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Ridge Spreading, Subduction, and Sea Level

Fluctuations

MICHAEL GURNIS

A numerical model of mantle convection shows that sea level fluctuations are not
simply associated with temporal changes in ocean c plate spreading. In the dynamic
model, sea level rises rapidly and then falls toward a steady value (but one still higher
than the initial) following increased ridge spreading; this time dependence results from
profound changes in the deep thermal structure under ocean and continent. The use of
past variations in oceanic spreading to infer sea level fluctuations is called into
question. With more realistic models and better continental stratigraphy, constraints
may be placed on the viscosity structure of the mantle.

ITHIN A FEW YEARS AFTER THE

acceptance  of plate  tectonics,

Hays and Pitman (1) among oth-
ers, pointed out that the well-documented
Cretaceous transgression occurred at ap-
proximately the same time as an increase in
the spreading of oceanic plates. Since then,
the prevailing view has been that increased
rates of plate spreading give rise to an
increased volume of oceanic ridges and a
decreased volume of ocean basins (2). For a
constant volume of water, continental plat-
forms have been thought to flood during
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periods of increased spreading. The determi-
nation of past variations in spreading has
thus been viewed as an alternative method
to estimate global eustatic sea level varia-
tions (3). This lithospheric model fails to
conserve mass, however, because the cold
oceanic lithosphere subducting into the
mantle is ignored and implicitly assumed to
disappear. With a simple model of mantle
convection, I show that changes in plate
velocity lead to changes in the rate at which
cold lithosphere returns to the mantle and
that this process leads to sea level fluctua-
tions fundamentally ditferent in both form
and magnitude from the lithospheric model.
Earlier, Hager (4) pointed out some dy-
namic problems encountered in relating oce-

anic spreading rates directly to changes in
sea level and he suggested that sea level
could either rise or fall with increased
spreading, depending on whether slabs are
returned to the mantle under continents or
under oceans, respectively.

Failure to conserve mass is overcome with
the use of a simple thermal-convection cal-
culation in which the oceanic lithosphere
acts as an integral part of the overall system
of heat and mass transfer. In a two-
dimensional rectangular region, the equa-
tions of motion, continuity, and energy are
solved simultaneously for an infinite Prandtl
number and incompressible fluid; a finite-
element formulation (5) is used to solve
these equations. The technique used for
simulating oceanic plates is similar to the
one presented by Davies (6), except that a
more stringent set of boundary conditions is
used in which the entire oceanic lithosphere
moves with horizontally uniform velocitv.
The use of a kinematically imposed litho-
sphere provides a framework in which to set
up well-posed sea level experiments. Sea
level variations caused by variable plate ve-
locity can be directly assessed with this
model, and thus the more circuitous method
of a fully dynamic model (7) can be avoided.
In order to control plate velocity with a fully
dynamic model, the heat added to the sys-
tem or a material property must vary; at this
exploratory stage, such a complex technique
(although a potentially more powertul one)
1s unwarranted.

The two-dimensional model [(8), Fig. 1,
A to C] includes both an oceanic region,
extending from x =0 to x =X and a
continental region, extending from x = X,
to x = X. The shaded arcas in Fig. 1B
denote zones of uniformly imposed velocity.
With a box depth of D, the models had
XJ/D = 3 and X,/D = 5; these values were
chosen so that the ratio of continental area
to total surface area is 0.4. At both x = 0
and x = X, the side boundaries are re-
flecting. Because the oceanic plate has a
uniform positive velocity, a symmetrical
spreading ridge forms at the origin, and the
lithosphere explicitly subducts at x = X;
the continental plate has zero velocity. For
this system with a constant viscosity
throughout, sea level variations are com-
puted in the following way. On the top
surface of the convecting fluid, the topogra-
phy (called the dynamic topography, w,) is
determined from the vertical deviatoric
stress and explicitly includes the contribu-
tions from the subsiding oceanic litho-
sphere. An isostatic component to the to-
pography, w,, implicitly caused by crustal
thickness variations, is added to the area
over the continental lithosphere. In other
studies involving the interaction of conti-
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nents with dynamic topography (9), w, was
assumed to be represented by the average
topography of the continents, w’.. It would
be much more realistic if both dynamic
topography and continental isostatic topog-
raphy were summed to the observed shape
of the continents. This is impractical be-
cause, as shown below, wy is a strong func-
tion of time. Instead, we assume that

@)

where w4(0) is the initial dynamic topogra-
phy (that is before a plate rearrangement has
occurred); w’_ is taken to be the observed
continental hypsometry for all continents
(10); the maximum change in isostatic to-
pography is k.. The last contribution to the
topography results from a constant volume
of ocean water, w,,. Water is locally com-
pensated and added to the system, starting
from the topographically lowest point, such
that each mass column is in isostatic equi-
librium with respect to wy. The water sur-
face should follow the geoid, but in
constant-viscosity systems (such as the one
studied here) the admittance, or ratio of
geoid to dynamic topography, does not
exceed about 0.11; when the admittance is
as small as this, sea level variations are
dominated by variations in dynamic topog-

we = w'c - wd(o)

raphy (9). In summary, the total topography
is

wr = wy — wy(0) + w'c +w, forx>X

@

Thus, w, is the driving term in the topog-
raphy caused by convection, and w,, re-
sponds to those changes. Sea level is defined
as the difference between the average height
of the continental surface (including the
flooded portions) and the average height of
the water surface.

A scheme for normalizing the topo-
graphic height (including sea level) and time
was chosen such that the dynamic cause of
sea level fluctuations will be readily appar-
ent. In the numerical experiments, plate
velocity was suddenly changed at a time zero
and normalized by v = X /V,, where V, is
the new plate velocity and 7 is the time for
the oceanic lithosphere to reach a new
steady-state structure. All sea level fluctua-
tion predicted by the lithosphere model
occurs within 1. Topographic heights were
normalized by h. so that fluctuations in
dynamic relative to isostatic topography will
be readily apparent.

The sea level variations resulting from the
convection model will be compared to the
standard model in which topography in the

wr=wy+w, forx<X_

X

Fig. 1. (A) Total topogra-
phy and sea surface cleva-
ton for the convection

model (heavy lines) and
for the boundary layer
model (thin line) at time
0. (B) Schematic overview
of model setup. (C) The
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thermal structure at non-
dimensional time 0. The
tem| scale, shown
under C, has been normal-
ized by the constant basal

temperature. (D and E)
Diﬂgrccl:ﬁal tgmperatum

are shown and were ob-

(the instant at which
spreading increases) from
the at time
0.10 (D) and time 4.00
(E). The parts of the box
that increase in tempera-
ture become red while
those that cool be-
come blue. The differential
temperature scale, shown
under (E), has been nor-
malized by the imposed
temperature difference be-
tween the isothermal top
and bottom boundaries.

oceanic region is obtained from boundary
layer theory. In this model, the topography
over the lithosphere, wy, decreases (with
respect to the ridge crest) as (2)

wy = —20(T, — T)(xtim)'?  (3)

where a is the coefficient of thermal ex-
pansion, T, is the temperature of the man-
tle, T, is the temperature on the sea floor, k
is the thermal diffusivity, and ¢ is the age of
the lithosphere. By setting wy = wy for
x < X.and wy = 0 for x > X_in Eq. 2, the
same procedure followed for computing sea
level in the convection model can also be
followed for the lithosphere subsidence
model. The results (11) (Fig. 2, curve a for
the case where plate velocity is increased by
three-halves and curve b for the case where
plate velocity is decreased by two-thirds)
show that sea level in the standard model
undergoes an initial rapid rise with a
slow convergence to a new (higher) steady-
state value when spreading rate increases.
When spreading rate drops, sea level falls.
As expected, the time scale for the re-
adjustment in sea level is unity for both cases
(Fig. 2).

The dynamic-convection model shows
fundamental differences from the litho-
sphere model (Fig. 2). When the spreading
rate is again increased to three-halves of its
carlier value (curve d), sea level increases
faster than predicted by the lithosphere
model. But more fundamentally, at about
time 0.7, sea level starts to fall and comes to
a steady state in about 2.5 time units. The
steady-state value is only 54% of the value
predicted by lithospheric subsidence alone,
and it is only 50% of the maximum in sca
level, which occurred at time 0.7. The be-
havior of the model in which spreading rate
decreases to two-thirds of its earlier value
shows much the same behavior: a strong
initial overshoot in sea level followed by a
steady-state sea level change smaller than
predicted by the lithospheric model alone.
The steady-state value is only 40% of the
maximum change in sea level, which oc-
curred at about time 0.6. This complicated
time dependence results from changes in the
thermal state under both continent and
ocean.

These deviations from the simple
lithosphere-subsidence model are easily un-
derstood in the context of the time depen-
dence of the differential temperature for the
model in which plate velocity increases (Fig.
1, D and E). As the plate thins, the top part
of model representing the oceanic litho-
sphere becomes hotter, as predicted from
boundary layer theory. Considered alone,
this change in temperature would lead to sea
level fluctuations approximated by curve a in
Fig. 2. But the faster oceanic plate velocity
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Fig. 2. Nondimensional sca level (sca level nor-
malized by h.) as a function of nondimensional
time for the models considered. Boundary layer
model shown as thin lines for a velocity that was
increased by three-halves (curve a) and for a
velocity that was decreased by two-thirds (curve
b). Convection models shown by heavy lines for
an unchanged velocity (curve ¢), a velocity in-
creased by three-halves (curve d), and a velocity
decreased by two-thirds (curve ¢). The scaled time
shown above applics only to curves a and 4 and
was obtained by scaling 17, to 7.5 ecm/yr and X, to
9000 km; V, and X, are defined in the text (m.y.,
million years).

leads to a faster subduction rate; cold fluid is
rapidly dumped under the continent, and in
terms of differential temperature, this pro-
cess results in the cold region in Fig. 1D. As
the plate continues to spread at this in-
creased velocity, the system undergoes two
changes. First, the imbalance between sub-
duction rate and plate thickness decreases as
time approaches unity and the cold (differ-
ential temperature) anomaly under the con-
tinent decreases in magnitude. Second, in
the deep parts of the fluid, the temperature
decrease is much larger under the ocean than
under the continent; a long wavelength
thermal anomaly has developed in the deep
parts of the fluid, and this anomaly affects
topography in an opposite sense than the
shallow anomalies. This process takes 2.5
time units, the approximate time of one
convective overturn. A higher rate of con-
vective overturn leads to increased cooling
of the system; on this basis, one may be led
to conclude that the overall effect of in-
creased spreading would be a decrease in sea
level, but because the lithosphere is closer to
the surface than the deep parts, it more
strongly affects dynamic topography. To-
pography caused by interior density con-
trasts is attenuated with depth in a viscous
fluid (12). Interestingly, the decrease in tem-
perature that occurs for the deep parts of the
mode] is approximately three times the in-
crease associated with the lithosphere (Fig.
1E); but the final result of increased spread-
ing is a rise in sea level.

Care must be exercised in applying the sea
level curves (Fig. 2) to the earth; the tran-
sient response more likely will be a local
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response to sea level changes (that is, iso-
lated either to a single continent or to a
converging plate margin), whereas the
steady-state response may be applicable to
global fluctuations in sea level. Moreover, in
consideration of an earlier suggestion by
Hager (4), if the subduction occurs in a
completely oceanic environment (for exam-
ple, the Tonga-Kermadec region), then in-
stead of a transient rise in sea level following
increased spreading, there may be a transient
fall in sea level. Such a fall in sea level may
occur because the transient differential tem-
perature anomaly (Fig. 1D), which gives
rise to a depression in dynamic topography,
would occur under the oceanic lithosphere.
The details of these possibilities are poorly
understood, but can be investigated in more
complex models.

The existence of sea level fluctuations
influenced by local subduction is supported
by the record of the Cretaceous transgres-
sion. Bond (13) has pointed out the corre-
spondence between areas of Cretaceous
flooding and zones of convergence, includ-
ing western North America, northern Af-
rica, and the southern part of the European
platform. When North America broke away
from Africa 170 million years ago, the rate
of subduction off the western margin of
North America would have increased; the
convection models would tend to predict
that continental subsidence and a jump in
sea level should have occurred simultane-
ously. Such changes are consistent with the
anomalous thickness of Cretaceous sedimen-
tary rocks in the western interior of North
America (14) and the tlting of western
North America by ~1 km over a distance of
1400 km during the Upper Cretaceous and
its subsequent rebound (15). Clearly, to
make a rigorous comparison with this
record, the models will have to incorporate
evolving plate margins.

The calculations presented here illustrate
fundamental problems with the standard
lithospheric subsidence model, but also
highlight exciting possibilities. Because dy-
namic topography is sensitive to the depth
of temperaturce (density) variations and in-
ternal viscosity variations (16), both the
temporal fluctuations in sea level and the
steady-state sea level should be sensitive to
internal viscosity structure. It is thus possi-
ble that the temporal and spatial record of
sea level fluctuations recorded over geologic
time as continental marine deposits (17) (in
concert with observed plate kinematics),
may place constraints on both the viscosity
structure of the mantle (9) and the depth of
mantle convection (18).

The usefulness of this model is limited in
two respects. First, the model cannot yet be
exploited to make detailed predictions as to

how sea level fluctuated over the last 120
million vears; a powertul but flawed at-
tribute of the lithospheric model 1s that
well-constrained models of plate tectonic
evolution of the oceans can be used to
predict sea level. The second limitation of
the convection model is that it gives no clue
as to why oceanic plates undergo kinematic
rearrangements. Advances now being made
in modcling both spherical convection and
tully dynamic plates (7, 19) should allow
more realistic models to be constructed that
tully exploit the geologic record of continen-
tal flooding.
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