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The Process of Formation of

Between 50 and 60 percent of the
earth’s surface is covered by ocean with
a depth greater than 2 kilometers. Un-
derlying most of this ocean is a zone of
the solid earth called the crust, which in
turn overlies the mantle. Ocean crust is
formed at the mid-ocean ridge system.

Ocean Crust

Brian T. R. Lewis

Ocean Crust, a Background

Investigators with different back-
grounds often perceive ocean crust in
different ways, and therefore it is useful
to define the term. In a strict sense,
knowledge of the existence of an ocean

Summary. Ocean crust is the outermost layer of earth under the oceans. It is
separated from the underlying mantle by a seismic transition zone called the Moho. A
widely held view is that the Moho represents a petrologic change from basaltic-type
rocks to a mantle composed mostly of olivine and pyroxene. According to this view,
crust is formed by a steady segregation of basaltic melt, derived from partial melting of
the mantle, into a crustal magma chamber wherein cooling and crystallization bring
about steady-state accretion to the continuously spreading plates. There is sufficient
disagreement between the predictions of this hypothesis and marine geophysical
data to cause one to doubt the validity of this formation process. At least two other
processes are more compatible with the geophysical data. In one, the crust is formed
from the episodic injection of basaltic dikes from a mantle reservoir and the Moho is a
primary petrologic boundary. In the other, the crust is treated as a mechanical
boundary layer in which thermal contraction results in cracking; by comparisan, in the
mantle thermal contraction is accommodated by flow. The upper part of the crust is
formed from episodic extrusion and intrusion of basaltic melt. The lower crust is
formed by rapid hydrothermal alteration of mantle that may be continuously or
episodically injected by viscous flow at temperatures below the melting temperature.

This identification of the place of for-
mation of ocean crust is based on geolog-
ical and geophysical data collected over
the last 15 years [for a review, see (/)].
Now that the source of ocean crust has
been identified, the next level of inquiry
concerns the process by which it is
formed. The discovery of sulfide depos-
its (I) on the mid-ocean ridges, which
may be of economic interest, has served
to stimulate this inquiry. In this article I
will first review the evidence for the
existance of an ocean crust, then present
geophysical and geological constraints
on the formation process, and finally
consider which models of the process are
consistent with the data.
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crust is based solely on seismological
data. These data indicate a zone charac-
terized by a rapid change of compres-
sional wave velocity (from about 7 to 8
km/sec) at depths of 8 to 11 km below the
sea surface. This zone represents the
base of the oceanic crust (the Moho,
named after its discoverer Mohorovicic¢).
From a geological viewpoint, the exis-
tence of a crust is inferred from studies
of igneous rocks obtained from the sea
floor. These are almost always basalts.
Geochemical studies suggest that these
basalts derive from partial melting of a
rock of a different composition (the man-
tle). Hence the inference of a basaltic
crust. However, a one-to-one correspon-
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dence between the geological and seis-
mological crusts has yet to be proved, as
we will see. The seismological definition
of the crust will be used here.

Geological Data on the Crust

Direct evidence of the structure and
composition of the crust below the sea
floor comes only from deep-sea drilling.
Although such drilling has been very
successful, it has only scratched the sur-
face of the crust. In the Atlantic Ocean
several holes have penetrated about 500
meters, and in the Pacific Ocean one
hole near Costa Rica has recently pene-
trated 1 km (2). Most of the other at-
tempts have achieved only a few hun-
dred or tens of meters. Nonetheless, the
available data indicate significant differ-
ences between the Atlantic and Pacific
crusts. In the Atlantic serpentinized peri-
dotites and ultramafic rocks (rocks
thought to represent the mantle which
have been hydrothermally altered) have
been found interspersed among lava
flows and pillow basalts in the top few
hundred meters (3). In the Pacific the top
few hundred meters are usually com-
posed of alternating lava flows and pil-
low basalts in varying proportions. In the
Costa Rica hole vertical dikes were pen-
etrated in the lower section of the hole
).

The drilling results support what has
been learned about the process of crust
formation by other methods (4). That is,
the upper few hundred meters of crust
are formed by the extrusion of lava flows
and pillow basalts which are often pond-
ed in small valleys. Below this depth in
the Pacific are vertically injected dikes,
which must have also served as the feed-
ers for the extrusives. The greater diver-
sity of rock types in the Atlantic indi-
cates that the process is causing a mix-
ture of basaltic melt and upper mantle
source rocks to be emplaced near the sea
floor. This finding suggests that in the
Atlantic the amount of basaltic melt is
less than that at most Pacific spreading
centers.

Ophiolites (thought to be sections of
ocean crust exposed on land) are another
source of information on submarine igne-
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ous processes, whether or not they are
actually indicative of present-day ocean
crust processes. A schematic synthesis
of ophiolites (5, 6) is shown in Fig. 1.
Ophiolites are typified by the sequence
pillow basalts, dikes, gabbros, cumulate
gabbros, and ultramafics. In most cases
the ultramafics show hydrothermal alter-
ation, but only in the Xigazé example
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can the alteration be shown to have
occurred in situ. It is generally held that
in the other cases the alteration occurred
after emplacement on land. The wide
thickness variation of the basaltic sec-
tions indicates significant variations in
the quantity of basaltic melt available for
the formation of these sections. Since
the degree of melting is very sensitive to
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Fig. 1. Schematic sections of ophiolites (5, 6). The basaltic section varies in thickness from 2 km

(Xigazé) to about 8.5 km (Papua).
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Fig. 2. Multichannel seismic reflection profiles from (a) the East Pacific Rise at 9°30'N (8) and
(b) Atlantic crust 135 million years (m.y.) old. The seismic Moho occurs at a two-way travel
time of about 2.1 seconds in both profiles. There is no evidence of an increase in travel time
under the East Pacific Rise axis due to low-velocity magma.
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temperature, one could infer from these
data that these sections were formed in
areas with different mantle tempera-
tures.

A widely used justification for equat-
ing ophiolites to ocean crust is the ap-
proximate agreement between velocities
measured on small (1-centimeter) ophio-
lite samples and seismic refraction veloc-
ities (representing averages over about a
kilometer) (7). A difficulty in making
these comparisons is lack of knowledge
of cracks and pore water pressure, which
can have large effects on velocity. These
effects are well known in the upper crust
where porosities can reach 25 percent,
but they are ignored in the lower crust
where it is assumed that cracks do not
occur. This assumption requires verifica-
tion under mid-ocean ridge stress condi-
tions before it can be properly applied.
High-pressure experiments with large-
volume samples containing cracks have
been initiated by N. 1. Christensen at the
University of Washington.

Because of the effects of serpentiniza-
tion on velocity, the seismic Moho in the
Xigazé ophiolite would be not at the base
of the basaltic section but at the base of
the serpentinized zone, which is at a
depth of about 5 km (6).

Constraints from Seismology

Seismic refraction data (7) have shown
that the rate of transition from crust to
mantle is variable, occurring in some
cases over a depth range of several
kilometers and in others over a few hun-
dred meters. Often the transition is suffi-
ciently sharp to allow the reflection of
vertically incident seismic waves with a
frequency of less than 6 to 8 hertz, or a
wavelength of about 1 km. Figure 2
shows such data from the East Pacific
Rise and from Atlantic crust 135 million
years old. These data show the crust-
mantle transition zone. Several features
of these data are important to this discus-
sion. The two-way travel time of seismic
waves through the crust (excluding sedi-
ments) is about 2.1 seconds in both ex-
amples, and there appears to be no dis-
cernible anomaly under the East Pacific
Rise axis. To convert travel time to
thickness we require knowledge of the
rock velocities. These can be obtained
from refraction data. Results (8, 9) indi-
cate that these sections do not have the
same thickness, primarily because the
upper crustal velocities are higher in the
Atlantic section than in the Pacific sec-
tion. It has been shown that there is
often an increase in the upper crustal
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velocity with age (10). If this were all
that was occurring, we would expect the
two-way travel time to the Moho to
decrease with age. It does not, and this
indicates that the crust may thicken with
age (11).

The data in Fig. 2 also show that the
Moho is formed in a very short time, that
the process of ocean crust formation has
not changed substantially over hundreds
of millions of years, and that the forma-
tion process is independent of the ocean
we are studying (at least seismological-
ly).

Seismic data also show that the forma-
tion process results in a crustal thickness
that is independent of plate divergence
rate and ridge axis morphology (that is,
the presence of an axial high or axial
valley). Two examples from the Pacific
and two from the Atlantic are shown in
Fig. 3.

To understand the process of ocean
crust formation, it is important to know
if steady-state magma chambers exist in
the crust under the rise axes. Evidence
for these chambers must come from re-
mote-sensing data. Seismology is the
most useful technique because velocities
are sensitive to the rigidity modulus,
which is sensitive to temperature and the
degree of melting. Initial experiments on
the East Pacific Rise designed to detect
partial-melt (low-velocity) zones (I2)
were refraction experiments along the
axis of the ridge. These data were inter-
preted in terms of horizontal homoge-
neous layers, and no allowance was
made for three-dimensional wave propa-
gation effects. This is a serious simplifi-
cation, because the velocity variations
perpendicular to the ridge can be as large
as the depth variations. Although there is
evidence for a decrease of velocity with
depth in these data, they provide little
constraint on the width or depth of this
zone. In spite of this, rather elaborate
models which invoked a magma chamber
about 10 km wide were developed on the
basis of these data (13). These data were
taken at 9°30’N on the East Pacific Rise
over the same ground traversed by the
reflection data in Fig. 2. The reflection
data do not support such a large low-
velocity zone. More recent experiments
(14, 15) on the Juan de Fuca Ridge and at
12°N on the East Pacific Rise were de-
signed specifically to constrain the struc-
ture in the lower crust under the axis.
These experiments were conducted per-
pendicular to the ridge and showed that
any low-velocity zone in the lower crust
is either absent or less than about 2 km
wide. This result is more consistent with
the reflection data.
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Mid-Atlantic Ridge refraction data ex-
hibit no evidence for low-velocity zones
in the lower or upper crust that would be
indicative of partial melt (16. 17). In fact,

shear waves propagate across the ridge
and earthquakes occur in the mantle
below the axis of spreading (16, 18). The
earthquake data show that on parts of
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Fig. 3. Four sections across Pacific and Atlantic spreading centers showing the depths to the
Moho as determined from seismic refraction experiments. The 12°N section (/5) has either no
axial low-velocity zone or one less than about 2 km wide. The Reykjanes Ridge section (/7)
showed no evidence for a distinct axial low-velocity zone. The 36°50'N section (/6) has a thin
crust at the axis, an absence of a Moho under the axis, but no low velocities under the axis that
would indicate a magma chamber. For the Gorda Ridge section, well-determined crustal
thickness data are lacking. Earthquake data (35) show seismicity extending below depths of 9
km, as was found on the Mid-Atlantic Ridge (/8); these results suggest an absence of a crustal

magma chamber.
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Fig. 4. (a) Bathymetry and gravity data from 12°N and heat flow data from the Galdpagos
spreading center compared to predictions from the thermal model with a conductively cooled
crust. The gravity data are higher and the heat flow data lower than the model predictions. (b)
Densities and temperatures from the thermal model with a conductively cooled crust. The
topography, gravity, and heat flow data from this model are shown in (a).
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the Mid-Atlantic Ridge even the upper
mantle is at a sufficiently low tempera-
ture to allow stress to be relieved by
brittle fracture.

The evidence for a very narrow intru-
sion zone under the axis is also more
consistent with the results of detailed
geological mapping based on the use of
deep-towed cameras and manned sub-
mersibles (4). These data show that on

density crust
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every ridge studied to date the width of
the zone of intrusion near the sea floor is
less than a few kilometers. This has been
verified in the Pacific by magnetic anom-
aly transition widths (/). Another con-
clusion from the mapping data is that the
extrusion process is episodic in both
space and time (4). The data are clear
that on the Mid-Atlantic Ridge and at
least on some parts of the East Pacific
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Fig. 5. (a and b) The 12°N gravity data compared to the calculated gravity for a constant-
thickness and constant-density (p = 2.7 Mg/m?) two-dimensional crust. The difference between
the observed and calculated gravity (residual) has a narrow gravity high (b) that cannot be
accounted for in terms of the thermally expanded mantle. This result indicates a zone of high
density in the crust under the axis. (c) A schematic cross section of the axis at 12°N that is
consistent with the gravity, seismic, and topographic data. The crust is assumed to be rapidly
cooled by water circulating through cracks that are induced by thermal contraction. The gravity
high has been interpreted as a 1-km-wide diapiric intrusion of mantle into the crust (23).
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Rise there are presently no magma
chambers underlying the axis of spread-
ing. We shall see that this is not incon-
sistent with density and thermal data.

Constraints from Gravity

One of the major advances in under-
standing plate tectonic processes was the
formulation of a simple thermal model
that explains the increase in depth of the
oceans away from the mid-ocean ridges
(19). In this model loss of heat through
the sea floor by conductive cooling re-
sults in thermal contraction of the crust
and mantle and a deepening of the
oceans with age. In computing the ther-
mal contraction, the volumetric expan-
sion coefficient was assumed. This as-
sumption implies that contraction is ac-
commodated by flow in the rock. If the
linear expansion coefficient were as-
sumed, cracks would result, which is the
case at low temperatures and pressures
but unlikely at high temperatures and
pressures. Thermal contraction results in
a density change, and therefore this
model should predict topography, gravi-
ty, and heat flow data as a function of
crustal age. The model does explain the
major depth-age patterns in the oceans,
the general features of the gravity field,
and heat flow variations well away from
the ridge axis (20). When we try to use
this model to explain the details of the
mid-ocean ridge processes, however, we
run into trouble. We often find in the
Atlantic a deep axial valley at the ridge
axis and a gravity anomaly less than that
predicted by the model. We find in the
Pacific that the topography near the axis
is reasonably well modeled, but the ob-
served gravity is greater and the conduc-
tive heat flow is less than the predicted
values (21, 22).

Examples of topography and gravity
from the East Pacific Rise at 12°N and
heat flow data from the Galdpagos Ridge
are shown in Fig. 4a together with the
predictions of the thermal model. The
density and temperature distributions for
the 12°N spreading rate are shown in Fig.
4b. The discrepancies between the mod-
el and the data are probably the result of
the application of the volumetric expan-
sion coefficient to the crust. If the linear
coefficient is used, that is, if we allow
cracks, and if we allow convective cool-
ing of the crust by seawater circulation
through these cracks, heat is removed
from the crust far more rapidly and the
density structure can be significantly al-
tered.

Seismic reflection and refraction data
from the East Pacific Rise near 12°N

SCIENCE, VOL. 220




indicate a crust of near constant thick-
ness adjacent to and under the rise axis.
Therefore, as a first approximation we
can consider the crust as a constant-
thickness and constant-density layer of
variable depth overlying a thermally ex-
panded mantle. Differences between the
observed and theoretical gravity fields
should indicate where this approxima-
tion is weak. Figure 5a shows the 12°N
data and the gravity effect of a constant-
thickness and constant-density crust of
variable depth. Figure 5b also shows that
the gravity residuals still contain a posi-
tive anomaly over the ridge axis, and this
anomaly is too narrow to be accounted
for in terms of the thermally (volumetri-
cally) expanded mantle (23). The data
therefore indicate that higher densities
are required under the rise axis. This
anomaly can be explained in terms of a
narrow (1 to 2 km wide) dikelike body in
the lower crust that is more dense than
the surrounding crust (23) (Fig. 5c).
This result cannot be interpreted sim-
ply as the filling of cracks, generated by
thermal contraction, with water, because
the water adds mass to the crust which
exacerbates the gravity problem. One
possibility is that strain is imparted to the
crust near the ridge axis by plate driving
forces, and this strain results in a volume
increase (density decrease) that is ac-
commodated by hydrothermal alter-
ation. Stated another way, this result can
be interpreted in terms of hydrothermal
alteration of mantle material with an
associated volume increase and no mass
flow out of the lower crust. The gravity
data do not allow low-density material in
the lower crust under the ridge axis.

Constraints from Heat Flow

The observed conductive heat flow
near the rise axis is considerably less
than that predicted by the thermal model
(Fig. 4a). This discrepancy is accounted
for in terms of convective heat transport
through seawater circulation. There is
now abundant and spectacular evidence
for convective cooling by seawater, for
example, the hot-water vents found on
the East Pacific Rise (/). The rate of heat
removal by a single vent with an exit
temperature of 300°C is about 6 x 107
calories per second, and at 21°N there is
about one vent every kilometer over the
limited area where they occur (/). The
plate divergence rate here is about 6
centimeters per year, which implies that
6 m of new crust must be generated
every 100 years (on average). If we as-
sume a latent heat of freezing of 300
calories per cubic centimeter, a specific
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Fig. 7. Diagram of the model of ocean crust
formation that invokes a large steady-state
crustal magma chamber (7). In this model the
Moho is a petrologic boundary. Such a large
magma chamber is not supported by the seis-
mic data. This model is not consistent with
the gravity data, and it does not adequately
explain the narrow extrusion zone at the ridge
axes.

heat of 0.9 calorie per cubic centimeter
per degree Celsius, and a temperature of
1200°C, this implies a rate of heat injec-
tion into the crust (5 km thick) over a 1-
km length of axis of 6 x 10'° calories per
100 years. The rate of heat removal by a
single vent is 18 x 10'® calories per 100
years. Therefore, the rate of heat remov-
al is about three times that of heat em-
placement. Stated another way, if we
had a 6-m-wide injection of magma every
100 years, the convective cooling would
cool 5 km of crust to 0°C in about 30
years. Although this explains the low
values of conductive heat flow near the
axis, these data do not strongly constrain
the depth of hydrothermal circulation.
Possibly the strongest constraint on
the depth of circulation comes from the
seismic results. The absence of low seis-

Typical East Pacific Rise

Typical Mid—-Atlantic Ridge

mic velocities in the lower crust within a
few kilometers of the rise axis indicates
that the temperature here is well below
that predicted by the conductive cooling
model (23). This would be indicative of
cooling throughout the crust. This idea is
supported by observations from the
Oman ophiolite (24) and the Xigazé
ophiolite (6). These observations are also
consistent with cracking theory (25).

One further comment about the ther-
mal history of the crust should be made.
The heat flow data approach the theoret-
ical curve away from the ridge (Fig. 4a).
This result suggests that, away from the
ridge, the cracks become sealed, proba-
bly with precipitation from seawater so-
lutions, and the crust will tend to a
conductive cooling regime (26). This im-
plies that the crust must undergo a re-
heating before cooling again at much
greater ages, which could result in meta-
morphic overprinting of textures and
mineralogy acquired near the ridge axis
that would complicate interpretation of
these rocks, were they to be exposed
eventually on land.

To place the process of ocean crust
formation in the larger context of mantle
flow, it is instructive to consider models
of the upper mantle that are based on the
thermal model and include data on par-
tial melting and viscosity. I have incor-
porated partial melting data (27) and vis-
cosity estimates that include tempera-
ture and pressure effects (28) into the
thermal model, using calculations that I
have described (27). In these calcula-
tions I have assumed that the crust is
cooled very rapidly by seawater circula-

Fig. 8. (a) Diagram of
the model of ocean
crust formation in

which the crust is
formed by episodic
injection of basaltic
dikes from a mantle

reservoir and the
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trolled by the depth to which hydrothermal circulation and metamorphism extend (if the
thickness of the basaltic section is less than about 5 km). This model accounts for the fairly
uniform depth to the Moho (independent of spreading rate and mantle temperature), the
absence of steady-state crustal magma chambers, the gravity data on the East Pacific Rise, and

the seismic data.
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tion and therefore does not participate in
the conductive cooling process. More-
over, two spreading rates (1 and 4.4 cm/
year) and two assumptions for the man-
tle temperature (1100° and 1200°C) were
considered. The results are shown in
Fig. 6. At slow spreading rates and low
temperatures (Mid-Atlantic Ridge?), the
existence of partial melt even near the
top of the mantle is unlikely because the
rate of conductive cooling is large as
compared to the spreading rate. The
predicted viscosity is sufficiently high to
allow brittle fracture. This idea is sup-
ported by the observation of earthquakes
under the axis in the mantle (/8). These
high viscosities could also be responsible
for the existence of the axial valley (29).
For higher mantle temperatures (hence
lower viscosities and more partial melt)
the axial valley may disappear (Reyk-
janes Ridge). At very high temperatures
(hot spots), sufficient partial melt may be
generated to form basaltic crust of very
great thickness [Iceland (30) and possi-
bly some ophiolites]. These models sug-
gest that in the Atlantic it is extremely
unlikely (impossible) that steady-state
crustal magma chambers exist (31).
Therefore, the process of ocean crust
formation must be episodic.

In the Pacific the faster spreading rates
will allow melt to occur closer to the top
of the mantle, but we would not expect
to find large steady-state magma cham-
bers in the crust. Short-lived small mag-
ma chambers are more likely. In the case
of low mantle temperatures and high
viscosities, axial valleys may also occur
on faster spreading ridges (Gorda
Ridge?).

Models of the Process

Any viable model of the process of
ocean crust formation must account for
the following: (i) for the formation of
crust whose thickness is largely indepen-
dent of spreading rate and ridge crest
morphology; (ii) for the apparent occur-
rence of mantle material interlayered
with lava flows and pillow basalts in the
Atlantic and their absence in the Pacific;
(iii) for the episodic nature of the proc-
ess; and (iv) for the aBsence of low
densities in the lower crust under the
ridge axis in the Pacific. Three models
are considered.

Model 1. This model (Fig. 7) repre-
sents a widely held view (I) that the
process of ocean crust formation is
steady state. It is based on studies of the
Samail ophiolite. In this model basaltic
melt migrates upward from the mantle
and accumulates in a large crustal mag-
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ma chamber. A large part of the crust is
formed by steady accretion resulting
from the freezing of crystals to the sides
and roof of the chamber and by accumu-
lation of crystals settling to the floor.
The upper crust is formed by episodic
intrusion and extrusion of basalts, al-
though it is not clear why the extrusion
would be limited to the axial zone. In this
model the Moho is a petrologic bound-
ary.

This model is not viable for many
reasons. It does not explain how Atlantic
crust is formed (where there are no
steady-state magma chambers). It is not
consistent with seismic data on the East
Pacific Rise. It is not consistent with
gravity data, since the model would re-
quire a low-density zone in the lower
crust. There is also the difficulty of ac-
counting for how such a large magma
chamber would survive in the presence
of active hydrothermal cooling.

Model 2. In this model most of the
crust is composed of dikes injected epi-
sodically and the Moho represents a pet-
rologic boundary between basaltic-type
rocks and ultramafics (Fig. 8a). This
model requires that the amount of melt
available from the mantle is constant on
all ridges (in order to produce constant-
thickness crust). This requirement im-
plies that the mantle temperature must
vary by just the right amount to compen-
sate for the spreading rate-dependent
cooling and that all the melt migrate to
the surface. Although this constitutes a
highly unlikely scenario, it cannot be
ruled out at this time.

Model 3. The principal feature of this
model (Fig. 8b) is the injection of a
mixture of mantle rock and basaltic melt
into the crust. The basaltic melt, being
lighter, migrates through the viscous
mantle and accumulates near the top of
the injection diapir where it reaches the
surface episodically through dikes and
forms lava flows and pillow basalts at the
sea floor. The quantity of melt available
depends on the initial temperature of the
mantle and the spreading rate-dependent
cooling.

Hydrothermal circulation rapidly
cools the rock mass by the propagation
of cracks associated with thermal con-
traction down to depths where the
cracks no longer can remain open, about
5 to 7 km. This depth depends on rock
mechanical properties and not on
spreading rate or mantle temperature.
Thus it is likely to be constant over
widely varying ridge crest conditions.
Hydrothermal alteration of the ultramaf-
ics to a lower density and velocity is
facilitated by continual strain imparted
by the diverging plates. This strain may

explain how the increase in volume (de-
crease in density) occurs withotit an em-
barrassingly large mass transfer. A limit-
ing factor on the amount of alteration
would be the mechanical strength, that
is, the point at which the rock is suffi-
ciently weakened by the alteration that
cracks cannot remain open. In this mod-
el the Moho therefore represents the

-depth to which cracking, water penetra-

tion, and hydrothermal alteration ex-
tend.

Problems with this model concern geo-
chemical fluxes. It has been argued (32)
on the basis of global chemical fluxes
that alteration to the extent involved in
this model is unlikely and that hydrother-
mal circulation extends to a depth of
only 1 to 2 km. However, counterargu-
ments (33) based on sulfur oxidation
suggest alteration to depths of about 5
km, or the full thickness of the crust.

Conclusions

Geophysical data in the Pacific and
Atlantic indicate that the process of for-
mation of ocean crust is not consistent
with large steady-state magma chambers
containing low-density melt. A process
consistent with seismic, gravity, and
thermal data consists of episodic or
steady flow of a partially molten mantle
diapir into the crust and rapid hydrother-
mal cooling and alteration. To account
for a Moho whose depth is largely inde-
pendent of the thermal regime (spreading
rate and mantle temperature) and hence
the quantity of partial melt, the most
reasonable proposition appears to be
that the Moho represents the depth to
which water penetrates. If this is the
process by which the Moho is formed,
greater understanding of the mechanisms
of water penetration through stressed
hot rock and the associated chemical
reactions is needed to explain the details
of this process. Drilling into the lower
crust could resolve some of these prob-
lems but the demise of the Ocean Margin
Drilling Program (34), which had this
problem as one of its investigative goals,
appears to preclude this possibility.
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Molecular Biological
Mechanisms of Speciation

Michael R. Rose and W. Ford Doolittle

Recent discoveries in molecular biolo-
gy have prompted speculation regarding
their significance for evolution, with new
synthetic hypotheses receiving great at-
tention (/-16). Unfortunately, the intu-
itive appeal or conceptual breadth of a
theory is not an infallible guide to its

of evidence. At least these four are need-
ed to test the new molecular biological
proposals properly. First, there must be
a known biological effect that can lead to
reproductive incompatibility. Second,
the molecular mechanisms presumed re-
sponsible for that effect must be known

Summary. Growing recognition that much of the evolutionary history of eukaryotic
genomes reflects the operation of turnover processes involving repetitive DNA
sequences has led to the recent formulation of models describing speciation as a
consequence of such turnover. These models are of three general kinds: those
attributing hybrid infertility to the process of transposition, those attributing hybrid
infertility to mispairing between chromosomes of divergent repetitive DNA composi-
tion, and those assuming that change in repetitive DNA'’s can reset coordinated gene
regulation. These models are discussed with respect to the kinds of evidence needed
for their corroboration and to their significance for questions related to macroevolu-
tionary punctuated equilibria and genetic revolutions.

validity. Here we examine the empirical
status of some of these new hypotheses
in evolutionary molecular biology, those
relating the origin of species to the evolu-
tionary behaviors of repetitive DNA'’s.
Because of the diversity of new molec-
ular biological proposals for speciation
mechanisms, we find it convenient to
group them under three headings, and to
assess each of them in terms of four lines
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to operate in species in which the effect
is observed. Third, there must be evi-
dence that molecular mechanism and
biological effect are coupled. Fourth,
there must be parallels between biologi-
cal effect and speciation, such as in-
stances within related species in which
the effect can reasonably be interpreted
as primarily responsible for, and not
secondarily a consequence of, reproduc-
tive isolation.

By speciation, we mean the establish-
ment of biological characteristics (i) that
preclude fertilization of members of one
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population by those of another (prezy-
gotic reproductive isolation) or (ii) that
give rise to pathologies among hybrids,
or hybrid descendants, which in turn
preclude gene flow between these popu-
lations (postzygotic reproductive isola-

tion) (17).

Molecular Mechanism 1:

Genomic Disease

The view that many, although not all,
transposable elements provide no func-
tional benefit to the organism is now
commonplace (//-14). Whether or not
such elements decrease organismal fit-
ness is as yet uncertain. It is clear on
theoretical grounds that transposable el-
ements can decrease fitness and yet be
maintained within Mendelian popula-
tions (/8).

Transposable elements are potentially
important for the phyletic (within-spe-
cies) evolution of both Mendelian and
asexual populations (/0, 14, 19). An anal-
ogy with disease suggests that they might
also be important in the formation of new
species, a process that can be uncoupled
from phyletic evolution. If an isolated
population has either lost or failed to
acquire transposable elements that have
spread throughout remaining popula-
tions of the species, then it may lack
some property establishing immunity to
these elements. Matings between indi-
viduals of that isolate and individuals of
other populations could lead to abnor-
malities resulting from proliferation of
the novel, disruptive, transposable ele-
ment (20). Such abnormalities could lead
to sterility of F; or F, hybrid progeny,
thereby establishing postzygotic repro-
ductive isolation. To avoid gamete wast-
age, natural selection might then act to
establish behavioral or mechanical (or
both) prezygotic barriers to mating. This
is in effect a ‘‘genomic disease’” model
for speciation.
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