ridge compressional stresses can-
not be induced by lithospheric basal shear. The only potential
source of compressional stress thus far discussed might be eleva-
tional discontinuities at ocean-continent boundaries. Yet even if
these stresses were transmitted from the continental margins into
the mid-oceanic ridges, the magnitude of this force is insufficient
to induce trench formation {only 3 x 10" N/m available; Turcotte
and Schubert, 1982]. Additional complications exist as well. It is
not sufficient to merely “shut off" the ridge; the transition from an
tensional stress regime to a compressional stress regime must be
abrupt. This is necessary because once the spreading center be-
comes extinet, it begins to cool (and strengthen) at approximately
the same rate as normal oceanic lithosphere [e.g., Sclater et al.,
1971), thereby forfeiting its extreme ductility. Also, the above
calculations indicate that approximately 264 km of lithospheric
convergence must occur before even neutrally buoyant material
is involved. If the spreading rate of a typical Atlantic-type ridge
(1-1.5 cm/yr) were instantaneously reversed, consumption of the
approximately 264 km of lithosphere necessary to achieve neu-
tral buoyancy would require about 20 m.y. Unless significant
amounts of shear heating accompany this process of convergence,
an additional resistance of at least 10" N/m would be encountered
after this amount of time (Figure 3). For these reasons we con-
clude that mid-oceanic ridges are unlikely to represent subduction
nucleation sites.

Mechanism for the Initial Stage of Trench Formation

The greatest tectonic stresses are those associated with the neg-
ative buoyancy of subducting slabs in mature trenches. These
“slab pull” forces may exceed 10* N/m [Davies, 1983] and typi-
cally are about 5 x 10" N/m [Turcotte and Schubert, 1982; Davies,
1980, 1983]. There are two ways in which slab pull might induce
large compressional stresses in surface portions of the lithosphere.
First, along-strike variation in either the magnitude of slab pull
forces or the degree of mechanical coupling between converg-
ing plates of a subduction zone may induce large compressional
stresses seaward of the trench (i.e., within the subducting plate)
(e.g., Cloetingh and Wortel, 1986; Christensen and Ruff, 1988].
Second, sufficient degrees of mechanical coupling may also result
in large compressional stresses within the overriding plate [e.g.,
Collot et al., 1985; Uyeda, 1987; McCaffrey, 1988].

Congestion at the Himalayan collision zone, combined with
unimpeded convergence at the Sunda Arc, has resulted in com-
pressional stress levels within the Indian plate that are an or-
der of magnitude greater than those associated with ridge push
[Cloetingh and Wortel, 1986; McAdoo and Sandwell, 1985; Zu-
ber, 1987]. Thus stresses generated in this manner are capable of
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exceeding the lower bounds that we have determined necessary
for trench formation. This is consistent with recent speculation
that congestion in the eastemn extremity of the Nankai Trench
(by the presumably buoyant Izu-Bonin Ridge), combined with
unimpeded convergence to the west, may be responsible for in-
traoceanic lithospheric thrusting inferred along the southeast flank
of the Zenisu Ridge [Chamot-Rooke and Le Pichon, 1989). This
is believed to represent an incipient jump in the position of the
trench. Christensen and Ruff [1988] have demonstrated a corre-
lation between outer rise seismicity and variations in mechanical
coupling at the trench. Outer rises normally exhibit only exten-
sional seismicity in response to flexure at the trench (the comple-
mentary compressional stresses presumably exist at depths where
deformation occurs aseismically). Seaward of locally congested
trenches, however, compressional outer rise events are common,
reflecting a significant level of compressional stress in response
to continued subduction in adjacent portions of the convergence
zone [Christensen and Ruff, 1988].

Compression in overriding plates as a consequence of conges-
tion at trenches has been proposed to account for the common as-
sociation of island arc cusps with the arrival of buoyaat, aseismic
ridges at the subduction complex (Vogt, 1973). Significant levels
of inplane compressional stresses on the portion of the (overrid-
ing) Pacific plate directly opposite the D’Entrecasteaux collision
zone in the New Hebrides Trench have been inferred on the basis
of both geologic and seismic considerations [Collot et al., 1985].
The elevation of compressional stresses in overriding plates in-
volved in collision-related congestion is also supported by forearc
tectonism and geochemical studies [Uyeda, 1987]. Subduction po-
larity reversals are almost certainly the result of trench congestion
inducing large compressional stresses within the overriding plate.
An example of this process is represented by the tectonic evolu-
tion of the Timor region, where the Australian continental shelf
is attempting to subduct into the Java Trench/Timor Trough. As
the relatively buoyant continental material clogs up the trench and
allows the slab pull stresses from the subducted oceanic slab (at-
tached to the Australian plate) to be transmitted into the overriding
Pacific plate, the earliest indication of subduction polarity reversal
is evident in newly forming thrust zones within the backarc basin
[Silver et al., 1983; McCaffrey and Ndbélek, 1984; McCaffrey et
al., 1985; McCaffrey, 1988].

If the compressional stress levels required for trench formation
are indeed a consequence of the dynamics of existing subduction
zones, implications concerning probable sites of incipient subduc-
tion follow. Regardless of the relative weakness of candidate sites,
the common proximity of transform faults and fracture zones to
mature trenches suggests that they may represent the most likely
sites of trench formation if they are even marginally weaker than

. normal oceanic lithosphere. We are not proposing that subduction
nucleates exclusively along transform faults and fracture zones,
only that these sites may be preferred.

OBSERVATIONS RELATING TO TRENCH FORMATION

Insight into the subduction nucleation process may be found
in the stmicture of modem arc-trench systems, plate motion re-
constructions, the geologic record of oceanic basin closure, and
sites of contemporary trench formation. The latter (if they in-
deed exist) might be identified on the basis of seafloor structures,
anomalous plate boundary seismicity, “intraplate” seismicity and
deformation, and nonclosure of plate velocity vectors. Here we
review evidence that subduction nucleates intraoceanically (not
at passive margins), sometimes along transform faults and frac-

ture zones, and that the driving forces are associated with trench
congestion at mature subduction complexes.

Modern Arc-Trench Systems

The structure of contemporary subduction zones provides crit-
ical information regarding trench formation. In particular, the
nature of the forearc region, which lies between the trench axis
and the volcanic arc massif, is extremely important in reconstruct-
ing the earliest stages of arc evolution [e.g.. Dickinson and Seely,
1979; Karig, 1982; Casey and Dewey, 1984]. A common feature
is the presence of a forearc basin, often filled with mildly de-
formed sediments, which is bounded by the structural highs of the
volcanic arc massif and the accretionary wedge. Although some
portion of the forearc basement usually consists of the tectonic
melange of the accretionary wedge as well as the deeper roots of
the arc massif, there is often an intervening segment represent-
ing the original, pretrench basement {e.g., Dickinson and Seely,
1979]. The presence of oceanic forearc basement is commonly
interpreted as an indication that the initial convergence leading to
trench formation was accommodated intraoceanically. In this case
the basement material would then represent oceanic crust trapped
between the zone of initial convergence and the developing vol-
canic arc massif.

Sampling from the forearc regions of the Tzu-Bonin-Mariana-
Yap subduction complex reveals basement consisting of metamor-
phosed mafic and ultramafic protoliths [Shiraki, 1971; Ogawa and
Naka, 1984], indicating that these subduction zones formed en-
tirely within oceanic crust and have not migrated to their present
positions from nearby continental margins. An equivalent conclu-
sion can be drawn from the Tonga subduction zone [Fisher and
Engel, 1969). Most importantly, even the forearc regions of sub-
duction zones adjacent to continental margins may possess founda-
tions of oceanic crust (e.g., Sunda [Curray et al., 1977}, Central
America [[brahim et al., 1979; Aubouin et al., 1982], Colom-
bia/Ecuador [Henderson, 1979; Feininger and Seguin, 1983)),
suggesting that the evolution of these regions may be more com-
plicated than simple models of passive margin failure allow (i.e.,
it becomes necessary to account for failure within oceanic litho-
sphere at some distance from the ocean-continent transition; see
Dickinson and Seely [1979] for an interesting example of an at-
tempt to reconcile the presence of oceanic forearc basement in
Andean-type subduction zones with models of passive margin fail-
ure). An absence of oceanic forearc basement along an Andean-
type subduction zone does not necessarily imply that the origi-
nal basement involved in the trench formation process was not
oceanic in nature. This is because the destruction of forearc re-
gions through tectonic erosion and strike-slip displacement ac-
companying oblique subduction is an important element in the
evolution of many subduction zones [e.g., von Huene, 1984},

Backarc (or marginal) basins may provide useful clues in un-
derstanding the trench formation process as well. Although many
of these basins can be attributed to rifting and spreading of the
overriding plate, others did not originate in this manner. Entrap-
ment of preexisting seafloor behind an intraoceanic subduction
zone that nucleated along a transform fault has been proposed to
account for magnetic lineations in the Bering Sea marginal basin
that trend approximately perpendicular to the strike of the Aleu-
tian Trench [Hilde et al., 1977). The evolution of a transform
boundary into a trench has also been proposed by Uyeda and
Ben-Avraham [1972] to account for the near-orthogonality of an
extinct spreading center in the West Philippine backarc basin to
nearby subduction zones.
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Appalachian Geology and Ophiolite Emplacement

The destruction of the proto-Atlantic Ocean almost certainly
involved episodes of trench formation, because presumably sig-
nificant amounts of lithospheric convergence were accommodated
at this time. Geologic observations indicate that the earliest de-
veloping subduction zones in the proto-Atlantic were intraoceanic
in nature (i.e., not the product of passive margin failure). For
example, throughout both the New England and Canadian por-
tions of the Appalachians the first departure from a typical passive
margin evolution involved rapid subsidence immediately followed
by ophiolite obduction [e.g, Williams, 1979; Hatcher and Viele,
1982; Suppe, 1985]. Because there is no evidence of landward
arc-associated volcanism prior to obduction [Currie et al., 1980],
it must be concluded that the initial subduction zones dipped away
from the continent and were therefore intraoceanic. East dipping
Paleozoic subduction in Newfoundland has also been inferred geo-
physically [Haworth et al., 1978], geochemically [Stevens et al.,
1974; Strong et al., 1974], and sedimentologically [Jacobi, 1981].
Furthermore, ophiolite obduction was followed by the suturing
of island arc material possessing both intraoceanic geochemical
characteristics [Strong, 1977] and an unusually large proportion
of endemic brachiopod faunas unlike contemporary North Ameri-
can or European varieties [Neuman, 1984). This indicates that the
creation of the earliest arc-related constructs was well removed
from any continental margin.

A number of ophiolite studies favor emplacement mechanisms
that require an initial episode of intraoceanic trench formation (see
review by Moores [1982, and references therein]). Essentially,
these models require that subduction initially dip away from the
nearest passive margin, with the continent residing on the sub-
ducting plate (e.g., Timor). As the continent attempts to subduct,
the island arc complex is thrust onto the continental margin. Be-
cause subduction of continental lithosphere cannot continue indef-
initely, either convergence must cease or a polarity reversal must
occur. In the latter case, material between the leading edge of the
initially overriding plate and the point of lithospheric failure ac-
companying polarity reversal will be transferred onto the former
passive margin as an ophiolitic/volcanic arc assemblage. The most
likely place for failure to occur would be the weak, thermally im-
mature lithosphere of the backarc basin, thus accounting for the
similarities of many ophiolites to backarc basin crust. Such a
model implies, however, that at least some ophiolitic assemblages
must represent former forearc basement. In fact, the presence of
transform-related features along the leading edge of some ophi-
olitic thrust sheets has been interpreted as evidence supporting the
conversion of oceanic crust immediately adjacent to a transform
fault into forearc basement through the nucleation of subduction
along the transform fault {Casey and Dewey, 1984; Ogawa and
Naka, 1984].

East Pacific Margin Evolution

As emphasized by Casey and Dewey [1984], the evolution of
the eastern margin of the Pacific basin cautions against simplis-
tic scenarios of passive margin failure. Although the presence
of oceanic forearc basement along actively converging portions
of the East Pacific border [e.g., Henderson, 1979; Ibrahim et al.,
1979; Aubouin et al., 1982; Feininger and Seguin, 1983] as well
‘as the accretion of allochthonous terranes (including intraoceanic
island arcs) along the entirety of this border [e.g., Coney et al.,
1980; Aspden and McCourt, 1986; Feininger, 1987] are not nec-
essarily inconsistent with a foundering passive margin, additional
evolutionary “events” must be introduced to account for these ob-

servations [e.g., Lebras et al,, 1987]. Altematively, the establish-
ment of Andean-type subduction by means of a polarity reversal
following the attempted subduction of a passive continental mar-
gin into an (originally) intraoceanic island arc, offers a single,
unifying explanation for these “events”. In this case, present-day
oceanic forearc basement would represent former backarc basin
seafloor within which renewed convergence (of opposite polarity)
was initiated. The former island arc complex might represent a
variety of accreted terranes. Early episodes of reverse polarity,
with subduction dipping away from the continent, have been pro-
posed for Canada [Tempelman-Kluit, 1979; Price and Hatcher,
1983; Hansen, 1990], California [Dickinson, 1981; Schweickert
and Snyder, 1981; Speed and Sleep, 1982; Dilek et al., 1988],
and Ecuador [Feininger and Bristow, 1980]. Paleomagnetic data
indicating an allochthonous origin for oceanic forearc basement
along the Ecuadorian portion of the Andes subduction complex
[Roperch et al., 1987], combined with the presence of a sutured
intraoceanic island arc immediately to the east [Henderson, 1979],
are clearly consistent with an arc-continent collisional origin for
allochthonous terranes and the oceanic nature of forearc basement
in this region.

Contemporary Examples of Trench Formation

Anomalous seismicity has been observed within the eastem
portion of the Azores-Gibraltar transform boundary (in the At-
lantic near the Mediterranean). Focal mechanisms indicate a con-
sistent north-northwest compression along the eastern end of this
boundary [McKenzie, 1972; Fukao, 1973], where simple kine-
matic models of plate tectonics predict only east-west strike-slip
motion. Seafioor structures, as well as gravity anomalies, also in-
dicate a component of motion orthogonal to the strike of the plate
boundary [Purdy, 1975; Karner et al., 1985]. Although Grimison
and Chen [1986] have argued that the anomalous seismicity is not
restricted to the transform boundary, Moreira [1985] and Buforn
et al. [1988] have noted that anomalous seismicity not directly
associated with this boundary occurs along nearby former trans-
form faults that extend onto the Portuguese mainland. Because
the convergent component of motion, which probably results from
subduction in the nearby Mediterranean Sea (it clearly is not as-
sociated with regional ridge push forces), is no greater than 1.5
cm/yr, thermal assimilation will occur at relatively shallow depths,
and it is not clear that a mature subduction zone (i.e., one driven
primarily by slab pull forces) will ever develop along this bound-
ary [Purdy, 1975; McKenzie, 1977].

A similar evolution has been inferred for the Macquarie Ridge
Complex south of New Zealand. Oblique convergence is indicated
by the occumrence of thrust-related seismicity along a zone that
primarily functions as a transform boundary [Ruff et al., 1989].
This convergence, which is also supported by seafloor structures,
gravity anomalies, and plate reconstructions [Ruff and Cazenave,
1985; Ruff et al.. 1989; Williamson et al., 1989}, is probably
induced by subduction zones located to the north. As with the
Azores-Gibraltar region, it is not clear that the Macquarie Ridge
Complex will eventually reach maturity due to a low convergence

rate.
Perhaps the most carefully documented example of potential

incipient trench formation is from the East Caroline Basin in the
western equatorial Pacific. Seafloor structures, gravity anoma-
lies, and seismicity suggest that approximately 10 km of Caroline
“plate” has been thrust beneath Pacific plate, apparently along a
former fracture zone, during the last one million years [Hegarty et
al., 1982]. The compressional stress regime responsible for litho-
spheric thrusting may be a consequence of buoyant features on the
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Caroline “plate” congesting parts of the Yap-Mariana trench to the
west [e.g., Vogt, 1973]. Adjacent, noncongested portions of the
subduction zone continue to vigorously subduct the Pacific plate
northwestward; if this motion is sufficiently inhibited by buoy-
ant material of the Caroline “plate”, large compressional stresses
will develop within this “plate”. A causal relationship between
compressional stresses and regional dynamics is consistent with
the observation that the convergence velocity where the Caroline
Rise enters the Yap-Mariana Trench is an order of magnitude less
than at the nearby Mariana Trench [American Association of Pe-
troleum Geologists, 1981].

To account for Pacific intraplate seismicity, Kroenke and
Walker [1986] and Okal et al. [1986] proposed the existence of
an incipient zone of subduction extending from Westem Samoa
to the Caroline Ridge. Because most of this proposed boundary
is scismically quiescent, its existence has been inferred by the
connection of five relatively isolated regions of intraplate seis-
micity. Attempted convergence across this band is suggested by
the consistent direction of the (horizontally oriented) axis of com-
pression determined for a number of earthquakes near the Gilbert
Islands [Okal et al., 1986]. The direction of maximum compres-
sion indicates that these thrust events do not result from ridge
push. Kroenke and Walker [1986] contend that seafloor structures,
allegedly connecting two of these localities, are reminiscent of
trench-forearc morphology and indicate underthrusting of the Pa-
cific plate beneath the Indian-Australian plate. Seismic reflection
profiles {Kroenke and Walker, 1986, Figure 3], however, reveal
that the amplitude of the inferred structures is an order of mag-
nitude less than those associated with documented convergence
along the Azores-Gibraltar zone discussed above. A more con-
servative conclusion, determined in part on the basis of kinematic
considerations, was offered by Okal et al. [1986], who concluded
that significant convergence has not yet occurred anywhere along
this zone. Two of the loci of active seismicity are believed to
coincide with fracture zones [Okal et al., 1986], although no ob-
vious potential zone of weakness can be identified along the entire
length of the proposed boundary. Also, both Kroerke and Walker
[1986) and Okal et al. [1986] concluded that the regional com-
pression results from congestion at the New Hebrides, Santa Cruz,
and Solomon trenches. In these trenches the Australian plate is
subducting beneath the Pacific plate; thus this proposed incipient
plate boundary might represent the genesis of a major subduc-
tion zone within an overriding plate in response to congestion at
nearby trenches.

For at least two decades, intraplate seismicity in the northeast-
em Indian Ocean has generated speculation conceming incipient
trench formation [e.g., Sykes, 1970). The common orientation of
compressional axes associated with earthquakes between the Nine-
tyeast and Chagos-Laccadive Ridges indicates significant north-
south compression [Stein and Okal, 1978; Bergman and Solomon,
1985; Wiens, 1986], consistent with the stress regime expected
from congestion at the Himalayan collision zone accompanied by
continued subduction at the adjacent Sunda Arc [Cloetingh and
Wortel, 1986). Seismic reflection profiles indicate cast-west strik-
ing ridges and troughs with wavelengths of 100-300 km and as
much as 3 km of relative relief [Weissel et al., 1980: Geller et
al., 1983]. Because imaging of fault plane surfaces, as well as
geoid undulations, indicate that this buckling or folding involves
the underlying igneous basement and does not merely reflect sed-
imentary structures [Weissel et al., 1980; McAdoo and Sandwell,
1985], a significant level of inplane compressional force is im-
plied [McAdoo and Sandwell, 1985; Zuber, 1987]. Recent kine-
matic models of plate motions also support the existence of a

diffuse zone of “intraplate” convergence (north—south at 0.5-1.5
cm/yr) in the equatorial Indian Ocean [Minster and Jordan, 1978;
Wiens et al., 1985, 1986; DeMets et al., 1988]. 1t is interesting to
note that if trench formation is occurring, it is within the ocean
basin and not at the nearby passive continental margin: despite the
fact that this margin is quite old, well sedimented, and subjected
to at least the same level of compressional stress as the regions
exhibiting intraplate seismicity [Cloetingh and Wortel, 1986].

Summary of Observations

Collectively, the observations described in this section suggest
that (1) subduction zones nucleate intraoceanically, (2) that this
often occurs in response to trench congestion, and (3) nucleation
sometimes occurs along oceanic transform faults or fracture zones.
In contrast, the geologic record, to the best of our knowledge, does
not reveal a single example of an Atlantic-type margin evolving
into an Andean-type margin without an intervening arc-continent
collision and subduction polarity reversal.

REMAINING QUESTIONS: TRENCH
FORMATION IN A PRISTINE OCEANIC BASIN

Our model obviously cannot account for the creation of the
earliest subduction complex(es), nor does it immediately reveal
how the first subduction zone(s) might develop within an Atlantic-
type basin (i.c., one that is initially devoid of trenches). Questions
concerning the genesis of the earliest subduction complexes cannot
be answered presently and must be included among a larger
category of issues concerning the inception of plate tectonics.
Establishment of the earliest subduction zones within an Atlantic-
type basin, however, is an issue that can be addressed with
some confidence, because the present-day Atlantic has apparently
already entered this stage of evolution.

Although quite small in comparison to the extensive subduc-
tion complexes of the Pacific and Indian oceans, the Lesser An-
tilles and Scotia arcs potentially represent precursors to a system
of convergence zones that might ultimately result in the destruc-
tion of the Atlantic Ocean. Whereas the tectonic evolution of the
remote Scotia Arc remains poorly understood, evolutionary con-
straints in the Caribbean region allow the process by which the
first subduction zones are established within a “pristine” oceanic
basin to be characterized to some degree. It is now generally ac-
cepted [e.g., Burke, 1988] that the Lesser Antilles Arc originated
at the Pacific margin of the proto-Caribbean after rifting between
North and South America generated oceanic crust in immediate
contact with both the Atlantic and Pacific basins. From this intrao-
ceanic boundary (possibly a former transform fault [Pindell and
Dewey, 1982]) the arc migrated eastward, overriding 1000-2000
km of Caribbean/Atlantic seafloor, to arrive at its present posi-
tion [Pindell and Dewey, 1982]. Only the central portion of the
original arc survived this journey, however. The northern and
southern extremities became involved in arc-continent collisions
with promontory members of North and South America, leaving
a trail of accreted ophiolitic and island arc terranes in their wake
[e.g., Burke, 1988]. A consequence of these collisions may have
been the establishment of a new subduction zone at the boundary
between the Pacific and Caribbean (i.e., where the first trench orig-
inated), isolating the latter from the former [Pindell and Dewey,
1982: Ross and Scotese, 1988). This arc system is currently rep-
resented by the southem portion of the Middle America Trench.

Although the Lesser Antilles Arc is apparently a consequence
of Pacific seafloor paleostresses, these stresses were not transmit-
ted through continental landmasses into an isolated Atlantic Basin.
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Rather, this arc originated at a time when the Pacific Basin was
in direct contact with the Atlantic Basin; a circumstance that pre-
sumably facilitated stress transmission from basin to basin. If it
is assumed that this example is representative, the introduction of
subduction zones into a previously pristine ocean basin might be
viewed, figuratively, as a process in which an “infected” ocean
basin comes into contact with, and infects, an uninfected basin.
This is a particularly imaginative analogy when it is considered
that, once the first subduction complexes have invaded the basin,
the potential to multiply and eradicate the entire basin clearly ex-
ists (e.g., the proto-Atlantic).

CONCLUSION

It has been demonstrated that the only inplane compressional
forces sufficient for trench formation are those associated with the
congestion of mature subduction complexes. A consequence of
this may be that transform faults and fracture zones represent
favored sites of trench formation. Simple models of passive
margin fajlure, despite their popularity, cannot be quantnauvely
substantiated and are not evident in the geologic record.
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