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ABSTRACT

A steady-state model for plate accretion at oceanic ridges, devel-
oped using constraints mainly from western Newfoundland ophio-
lite complexes, involves four main rheological components: (1) a
convectively cooling lid accelerating from the ridge axis across a
zone of decreasing dike-injection rate and thickening by the addi-
tion of extrusive basalts above and gabbro underplating beneath;
(2) a wedge-shaped magma chamber with a flat floor; (3) a dif-
ferentially subsiding wedge of cumulates; and (4) a narrow axial
partially melting Therzolite-derived diapir from which basalts are
liberated over a narrow axial welt into the magma chamber and
from which residual harzburgites are plated near the axis below the
base of the subsiding cumulates. The axial depth of the magma
chamber determines the thickness of plated gabbro. The basal
width of the magma chamber and the height of the partially melted
welt control the thickness of cumulates and the final attitude of
cumulate banding,.

INTRODUCTION

Models for the geometry of plate accretion at oceanic ridges have
been developed by several authors using a variety of data bases and
constraints. Adopting the view that ophiolite complexes (Penrose
field conference participants, 1972) represent detached slices of
oceanic crust and lithosphere, Church and Riccio (1974), Dewey
and others (1973), Greenbaum (1972), and Moores and Vine
(1971) have used geometric, petrologic, and structural data to con-
struct models. The models of Cann (1974), Moore and others
(1974), and Sleep (1975) were developed using petrologic and
theoretical geometric and thermal constraints from oceanic data.
Numerous workers have pointed out that the thickness and petrol-
ogy of the internal units that compose well-developed ophiolite se-
quences match our present understanding of the oceanic crust very
well in a general way and, although the thickness of individual
ophiolite complex units may vary considerably, the range of thick-
ness variation is comparable with layer thickness variation re-
corded in the oceans (Coleman, 1971; Dewey and Bird, 1971;
Moores and Jackson, 1974).

The general sequence of rock types in ophiolite complexes, par-
ticularly in those in western Newfoundland with which we are
most familiar, consists, from base to tope, of harzburgite—minor
dunite-rare lherzolite, with metamorphic textures and a complex
and pervasive high-temperature deformation history; cumulate du-
nite below a cumulate transition sequence of dunite, feldspathic
dunite, wehrlite, feldspathic wehrlite, clinopyroxenite, and gabbro
containing zones affected by penetrative high-temperature defor-
mation; banded cumulate gabbro, clinopyroxenite, and anortho-
sitic gabbro; more isotropic and homogeneous, somewhat leuco-
cratic gabbro with irregular pods and veins of trondhjemite near
the top and with diabase dikes increasing in abundance toward the
top; a sheeted diabase dike complex with minor trondhjemite
bodies near the base; and a pillow lava complex with an increasing
percentage of dikes, and sometimes sills, toward the base.
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We present here a steady-state model for the geometry of plate
accretion, with constraints drawn mainly from our observations in
the following ophiolite complexes in western Newfoundland: Bay
of Islands Complex (Williams, 1973), Mings Bight Complex
{Norman and Strong, 1975), and Betts Cove Complex (Upadhuay
and others, 1971). The model is generalized and does not consider
the topography and shallow structural morphology of ridges but
rather attempts to account for, in particular, the thickness ratio of
isotropic gabbro to cumulates, the geometry of cumulate layering,
and the progressive geometric development of the pillow and
sheeted complexes. Furthermore, we avoid a discussion of layer
thicknesses and the problems of precise correlations of ophiolite
complex layering with oceanic crustal layering.

CONSTRAINTS FROM OPHIOLITE COMPLEXES

The following list of constraints imposed on the geometry of
plate accretion is drawn mainly from our own and published ob-
servations on the Bay of Islands, Mings Bight, and Betts Cove
Ophiolite Complexes in western Newfoundland but include pub-
lished observations on other ophiolite complexes, including
Troodos {Gass and Smewing, 1973; Greenbaum, 1972; Kidd and
Cann, 1974; Moores and Vine, 1971) and Vourinos (Jackson, and
others 1975; Moores, 1969).

1. In most ophiolite complexes, from 500 m to 1 km of pillow
lavas are developed, within which the percentage of dikes increases
downward until the base is defined as the level at which the lower-
most screen of pillow lava is found, indicating that lateral exten-
sion strain increases downward from zero at the top to infinite at
the base. This shows that the complete pillow complex cannot be
accumulated in batches of full thickness, but that the pillow com-
plex, as it accelerates from the ridge axis to the half-spreading rate,
must grow from zero thickness at the axial singularity (exact axis
of injection at any time), where the top of the sheeted complex
must lie just below the surface, to its full thickness some distance
from the singularity in a zone of decreasing lateral-extension (dike-
injection) rate. '

2. Sills become common toward the base of the pillow complex
in the Betts Cove Ophiolite, indicating that sill injection accounts
for a part of the thickness growth of the lower part of the pillow
complex. We suggest that this may be common, but as yet unrec-
ognized, in other ophiolite complexes.

3. Sheeted complex dike widths are commonly in the range 20
cm to 1 m, which, for a half-spreading rate of 1 to 10 cm/yr, indi-
cates an average of one dike emplaced every 1 to 50 yr.

4. Sheeted complex dikes commonly preserve only one chilled
margin with a preferred chilling direction, indicating that dikes are
split to allow further dike injection and that most injection takes
place over a very narrow zone away from which dikes are injected
at a rapidly decreasing rate.

S. Sheeted complex dikes are notably and consistently aphyric.
The fissures in which the dikes form must either be tapping magma
without phenocrysts or tapping fluid segregating from a mush of
crystals and interstitial fluid. If the latter is occurring, the composi-
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tion of the liquid should not be very different from the primary
magma if crystallization of the mush crystals has mostly occurred
around a cotectic, which is likely in the light of oceanic data
(T. Shibata, 1976, verbal commun.) and from the fact that the
more leucrocratic homogenous gabbros in ophiolite complexes do
not, in our experience, show significant zoning of individual min-
eral grains. It is possible that the crystal mush, where present, may
ascend some way up from the bottom of any dike-filled fissure; this
may partly account for the absence of sharply defined bases of indi-
vidual dikes in ophiolite gabbros.

6. There is a strong contrast in grain size between dikes and
gabbro, indicating a rapid cooling of gabbro before the emplace-
ment of a particular dike, supporting the idea (Anderson, 1972;
Lister, 1972) of hydrothermal convective, rather than conductive,
cooling of the upper part of the oceanic crust as it travels from the
axial singularity. We conclude that the depth of the transition from
sheeted complex to gabbro and, therefore, the thickness of the
100% sheeted dike layer is most probably controlled by the lower
limit of hydrothermal circulation at the axial singularity. The
numerous anastamosing breccia zones observed within the sheeted
complex in some ophiolite complexes also suggest pervasive hy-
drothermal circulation (Williams and Malpas, 1972).

7. In western Newfoundland ophiolite complexes, the transition
from 100% sheeted dike complex to gabbro with less than 5%
dikes takes place over a vertical thickness of about 250 m when
viewed on a broad scale. On a finer scale, the transition is not
homogeneous; at any level within the transition, zones a few tens of
metres wide consisting mainly of dikes alternate laterally with simi-
lar zones consisting mainly of gabbro. In Mings Bight, one example
about 300 m wide consists, near its base, of 95% dikes penetrating
about 200 m lower into gabbro than nearby. Each zone of greater
dike concentration up to a few hundred metres wide and deep was
therefore a temporarily preferred site of dike injection.

8. In the homogeneous gabbro, dikes decrease in percentage
downward, although we have not traced any one unambiguously
to its roots. Dikes do not gradually increase in grain size to merge
with gabbro. This means that the amount of lateral extension de-
creased from infinite at the base of the sheeted complex to zero at
the base of the homogeneous gabbro where the last dike dies out, in
turn indicating that individual dikes cut solidified gabbro and are
then underplated by gabbro as they move away from the axial sin-
gularity, just as dikes and flows in the pillow complex are pro-
gressively overplated by lava flows.

9. Rocks of trondhjemitic type are found in the homogeneous
gabbro, generally where it is cut by 5% to 20% dolerite dikes. A
few occur within the base of the 100% sheeted dike layer. These
bodies range from small individual tension gashes and veins
through areas of net-vein breccia a few metres to tens of metres
across and, exceptionally (Troodos), bodies as much as 1 km in
original horizontal width. They are clearly associated with the
sheeted-complex—gabbro transition and are part of the ophiolitic
magmatic sequence, because many examples cut some dolerite
dikes but are cut by others. One example in Troodos is so greatly
dissected by dikes that it must have formed very near the axis of
injection. Many of these bodies show clear intrusive relationships
(net-vein breccias); their mineralogy, texture, and relationships to
adjacent rocks, particularly where they crosscut dolerite or contain
dolerite or gabbro xenoliths, show that they are not directly hy-
drothermally altered gabbro, even though such alteration may
occur locally.

10. The upper part of the overall gabbro layer, including that
within the transition into dike complex, is generally very
homogeneous but locally shows diffuse banding a few centimetres
or less thick. This homogeneous gabbro is somewhat richer in
plagioclase when compared to gabbros of, for example, .isolared
thick tholeiitic sills and dikes. Plagioclase flotation in a magma
chamber is probably not necessary to explain this slight enrichment
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in plagioclase, particularly because the clinopyroxene content is
still large and grains are not interstitial. Also, the presence of
plagioclase-rich bands in the underlying cumulate gabbros suggests
that plagioclase flotation is not important. The slight concentration
of plagioclase may be entirely due to extraction of mafic phases by
accumulation from the parent melt. The local diffuse banding may
indicate slight changes in water pressure and (or) temperature in
the magma chamber.

11. The thickness of homogeneous leucogabbro cut by diabase
dikes is a poorly known parameter in well-preserved ophiolite
complexes with thick gabbro layers. The upper part with abundant
dikes is clearly not less than 300 m thick, but data on the depth to
which less abundant dolerite dikes occur is difficult to find. The
Mings Bight Complex contains diabase dikes through at least 750
m of gabbro. The Troodos Complex appears to contain diabase
dikes nearly as far down as the base of the gabbroic layer; the
thickness that this represents depends on the structural interpreta-
tion preferred for the central part of the complex. If it is a gentle
dome (Wilson, 1959), it is not more than about 1 km; if the west-
ern side of the central part is the steep limb of a monocline (our
interpretation), it may be as much as 3 km. The Betts Cove Com-
plex has a very thin gabbro layer; where it is clearly cumulate, it
contains no dolerite dikes, but where it is homogeneous and not
provably cumulate, dikes are found throughout almost all of the
250 m of gabbro. The other complexes do not, at present, provide
additional data.

It is important to emphasize that this discussion refers to dolerite
and (or) gabbro dikes that do not cut the cumulate or the noncumu-
late ultramafic rocks. The fact that the dikes of the sheeted complex
are “rootless” requires that they were fed from a magma chamber
and that the gabbro they cut was plated onto the roof of that
chamber. Later events affecting already consolidated oceanic crust
are local and may include hot-spot—type magmatism, arc volcano
construction in a rear-arc basin, and effects where crust passes a
ridge-segment end across a transform-fault—fracture-zone transi-
tion. In all cases, dikes would be expected to cut comulate gabbros
and ultramafic rocks and the noncumulate ultramafic rocks. This
can be seen in the Mings Bight Ophiolite Complex, where large
porphyritic dolerite dikes cut all members of the ophiolite complex
and feed large sills within the volcaniclastic-sediment—pillow-lava
sequence that lies on the ophiolite complex proper.

12. Because of the difficulty of distinguishing plated roof gabbro
from rapidly deposited homogeneous cumulate gabbro, the
maximum thickness of cumulate gabbro in ophiolite complexes is
poorly known. Although there is a transition between the cumulate
ultramafic and gabbroic rocks, we use the definition of a significant
content of olivine and (or) orthopyroxene to define the cumulate
ultramafic layer, leaving clinopyroxene-rich bands unaccompanied
on a broad scale by olivine or orthopyroxene-rich bands to be part
of the banded cumulate gabbros, because this is an easily recog-
nized field criterion even when the rocks are somewhat altered.
Given this definition, not more than 500 m of banded cumulate
gabbro has been proved to exist in well-preserved ophiolite com-
plexes, although 2 km or more may exist in the Bay of Islands,
Papua, and perhaps the Oman; Betts Cove and Mings Bight con-
tain not more than 100 to 300 m.

13. The most reliably established section of cumulate ultramafic
rocks comes from Vourinos (Jackson and others, 1975); even
though it is composite and crossed by faults, a minimum thickness
of 1 km of ultramafic cumulates is present, given the definitions
above. This section show cycles of deposition, which may indicate
batch or intermittent supply of magma. Interpretation of the struc-
ture of the western margin of the Troodos massif as a steep
monocline limb leads to a maximum thickness of 1.5 km for the
ultramafic cumulates, including the lower 300 m of dunite. The Bay
of Islands Complex probably contains a similar thickness, with the
lower part also being cumulate dunite and feldspathic dunite.
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14. Although cumulate gabbros and transition-zone rocks and
particulary cumulate dunite contain zones affected by penetrative
high-temperature deformation, regular undisturbed cumulate
layering in the gabbros and ultramafic cumulates demonstrates that
ophiolite magma chambers have flat floors. Yet, in the Bay of Is-
lands Complex, the orientation of cumulate layering relative to
gross unit layering varies from roughly parallel at the base and top
of the cumulate sequence to as much as 90° in the middle of the
cumulate sequence.

15. Although detailed cumulate layering cannot be laterally
traced for long distances, as it can in many layered mafic plutons,
there is no evidence that crosscutting individual plutons can be de-
fined within the gabbro and ultramafic cumulate layers. Therefore,
a steady-state mechanism must be inferred for the development of
cumulates and homogeneous gabbro.

16. The boundary betwéen the cumulate and deformed non-
cumulate ultramafic rocks has been shown to be sharp and trace-
able for 1 km in the Vourinos complex. In the Bay of Islands Com-
plex, this boundary is somewhat obscured because the lower ul-
tramafic cumulates are in part penetratively deformed, a situation
that also seems to be the case on Troodos at the base of the dunite.
The basal cumulates must therefore be deposited on a noncumulate
residuum sufficiently consolidated to preserve the gross cumulate
layering but plastic enough to allow their deformation.

17. As the spreading process pulls the lithosphere apart, this
harzburgite “basement” has to be formed at the magma supply axis
immediately prior to depgsition of cumulate material on it; it can-
not be much older basement as some have previously suggested.

18. The lack of intrusive crosscutting mafic material in the re-
sidual harzburgite and overlying ultramafic cumulates of well-
preserved ophiolite complexes show that the extraction of partial
melt at the supply axis is extremely efficient and must occur over a
very narrow zone closer to the supply axis than the position at
which the first cumulates are deposited.

19. The occurrence of residual harzburgite immediately below
cumulates and the existence of at lease 7-km thickness of harzburg-
ite in part of the Bay of Islands Complex show that efficient melt
extraction and residuum plating occurs from the level of cumulate
deposition and that it must continue progressively to at least 7 km
below that level.

20. Where magma is released into the chamber at the level of
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cumulate deposition, it is possible that residual olivine and or-
thopyroxene crystals may be expelled periodically or continuously
some way into the magma before falling back. If this process oc-
curs, (1) cumulate layers of residual crystals may be found in basal
cumulates, and (2) there may be (or have been before deformation),
in places, a transition between noncumulate, plated harzburgite
and cumulate harzburgite composed of residual crystals.

MODEL

Our steady-state model for the evolution of the zone between the
ridge axis singularity and a position where the oceanic crust is
finally consolidated and accelerated to the half—spreading rate is il-
lustrated in Figure 1. This zone consists of four rheological compo-
nents; a lid thickening from the axial singularity, a wedge-shaped
magma chamber from which gabbro is plated to the base of the lid,
a subsiding cumulate zone beneath the magma chamber, and a nar-
row welt of harzburgitic residuum discharging basaltic magma
over a very narrow zone at the axial singularity.

The lid consists, at the axial singularity, of the full thickness of
the sheeted complex, the top of which is just below a thin capping
of pillow lavas fed by axial dikes and the bottom of which is tap-
ping the magma chamber (13 in Fig. 1). Dike chilling statistics
(Moores and Vine, 1971; Kidd and Cann, 1974) indicate that dikes
are injected over a narrow axial zone; this is supported by magnetic
anomaly data from which Atwater and Mudie {1973) argued a
half-width of dike injection from 0.72 to 2 km, whereas Larson and
Spiess (1969) suggested 0.28 km. Support for a narrow axial injec-
tion zone half-width comes from observations of the inner floor of
axial rift valleys; ARCYANA (1975) suggested a maximum of 1.25
km, and Moore and others (1974) indicated a maximum of 0.6 km
from surface eruption half-width. The models of Cann (1974) and
Moore and others (1974) involve an extremely narrow dike-
injection zone, with flows spreading as much as 0.6 km from the
axial singularity; this means, assuming isostatic compensation, that
the pillow and sheeted complex accelerate very rapidly to the half-
spreading rate, that rotation and thinning of flows must occur, that
the thickness of the pillow complex is limited by the distance that
lavas flow from the axial-injection zone, and that the contact be-
tween pillow and sheeted complex will be essentially nontransi-
tional, with few or no dikes penetrating the pillow complex. How-
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ever, because perfect one-way chilling does not occur in the sheeted
complex, because dikes increase in percentage downward in the pil-
low complex, and because the evidence suggests that individual
flows do not travel more than 0.5 km from their source because
systematic lateral chemical and petrologic changes occur in the
FAMOUS area emissive zone (Ballard and others, 1975), we prefer
dike injection and flow accumulation rate modes of exponential
form where the zone of eruption roughly concides with the zone of
dike injection (Fig. 2B), represented in the FAMOUS area
(ARCYANA, 1975) by the axial mound.

Integration of the dike injection rate gives half-spreading veloc-
ity, and integration of flow accumulation rate gives pillow complex
thickness (Fig. 2B) (Deffeyes, 1970; Anderson and Noltimier,
1973). Assuming perfect isostatic subsidence of the thickening pil-
low complex, there are three ways in which the subsidence may be
accommodated. The simplest is by vertical faulting (Fig. 2D) either
(1) on faults with the same slip rate with an exponentially increased
spacing, or (2} on evenly spaced faults with a decreasing slip rate,
or (3) by continuous slip at a decreasing rate on faults formed very
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Figure 2. Models for accretion and thickening of magma chamber lid
comprising pillow-sill complex, sheeted dike complex, and plated gabbro.
A, section showing proposed thickening of lid by addition of pillow-sill
complex and plated gabbro (followed by fissuring and conjugate faulting
observed by ARCYANA, 1975, in FAMOUS area). B, a = dike injection
(lateral extensional strain) rate; b = basalt accumulation rate; ¢ = lateral
velocity of lid relative to axial singularity (half-spreading rate — integrated
dike injection rate); d = thickness of pillow-sill complex (integrated dike
basalt accumulation rate). C, continuum acceleration of lid through thick-
ening continuum bend fold in isostatic equilibrium. D, continuum acceler-
ation of lid with isostatic equilibrium maintained by gravity faulting.
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near the axial singularity. Conditions 1 and 2 would involve the
development of underplated faults in the homogeneous gabbro and
overplated faults in the pillow complex. Condition 3 would involve
faults that penetrate the full thickness of the lid but have a decreas-
ing vertical displacement upward and downward from the sheeted
complex. Dikes injected away from the axial singularity are likely
to follow these faults and show a spectrum of relationships, from
intruding fault breccias to being deformed themselves. A more
complex possibility, illustrated in Figure 2C, is a nonfaulted model
whereby the sheeted complex accelerates through a thickening
bend fold. Again, dikes will be progressively underplated and over-
plated and decrease in pércentage away from the sheeted complex,
but the bend fold will have a neutral surface of maximum shearing
strain, above which compressional strains and below which exten-
sional strains develop. This will lead to dikes developing sigmoidal
forms (For example, dike 1-2 progressively displaced to 1'-2’, Fig.
2C), the final degree of sigmoidal formation depending upon the
proximity of initial injection to the axial singularity. Parts of dikes
that have undergone pronounced rotation have not been detected
in ophiolite complexes but, as they will be difficult to detect, this is
not at present a criterion for rejecting this hypothesis. Sub—neu-
tral-surface extensional strain may enhance the injection of dikes
that do not rise above the neutral surface (3 in Fig. 2C).

A further feature of both fault and bend fold modes may be the
injection of sills (Fig. 2C; 15 in Fig. 1) low in the pillow complex, as
suggested for self-perpetuating sheet swarms in Iceland (Walker,
1975). We regard the bend-fold hypothesis as unlikely for normal
ridge segments because the rocks involved are in regional tension
and under physical conditions that will lead to brittle, not ductile,
deformation. If the lid is subject to fissuring and then conjugate
faulting (Fig. 2A), as in the inner rift valley (gja and fracture modes;
ARCYANA, 1975) the pillow complex, in particular, will be cut by
a complex sequence of fissure and fault breccias, with the basal part
of layer 1 sediments showing showing complex facies variations
from pelagic sediment to talus breccias. The occasional off-axial
mound volcanism recorded by ARCYANA (1975) enhances the
view that the sides of the tapering magma chamber extend beyond
the zone of axial dike injection and surface eruption and that
further minor acceleration is accomplished by strain largely unac-
companied by magmatism beyond the main magmatic zone.

The width of the magma chamber can be estimated from cooling
calculations giving estimates for the rate of deposition of the cumu-
lates. Hess (1960) estimated rates of accumulation in the Stillwater
layered mafic pluton from conductive cooling calculations. As it is
likely that convective removal of heat by water from the oceanic
lithosphere near the ridge axis exceeds, by an order of magnitude,
his values for conductive heat removed, these estimates can be
taken as minimum values for accumulation rates. He obtained ac-
cumulation rates of 5 cmiyr for ultramafic cumulates (slow) to 15
cm/yr for gabbro cumulates (fast), with 10 cm/yr as an average val-
ue. At these rates, he estimated the Stillwater Complex (8 km thick)
to have solidified in not more than 10° yr. Applying this estimate to
ridges spreading at 1 and 10 cmiyr half-rate, the magma chamber
will extend 1 km and 10 km, respectively, from the ridge axis; this
is in reasonable agreement with widths estimated on the basis of
surface magmatism and topography.

Hydrothermal circulation in the lid (Fig. 1) is probably responsi-
ble for the convective cooling of the crust indicated by heat-flow
studies (Anderson, 1972; Lister, 1972) and probably defines the
thickness of the sheeted complex and, to a large extent, the rate at
which gabbro is plated to the magma chamber roof. Hydrothermal
circulation is also likely responsible for the extensive sulfide-
zeolite-epidote-chlorite-calcite-quartz mineralization and (or)
alteration of sheeted and pillow complexes (Gass and Smewing,
1973; Scott and others, 1974) and for the hydrous phases and
alteration in the upper parts of the homogeneous gabbros.
Mineralization of fractures will cause their progressive healing
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away from the axial singularity (Schreiber and Fox, 1976), which
in turn is likely to cause the lower limit of hydrothermal circulation
to progressively rise and may accouw:t (Fox and Delong, 1976) for
the thinning of layer 2A away from ridge axes (Houtz and Ewing,
1964).

The maximum thickness (¢,) of plated gabbro is controlled by the
axial depth (d) of the magma chamber. The dip(8) of successive
freezing surfaces is controlled by the depth/width ratio of the
magma chamber (Figs. 1, 3). The occasional wispy banding ob-
served in the homogeneous upper opaiolite gabbros may be a ‘plat-
ing band’. The shape of the magma chamber and attitude of the
plating surface, possibly controlled by hydrothermal circulation
and perhaps by spreading rate, control the shape and, therefore, the
strength of the lid. If the lid is considered as a beam or cantilever
with a fulcrum at the bottom edge of the magma chamber, it is
supported partly by its own tensile strength and partly by underly-
ing magma. The support by the magma is due to the flotation ef-
fect; as the magma must be somewhat less dense than the solid lid
derived from it, this cannot completely support the lid. Overpres-
sure in liquid magma is not a realistic mechanism for supporting
the lid in the situation in which dike widths indicate extrusion and
consequently pressure release every 1 to 50 yr. Therefore, for a lid
generated above a magma chamber with a large depth to width
{diw) ratio, the lid is more likely to be capable of self-support and
less likely to be faulted. Also, as illustrated in Figure 3 A and (A),
homogeneous gabbro plated on a stzeply inclined surface is less
likely to be subsequently injected by dikes because the thick part of
the lid is far less likely to break than the thin axial part; this will
give rise to a rapid decrease in dike percentage below the sheeted
complex and a very narrow axial injection zone. By contrast, a lid
above a magma chamber with a small depth to width (diw) ratio is
less likely to be self-supporting, more likely to be faulted, may pos-
sess a wider axial injection zone, and may result in dike percentage
in the homogeneous gabbro decreasing more gradually downward
(Fig. 3, B and (B), C and (C).

It has been proposed that the magma chamber consists mostly or
entirely of “mush,” a self-supporting framework of crystals with
30% or less residual interstitial liquid (Sleep, 1975). This, if true,
would provide an excellent method to support the lid. Extra sup-
port by some means is probably necessary because the magnitude
of the bending stresses that can be calculated for the lid underlain
by magma are very large and greatly exceed the predicted strength
of the rocks. However, the existence of a significant thickness of
cumulates requires the zone over which they formed to be magma;
they would not exist if it were a self-supporting mush. Our model
(Fig. 1) allows mush to exist beyond the plating and accumulation
surface boundaries, but not inside them.

A possible consequence of slight rotation and subsidence of the
lid is plastic deformation at the bcttom edge of the magma
chamber. An isolated zone of deformation in otherwise fairly
homogeneous gabbro, therefore, might be an expression of the
plated to cumulate boundary. The Bet:s Cove Ophiolite Complex
shows a feature that probably resulted from this process; the base
of the gabbro layer that contains dikes shows a folding of the dikes
over a thickness of about 100 m from an attitude perpendicular
and higher up to parallel and lower down, with the cumulate band-
ing immediately below. Such folding of dikes may be common
where lids have a large width/thickness ratio. It is possible that
blocks may stope from the plating surface (11,12 in Fig. 1) and sink
to become incorporated in the cumulates below, but we have not
observed evidence (for example, gabbro xenoliths containing
diabase dike segments) of this process in the ophiolite complexes
with which we are familiar.

The origin of the trondhjemites, which are mainly restricted to
the upper part of the gabbro and the lowest parts of the sheeted
complex, is problematic, apart from the observation that they must
form within the zone where active dike injection is proceeding. If
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crystallization is taking place on a cotectic, as is likely, the volume
of liquid that gets to trondhjemitic compositions is extremely small.
Furthermore, there is a problem in finding a real process to segre-
gate this small volume of liquid from where it must form in residual
pore space of the plated gabbro. Small areas of net-vein breccia can
probably be accounted for by faulting and disturbance of the lid,
thus remobilizing any trondhjemitic residual fluid, but larger
bodies, such as those in Troodos, are difficult to explain. This
difficulty is, however, general to all models so far proposed.

The oceanic crust must be finally consolidated by welding of the
gabbro plating downward on the magma chamber roof to the
cumulate gabbro below. The magma chamber near this point is
likely to be thin and crystallization rapid, because it is the farthest
point from the mantle magma supply axis. It is relatively difficult to
identify rapidly deposited homogeneous gabbro cumulates on their
own and, therefore, it is difficult to distinguish them from gabbro
plated on the adjacent roof. The base of the plated roof gabbro,
therefore, may be extremely hard to identify unequivocally in many
ophiolite complexes.

If the shape of the lid and underlying magma chamber is domi-
nantly controlled by the extent of hydrothermal circulation, wider
axial injection zones are likely to characterize parts of ridges where
circulation is more restricted and conductive cooling is more im-
portant. The wider axial injection zone (~50 km) in Iceland (Dai-
gnieres and others, 1975) may result in this way above a magma
chamber with a small diw ratio, because pervasive hydrothermal
circulation is only very locally developed as the axis is above sea
level.

Assuming a steady-state model, there are two ways of building a
cumulate sequence. Cann’s (1974) and Greenbaum’s (1972) solu-
tion involves an axial zone of basalt discharge at the base of a
wedge-shaped magma chamber from which the cumulate surface
rises to the edge of the magma chamber. In such a model, the thick-
ness of cumulates is governed solely by the difference in elevation
of the cumulate surface between axis.-and edge of the magma
chamber, the angle between cumulate banding and gross lithologic

pillow/sill complex

sheeteddike complex

magma chamber
isotropic gabbro
w

Figure 3. A, B, C, schematic illustration of dependence of thickness of
plated gabbro (tp) and cumulates (tc) on magma chamber depth (d), height
of axial lherzolite welt (h), and width of magma chamber (w). Sections (A),
(B), and (C) show proposed dike distribution in plated gabbros of A, B, and
C, respectively.
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layering is the angle of rest of the cumulate surface, thickness of
cumulates is the product of magma chamber width and the tangent
of angle of cumulate rest, and, to account for vertical petrologic
variation from dunite to gabbro, the magma chamber must be lat-
erally zoned. For a magma chamber with a half-width of 5 km and
cumulate angle of rest of 5°, the thickness of cumulates would be
0.44 km. In the Bay of Islands Complex, there are at least 2.5 km of
cumulates; with a tolerable cumulate rest angle of 5°, the magma
chamber would have a half-width of 28 km; for likely half-widths
of ~5 km, the cumulate angle of rest would be an impossible 26.5°.

Sleep’s (1975) model obviates these geometric difficulties by in-
voking a flat magma chamber floor and steady-state differential
subsidence of that floor. We also adopt this geometry in our model
(Fig. 1), whose corollaries are as follows. Basaltic magma must be
discharged to feed the magma chamber from a very narrow axial
zone to account for the sharp cumulate-harzburgite surface and the
general lack of mafic dikes in the cumulates. This implies a tapering
rising diapiric welt of partially melted lherzolite from which re-
sidual harzburgite is plated under the base of the subsiding cumu-
lates. The thickness of cumulates (¢,) measured perpendicular to
gross lithologic layering is controlled by the subsidence trajectory
of the base of the cumulates away from the axial diapir and the
height (b) of the axial diapiric welt (Fig. 3). However, a maximum
value of ¢, is placed by the basal width (1) of the magma chamber
(Fig. 3}, unless gross expansion of the volume of the cumulate pile
is allowed after deposition, which is unlikely. Differential subsi-
dence is a necessity of the model. The subsidence rate, as shown in
Figure 1, decreases from a maximum near the axial welt to zero at
the edge of the magma chamber; if a different shape is assumed for
the welt, it might increase to a maximum and then decrease to a
minimum, but we consider this possibility less likely. The subsi-
dence causes a progressive bending deformation and rotation of
cumulate banding, so that final banding orientation in the consoli-
dated mature cumulate sequence describes a sigmoidal form rela-
tive to gross lithologic layering (Figs. 1, 3); the degree of rotation
depends on the cumulate subsidence trajectory, which is controlled
by the shape and therefore the rate of subsidence of the axial welt
harzburgites. We believe that the variation of cumulate banding
orientation in the Bay of Islands Complex (Smith, 1958; Williams
and Malpas, 1972) resulted from such rotation. It is important to
note that the overall cumulate section exposed in the Bay of Islands
Complex is at right angles to the general orientation of dikes in the
sheeted complex and therefore to the ridge axis that generated it, as
in Figure 1, and can therefore be expected to show this phenome-
non if our model is correct. Other ophiolite complexes may have
sections of cumulates overall parallel to general dike orientation; in
this case, false inferences about the dip and therefore the thickness
of the gross layering may be made by extrapolation from the dip of
individual layers seen in outcrop. In our model, as in those of Cann
(1974) and Greenbaum (1972), individual horizons deposited at
the same time rise from the base to the top of the cumulates, thus
changing composition from dunite to gabbro. This means that the
magma chamber, or at least cumulate deposition, must be laterally
zoned accordingly.

Further possible consequences of this mode of cumulate devel-
opment are as follows. An increased pulse of axial diapiric rise
would produce an axial ridge on the magma chamber floor with
outward slopes (1 in Fig. 1). This would produce slumping and
outward flow of cumulates, giving rise to slump- and flow-type
folds (7 in Fig. 1) and perhaps a flow lineation parallel with the
spreading direction; if the increased pulse were persistent, a new
higher level cumulate floor would be established, leading to thicker
cumulates and thinner plated gabbro. Conversely, a sinking of the
welt would lead to the same effects but in the opposite sense. A va-
riety of deformation structures are seen in zones in the banded
cumulate ultramafics and gabbros. The commonest is a gneissic
foliation parallel to cumulate banding, varieties also including a
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strong lineation. This fabric is not a result of the weak grain
alignments produced by cumulate deposition; cumulate grains are
deformed and polygonized, and examples, where this fabric is
slightly oblique to banding or axial surface to flow-type folds of
banding, demonstrate that the deformation postdates accumula-
tion. This deformation can be shown to be a ridge axis deformation
from folds locally crosscut by and from xenoliths of foliated gab-
bro contained in undeformed gabbro. Other deformations seen in-
clude a banded gabbro—anorthosite dike in the cumulates of the
Mings Bight Complex that probably originated by bulk remobiliza-
tion of a layer with residual interstitial liquid through overlying
consolidated cumulate layers, a process also inferred by Hopson
(1975) in the Point Sal Complex. Large-scale boudinage of cumu-
late layers is well displayed in the Betts Cove Complex, where
boudins of websterite and wehrlite layers can be traced within
cumulate gabbro.

Underplating of harzburgite may occasionally lead to the en-
trapment of lherzolite lenses in various stages of partial melting,
depending upon the depth at which they are entrapped (5 in Fig. 1),
varying from primitive lherzolite or ariegite (Church, 1972), to
gabbro lenses (24 in Fig. 1). These appear to be very rare and the
extraction of melt from residuum to be extremely efficient. A vari-
ety of small localized rootless dikes, mainly websterite and dunite
but occasionally gabbro, occur in the harzburgites and lower cumu-
lates of the Bay of Islands Complex and may have originated from
the partially melted lherzolite—paleted harzburgite interface, later
becoming underplated by harzburgite (1, 3 in Fig. 1).

The complex, sometimes polyphase, high-temperature deforma-
tions observed in the harzburgites and those in zones in the lower
cumulates of western Newfoundland and other ophiolite com-
plexes are of essentially identical character, and we do not believe
that a separate explanation for each is justified. We suggest that
they mainly originate in a zone of high shearing strain induced be-
tween the rising axial diapir and the subsiding cumulates. Plated
harzburgite, cumulates, and the rootless dikes would move pro-
gressively through a zone of high shearing strain in which deforma-
tion, filter pressing, and local dike injection overlap in a complex
way. If differential cumulate subsidence is strong, bending defor-
mations of cumulate layering may be important (10 in Fig. 1) giv-
ing rise to local intrados-extrados relations, which may account for
the fact that in the Bay of Islands Complex, some layers show
boudinage and others open buckle folds (21 in Fig. 1). Oscillation
of the level of the top of the axial welt may add to these effects and
will probably produce similar structures, by slumping processes,
whose effects will be localized mainly at the base of the cumulates.
Suggestions that the deformation structures in the ultramafic rocks
are produced by shearing on the lithosphere low-velocity zone are,
we suggest, inappropriate for the harzburgites, which must be
plated near the ridge axis in a zone where relative transport of ma-
terial is dominantly in a vertical sense. This dominance of vertical
transport at the axis, combined with the observations that the de-
formation fabrics are always essentially parallel to the gross
lithologic layering and that the deformation fabrics affect some of
the cumulates, argues in favor of our model for the development of
the cumulate and underlying rocks.

There are some problems that cannot be resolved from data
available now. These are as follows: the relative thicknesses of
plated gabbro, cumulate gabbro, and cumulate ultramafics;
changes in these as a function of magma chamber width; the origin
of large trondhjemite bodies; and correlations between spreading
rate, magma chamber width, and thicknesses of the various units.

The amount and composition of magma supplied for a given in-
crement of spreading on normal ridge segments appears to be fairly
constant, because the total thickness of crust in normal oceanic
situations is fairly consistently 6 to 7 km and because compo-
sitional variations of erupted magmas are small and insignificant
compared with the variation at any one site. Taking the overall
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composition and amount of mafic material to be essentially con-
stant, then the amount of ultramafc cumulates at the base of any
section of oceanic crust can be changed only in one of two ways.
One is to allow the gabbro to be overall more (or less) mafic; the
other is to change significantly the combined thickness of the pil-
lows and dikes. Differences in the overall composition of the gab-
bros in different ophiolite complexes will probably be very difficult
to document unless they are gross —- for example, if most is nearly
anorthosite. In general, an overall less mafic gabbro will accom-
pany a larger thickness of ultramafic cumulates and vice versa. A
significantly smaller total thickness of pillows and dikes allows a
larger thickness of plutonic rocks, leading to some increase in the
thickness of both the ultramafic cumulates and the total (cumulate
and plated) gabbro. There are data suggesting that layer 2 (dikes
and pillows, broadly speaking) is thinner for fast-spreading ridges
(about 1 km instead of 2 km). This should result in a somewhat
thicker ultramafic cumulate layer, although the increase, for this
reason, might be at most 500 m, which is probably not enough to
explain completely the thick high-velocity layer 3b observed in the
Pacific but apparently not observed in crust formed at slow-
spreading ridges. Given a fixed total cumulate thickness and a fixed
thickness of dikes and pillows, different widths of magma chamber
may lead to different thicknesses of ultramafic cumulates if the rel-
ative temperature gradients in the chambers are different. Different
relative subsidence curves for the axial welt under magma chambers
of different widths will also produce different thicknesses of ultra-
mafic cumulates. Whether such differ=nces exist and how they cor-
relate with magma chamber width are unknown and not yet pre-
dictable, but they might be used to account for variations in thick-
ness of the high-velocity lower crustal layer 3b.

The final thickness of plated gabbro will be controlled by the
amount of time the lid is open to cooling by hydrothermal convec-
tion; this is a function of magma chamber width and spreading
rate. A correlation between these factors is unknown at present,
and the likely total thickness of plated gabbro for a given chamber
width is therefore not yet predictable. Hydrothermal circulation is
likely to become less effective as a cooling mechanism as the thick-
ness of the lid increases away from the axis, because existing cracks
in rocks are essentially closed at 1.5 kb, equivalent to a depth about
1 km below the base of the sheeted dikss, because new fractures are
likely to be more widely spaced as the .id thickens, and because old
fractures will tend to be closed by mineralization as they travel out
from their point of formation. The shape chosen for the gabbro
plating surface is convex downward for these reasons, even though
a convex-upward (gothic arch) shape would give a mechanically
stronger lid. Dynamically generated teasional fractures are not re-
stricted to depths above a level corresponding to a pressure of
about 1.5 kb and will propagate down to where plastic or viscous
behavior closes them; this depth, at any point, is likely to be very
close to or at the upper boundary of the magma chamber, particu-
larly since the fractures will be used by circulating water. There-
fore, the ultimate thickness of plated gabbro will also depend on
the width of active tensional fissuring compared to the width of the
magma chamber, which is also unknown. It appears that the dif-
ference between observed and theoretical heat flow near the axes of
fast- and slow-spreading ridges is very similar; assuming the
magma chamber time widths are similar, there should be only
minor differences in final plated gabbro thickness.

The model, as illustrated in Figure 1, has been deliberately drawn
with approximately equal thicknesses of plated and cumulate gab-
bro. Their combined thickness is shown in the same proportion to
the combined thickness of dikes and pillow lava as oceanic layer 3
(broadly speaking, gabbro) to oceanic layer 2 (broadly speaking,
dikes and pillows). This has been done because the thicknesses and
any differences in thickness of plated and cumulate gabbro in dif-
ferent ophiolite complexes are so poorly <nown. The model is easily
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modified to accommodate any necessary changes in the relative
thicknesses of plated and cumulate gabbro when these are defined
from study of thick, well-preserved ophiolite complexes.

If the final thickness of the plated gabbro is very small (a few
hundred metres), which cannot be ruled out from present data, the
magma chamber will‘have a very small depth and a small depth/
width ratio, and the cumulates will be extremely thick. Tempera-
ture zonation of the magma chamber will be most easily achieved
in this situation. Also, the possibility exists, in this case, for quite
large variations of magma chamber width with time, due to var-
iations in efficiency of hydrothermally controlled cooling acting on
a relatively small volume of magma and consequent variations in
the rate of crystallization at and near the edges of the chamber.

Although small volumes of trondhjemite can be made in the in-
terstitial liquid in nearly solid plated gabbro, large bodies, espe-
cially those made near the axial singularity, are problematic. The
largest bodies of trondhjemitic rocks known in ophiolite com-
plexes, particularly those of Troodos, are sufficiently large to imply
that the volume of their parent magma was as large as the magma
chamber, and therefore that it froze solid to produce them. Such in-
terruptions to reasonably steady-state spreading might occur
through ridge axis jumping by moderate amounts (a few
kilometres) and are not a concern in our steady-state model.

There remains the problem of whether the magma chamber
under fast-spreading ridge crests is wider or narrower than that
under slow-spreading rifted crests, and also whether the time
widths are significantly different from one to the other. Conductive
heat flow calculations obviously lead to a wider chamber under
fast-spreading axes, but with the same time width as the narrower
chamber resulting under slow-spreading axes. The more obviously
fractured nature of slow-spreading ridges might be taken to imply
that the hydrothermal convection will be more active in those
ridges and will therefore tend to make the chamber even narrower.
However, heat-flow studies suggest that convective heat removal is
equally important at and near the axes of both fast- and slow-
spreading axes, so the widths of chambers under both will be re-
duced from their conductive values; this still implies a wider
chamber under fast-spreading ridges, but it is not predictable, from
present data, whether one has a larger time width than the other. In
contrast to this analysis, which strongly suggests a wider chamber
under faster spreading axes, the existence of rifted axes to slow-
spreading ridges as distinct from nonrifted axes for fast-spreading
centers suggests, if this phenomenon relates in any way to the
strength of the lid, that the lid is weaker on slow-spreading ridges.
This implies that the magma chamber will be wider under slow-
spreading axes than under fast-spreading axes, because the strength
of the lid depends on its thickness and length of overhang, given the
same densities of rocks and magma in each case. Because the ther-
mal argument is more convincing and because other reasons have
been proposed for the existence of rifted axes, it is probable that
the phenomenon of rifted crests to slow-spreading ridges has little
connection with the strength of the lid to magma chamber. How-
ever, the stresses that can be estimated to be acting on the over-
hanging lid of a wide magma chamber are enormous and not to be
neglected, so we suggest that the magma chamber must be very
narrow under both fast- and slow-spreading ridges. This suggestion
is reasonably plausible from consideration of the estimates of
cumulate deposition rates made by Hess (1960). Five kilometres of
gabbro and ultramafic cumulates can easily be accumulated in 10°
yr; this corresponds to a magma chamber half-width of 1 and 10
km, respectively, for spreading rates of 1 and 10 cm/yr. For a
magma chamber time width of 10* yr, which is still plausible, the
actual widths for the same two spreading rates are 0.1 and 1 km,
respectively. Although this is probably somewhat beyond the lower
limit for the time width of the chamber, it need not be very much
wider even for a fast-spreading ridge.
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CONCLUSIONS

The steady-state model for plate accretion described above has
been developed mainly from petrologic and structural constraints
observed in western Newfoundland ophiolite complexes. The
model predicts a number of structural consequences that, in the
context of the overall geometric consequences of the model, may be
tested by detailed fine-scale mapping of the strucural characteristics
of ophiolite complexes.

The more important components of our suggested model are the
following.

1. Pillow lavas progressively accumulate, in any one section,
from essentially zero thickness at the axis to full thickness 1 or 2
km from the axis. The rate of accumulation may be found by
studies of the change in percentage of dikes at different levels in the
pillow lava unit.

2. The thickness of 100% sheeted dikes (typically 1 km) is con-
trolled by the depth of hydrothermal circulation at the axial singu-
larity.

3. At least 300 m of gabbro is plated, starting at the axial singu-
larity, onto the roof of sheeted dikes in a complementary, progres-
sive manner to the lavas above. As this gabbro is plated, it must be
rapidly cooled by the hydrothermal circulation and, at least near
the axial singularity, cut by tensional cracks that are filled by dikes.
The total thickness of plated gabbro is unknown and is likely to be
difficult to define; however, the maximum depth to which diabase
dikes that do not cut the cumulates penetrate the gabbro gives a
minimum thickness.

4. The magma chamber is zoned, with dominantly olivine cumu-
lates being deposited near the magma supply axis, grading out to
dominantly clinopyroxene-rich cumulates that in turn pass into
clinopyroxene-plagioclase cumulates, which continue to the edges
of the magma chamber. Magma-chamber zonation is strongly
suggested by the spatial variation of the composition of erupted
magmas (Ballard and others, 1975). The fact that all well-preserved
ophiolite complexes consistently show the vertical sequence of
gross layering required by this zonation indicates that the thermally
controlled system and the environment producing it are more or less
steady-state and that rapid convective overturn is in some way in-
hibited. The relative lack of current-bedded and wash-out struc-
tures in the banded cumulates supports this view. If the supply of
new magma to the chamber is roughly balanced, on a short time
scale (100 yr), by eruptive removal and the volume created by
spreading, the new hot magma should rise directly to the apex of
the chamber and should not grossly disturb the somewhat cooler
magma nearer the sides. The fact that the zonation exists is a strong
argument for a fairly continuous supply of new magma; this is the
only reasonable mechanism to keep the central zone in the magma
chamber hotter than the sides when the whole roof is being cooled,
mainly by hydrothermal circulation.

5. The modal compositions and relative volumes of the plated
and cumulate rocks show that the phases involved in crystal frac-
tionation are dominantly clinopyroxene and plagioclase; olivine is
dominant near the axis but rapidly becomes negligible away from
the axis and is, overall, a subordinate phase. Orthopyroxene is al-
ways a very minor phase; opaque minerals are conspicuously ab-
sent from all the rocks, except for chromite in the dunite. Because
fresh magma is being supplied fairly continuously to the chamber,
fractionation models must allow for some mixing between this
and fractionating magma.

6. A flat-floored magma chamber is required because of the
large thickness of cumulate rocks and the need to form them within
a reasonable distance from the axis. To do this with an essentially
steady-state process requires that there be a very narrow axial welt
consisting of a mush of residual crystals and melt at its center and
plated residual harzburgite thickening downward and sideways at
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its sides. The central part of the welt will be about 70%:30% re-
siduum:melt at the depth where harzburgite plating starts and will
progressively change upward to near 100% melt at the magma
chamber floor. The rapid subsidence of any point on the welt is, we
suggest, controlled by isostatic response to harzburgite plating and
cumulate deposition and to the balance between melt extraction
and harzburgite plating in a zone that gradually widens with depth
to a width comparable to that of the magma chamber; thermal
changes are suggested to be unimportant as a control.

The precise shape of the axial welt, defined by the cumulate
ultramafic—plated (noncumulate) harzburgite boundary, is at
present uncontrolled. Studies of the attitude of cumulate banding
to overall gross lithologic layering will test this part of the model
and give data on the shape of the welt. The shape we have chosen
gives a maximum amount of room to accommodate the cumulate
pile and the zonation required in the magma chamber.

7. The magma chamber, above the section in which cumulates
are forming, must be filled with magma (liquid + crystals), not
mush (framework of crystals with interstitial liquid). Mush may
exist only below the cumulate deposition surface and above or out-
side the roof gabbro plating surface.

8. The penetrative deformation seen to affect the harzburgite
and zones in the cumulate ultramafics and lower gabbro is, we
suggest, not due to horizontal shear by lithosphere plate movement
on the asthenosphere, and particularly not to horizontal shear be-
tween asthenosphere diverging sideways under the ridge axis more
quickly than the lithosphere, as has been implied in several previ-
ous treatments. It is evident that material transport in the mantle at
shallow depths near the axis under the magma chamber must be
dominantly vertical to compensate for the gap that would other-
wise develop between the two diverging plate edges. Therefore, we
suggest that the penetrative deformation is due mainly to a vertical
shear stress between the rising mush of residual crystals—basalt
melt and the subsiding plated harzburgite—lower cumulates; some
deformation in the cumulates may result from slump or flow pro-
cesses caused by a rise or fall in the level of the top of the axial welt
and to bending stresses in the differentially subsiding cumulate pile.
Although the shear stress is vertical, the resulting structures end up
near horizontal because of the geometry of the subsiding welt and
cumulate pile, and near parallel with cumulate and other banding
because merely a small shear strain will rotate these markers into
near parallelism with foliation and lineation. Episodic rise or fall in
the level of the axial welt requires episodically reduced or acceler-
ated shear strain below; this mechanism may be responsible for
zones of more strongly and more weakly deformed harzburgites.
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