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ABSTRACT
Bottinga, Y., 1974. Thermal aspects of séa-floor spreading, and the nature of the suboceanic litho-
sphere. Tectonophysics, 21: 15-38.

By means of a kinematic model, plate generation at the spreading center is investigated numerically.
Petrological differentiation, partial melting with concomittant latent-heat effects, and convection have
been taken into consideration. Geothermal gradients are calculated for the suboceanic lithosphere at
various distances from the spreading center. The nature of layer 3 is discussed. It is concluded that
besides a lateral mineralogical zonation, the suboceanic lithosphere should also display a vertical varia-

tion in its chemical composition.

INTRODUCTION

In the theory of plate tectonics, the generation of the suboceanic lithosphere plays an
important role. Consequently this region has recently been a focus of attention, and
large amounts of data with a bearing on this subject have been published. Certain fea-
tures of the ocean bottom are nearly universally accepted, such as the reality of sea-floor
spreading, and the uniformity of the ocean-ridge basalts. Many authors have postulated
rising currents of partially molten material underneath the crests of the oceanic rises, to
fill up the void created by the spreading lithosphere. Part of the difficulty of interpreting
the vast collection of data may be due to the fact, that the consequences of sea-floor
spreading have not been fully realized. The oceanic lithosphere moves at speeds of about
one or more centimeters per year. In regions where the upper mantle is partially molten
one should anticipate buoyancy-induced differential motion between the solid and the
liquid phases. Underneath the ocean rises, where upward currents of mantle material
traverse considerable pressure and temperature intervals, equilibrium may not be at-
tained when minerals tend to change their chemical composition, or undergo phase
changes, as a response to varying pressure and temperature. However, the relative chemical

uniformity of ocean-ridge basalts gives the impression that a steady state has been reached.

In this paper a model of the suboceanic lithosphere will be discussed, in which are in-
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corporated certain kinematic features (Fig.1). The dynamics of these features are not
understood quantitatively and will not be discussed, Petrological differentiation is allowed

to occur. By exploring this model quantitatively, it is hoped to obtain an understanding
of the thermal, petrological and geochemical aspects of sea-floor.spreading.

The terminology in this paper implies that a ridge is a spreading centre. Rise and ridge
are used interchangebly. Soreading rate is equivalent to plate velocity. The region which

stretches from the Moho downward to a depth of about 380 km is called the upper mantle.

The term basalt refers to a tholeiitic composition, unless stated otherwise. Rocknames are
used to denote chemical compositions, i.e., when the name picrite is used it is meant to
refer not only to a picrite sensu stricto, but to all possible rocks with a picritic composi-
tion. HFU stands for heat-flow unit, this is equal to 1 micro cal.cm~2 sec—1,

CONSTRAINTS ON MODELS FOR THE SUBOCEANIC LITHOSPHERE

The prototype of thermal sea-floor spreading models was given by Langseth et al.
(1966). The model used in this paper is an elaboration of the model of Bottinga and
Allegre (1973). Its characteristics are (see Fig.1):.

(1) Plate thickness is 75 km (Press, 1970; Wang, 1970).

(2) At the ridge crest basalt is erupted at about 1200°C, in a narrow zone (Matthews
and Bath, 1967, Harrison, 1968).

(3) The oceanic plate is made up of three seismically distinct layers, layers 2 and 3 of
the suboceanic crust, and the region between the Moho and the top of the low-velocity
zone (LVZ), called layer 4 in this paper.

MODEL PLATE
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Fig. 1. Dimensions and velocity field of the adopted model plate. lu, | = Iuyl.
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(4) Layer 2 of the oceanic crust consists of ocean-ridge tholeiite (Le Pichon, 1969).

(5) The mean composition of the suboceanic lithosphere is equivalent to pyrolite
(Ringwood, 1966).

(6) The water concentration in the upper mantle is, on the average, very low (Moore,
1970).

(7) Temperature at the top of the plate is 0°C.

(8) Temperature at the bottom of the plate is 1350°C.

Using the data given in Appendix 2, and the conclusion of Langseth and Von Herzen
(1970), and of Sclater and Francheteau (1970) that the observed heat flow in the un-
disturbed ocean basin, far away from spreading centers, is about 1.3 HFU one can calcu-
late a steady-state temperature of 1350°C for the plate bottom.

DESCRIPTION OF THE MODEL

The upper mantle is thermodynamically something like a twelve-component system,
and may be even worse, whose phase relationships are only known in a reconnaissance
fashion. Using the Ito and Kennedy (1968) results, this complicated system has been
reduced, for the purpose of this paper, to a pseudo-binary system in which basalt, pyrolite,
and peridotite are intermediate compositions, see Fig.2. Compositions in this diagram are
expressed as fraction basalt and fraction peridotite. The compositions more acidic than
basalt have a fraction basalt greater than unity and a negative fraction peridotite; the al-
gebraic sum of the fractions is of course equal to one. The solid- liquid phase relations in
Fig.2 are completely determined by the basalt-peridotite liquidus and solidus. These
curves are known for various temperatures and pressures, therefore diagrams like Fig.2
may be constructed for all pressures in the suboceanic lithosphere. The liquidus and solidus
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Fig.3. Solidus and liquidus curves for tholeiite and peridotite, based upon the work by Cohen et al.
(1967), and Ito and Kennedy (1967, 1968).

curves for tholeiite and peridotite which were used in the computations are given in Fig.3,
they are virtually the samé as those determined by Kennedy and his coworkers (Cohen et
al., 1967; Ito and Kennedy, 1967, 1968). The extent of melting is assumed to be propor-
tional to the fraction of the melting interval which has been traversed for a given composi-
tion. The above-cited work by Kennedy and his coworkers is in fair agreement with this
assumption, The proportionality is well obeyed during the solidification of Hawaiian
tholeiitic lava-lakes (Peck et al., 1966; Wright and Weiblen, 1968).

Hence, when solid and liquid are present, a composition x at pressure P will have a

temperature:
T=Tg(P, x) + [T (P, x) ~ Ts(P. )] F ()

where TS(P, x) = solidus temperature of composition x at pressure p; TL(P, x) = liquidus
temperature; and F = fraction of melted material. ‘

Tg(P, x) can be calculated by linear interpolation or extrapolation from the solidus temper-
" ature of basalt (x = 0) and the solidus temperature of peridotite (x = 1) at pressure P.

Ty (P, x) may be calculated in a similar fashion. The pressure variation for the basalt solidus

is given by:

Ty(z, 0) = 1050 +4.17z | ‘ @)

lometers and the variable P has been replaced by z, assum-

where z is equal to depth in ki
essure and the average density is equal to
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Ty (z,0)= 1200 +1.70z 3)
And for depth larger than 30 km:

Ty (z,0)= 1251 + 4.10(z — 30) 4
The peridotite solidus at-depth less than 60 km is given by:

Ty(z, 1)= 1080 +3.772 ©)
and for over 60 km:

Ty(z, 1)=1306 +4.17(z - 60) 6)
The peridotite liquidus is given by:

T, (s, 1)= 1806 +0332 ’ ™

Eq.2 —7are based on the work of Ito and Kennedy (1967, 1968), and Cohen et al.
(1967); though slight modifications have been applied, which never amount to more than
10°C. '

These relationships are of course inadequate to eXpress precisely what happens in the
upper mantle, but they serve here as a first approximation. Further the model is not so
much aimed at providing quantitatively exact information as far as the petrological aspects
are concerned, but to indicate qualitatively ‘what one may expect to find. The experimen-
tal fact that a melt in equilibrium with an ultra-basic solid silicate is less basic than the solid
holds for this model. This is really the important feature one needs in a model with dif-
ferential movements of liquids and solids.

Energy transport in this model occurs by conduction and radiation, which are treated
by using an effective thermal conductivity, and by convection, There are two types of
convection in this model, one is bulk motion, whose velocity field is given in Fig.1, the
other is differential movement of the liquid and solid when partial melting has occurred
(Frank, 1968). In the absence of a liquid phase, the variation of temperature with time
at point (¥, z) may be calculated from eq. 8: -

o[0T . 0 ( T aTa) o (or T
Pl 3 ’K[ayz tor\ e "z _]"’CP[”y oy +"z(az - Bz) teg (8

where p = density; Cp = specific heat at constant pressure; K = effective thermal conduc-
tivity; 7 = temperature; y = horizontal coordinate, perpendicular to the ridge, origin at
the ridge center; z = vertical coordinate, originating at the ridge crest, positive direction
is downward; v, = horizontal bulk velocity; lv, 1= lvy v, = vertical bulk velocity; q =
heat production per unit mass, by radioactive decay; oT a/az = adiabatic gradient =
gTefCp38 = gravitational constant; and « = coefficient of thermal expansion.

The first term at the right hand side (RHS) of eq. 8 expresses encrgy transport by con-
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duction and radiation. The second term at the RHS is the convective term for the bulk
motion. The last term at the RHS of eq. 8 takes into account radiogenic energy release,
The terms involving the adiabatic gradient have been discussed by Bottinga and Allegre
(1973, Appendix). There are the following functional dependences in the factors used in
eq. 8: T=T(y, z,1),Cp = Cp(T), vy, = vy(y, z) and v, = v,(y, z). When melting occurs,
eq. 8 should be modified to incorporate latent-heat effects and energy effects and energy
transport due to buoyancy-induced differential motion of the liquid and solid:

’ oT
aT _ aT a
pCp o =4 - pC’p[FuL +(1 — F)ug] (—‘az ~ )

av ov
_L ot oK
—pCP[:F 3z + (1-F) . +(vL~vS) 3z JT

dv ‘ .

oF vy oF oF]
’pLar"’L[F 0z +vy oy +(UZ+UL)82] ®)

where A = RHS of eq. 8; v = vertical velocity of the liquid phase, measured in a frame

moving with velocity v_; vg = idem for solid; and L = latent heat of fusion.
The velocity v may be estimated by means of eq. 10, which was derived by Frank

(1968):

v = F2a%g(p; — pg)/(6401) (10)
where a = average diameter of crystals in the liquid phase; p; = density of liquid phase;
pg = idem for solid; and 1 = viscosity of the liquid phase.

To prevent the formation of voids, the upward moving liquid current should be balanced

by a downward moving solid current:

Vo & — pL ___E..._

ST T pg \T—F UL (¢8))
The second and the third term at the RHS of eq. 9 represent two-phase convection.
The last two terms at the RHS of eq. 9 express latent-heat effects. Utilizing eq. I, one

obtains:

oF 1 oT .
— E o ' (12)
o0 T —-Tg ot
From eq. 9 and 12 one may derive an explicit expressioﬁ for the temperature variation
with time in a partially melted upper mantle. Eq. 8,9 and 10 are the basis for a finite-
difference scheme, according to which the temperature distribution in the upper mantle

was computed, for full details see Appendix 1.
The suboceanic lithosphere is created by letting a 150 km wide column of material
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rise from the LVZ underneath the ridge crest. The current is presumably an expression of
convection occurring in the mantle. Upon rising, partial fusion takes place and subsequently
two-phase convection starts (Frank, 1968). The liquid in the central 10 km wide column

of this current escapes gradually at depth less than 30 km via a system of fractures to the
ocean bottom at the center of the ridge. There it erupts as tholeiitic basalt and forms

layer 2. Layer 3 is formed by hydration of the residual material at the ridge center after

the liquid for layer 2 has been released. The partial-fusion products in other parts of the
ridge, remain in the mantle and solidify when

rising convection current underneath the
see Fig.1. Vertical chemical variation

the convection current has been deflected laterally,
in the suboceanic lithosphere will be caused by the differential motion of liquid and

solid in the ridge region. Moving away from the ridge, the plate cools and this will cause
lateral mineralogical inhomogeneity in layer 4. In the calculations presented in this paper
only latent-heat effects associated with fusion, solidification, and serpentinization of

layer 3 have been taken into account, see Appendix 1. Ignorance of the subsolidus phase
relations in the basalt — peridotite system prevents the incorporation of latent-heat effects

associated with solid — solid transformations.

LAYER 3 AND OCEANIC HEAT FLOW

In the discussion of the results of the computations, it is for reasons of convenience
that the units of the oceanic lithosphere will be discys;(s%éd in the sequence layer 3, layer 4,

and layer 2.
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Attention has been drawn to the fact that calculations fail to reproduce the observed
heat flow close to the ridge center (Bottinga, 1972; Lister, 1972). As a possible explana-
tion for this discrepancy it was suggested that not only layer 2 was cooled by ocean-bottom
water, but also layer 3. In the calculations in this paper this possibility. has been taken into
account. It was assumed that fractures in layer 2 at the ridge center allow ocean-bottom
water to penetrate layer 3, causing hydration and instantancous cooling to 100°C. The
hydration of rocks usually causes expansion, hence layer 3 will progressively loose its
original permeability. Compaction of layer 2 will also result in a decrease of its permea-
bility. The net effect will be that in moving away from the ridge crest ocean-water access
to layer 3 diminishes greatly. The heat-flow profiles for the present inodel (Fig.4) should
be compared with those calculated by Bottinga and Allegre (1973), in which case layer
3 became gradually hydrated, and with the observed profiles of Horai et al. (1970),
Talwani et al. (1971), Von Herzen and Simmon (1972), Lister (1972) for the vicinity of
the ridge. The profiles calculated for this paper show an increased agreement with the -
observations. The amplitudes of the maxima of the calculated profiles are only weakly
influenced by the plate velocity. This is also the case for the profiles across the Pacific,
Atlantic, and Indian Ocean, compiled by Langseth and Von Herzen (1970).

In general, heat-flow calculations are quite insensitive to chemical processes in the
upper mantle, The profiles calculated by Bottinga and Allegre (1973) are not distinguish-
able from profiles for a model similar to the present model, but without the instantaneous
cooling of layer 3 at the ridge center. Likewise the replacement of a melting interval by a
melting point, for the upper-mantle material, has virtually no consequences for the heat
flow (Bottinga and Allegre, 1973).

In Appendix 1, it has been outlined how serpentinization of layer 3 has been incorpo-
rated in the present model. The oxygen isotopic measurements of Wenner and Tayler
(1971) on serpentinite samples of the Mid-Atlantic Ridge indicate that the process occurred
at a temperature less than 200°C, and that the water of hydration must have an oxygen-
isotopic composition very similar to that of normal ocean water. These observations agree
with the conclusions of the present model.

In the calculation of the thermal aspects of serpentinization the heats of reaction given
by Kitahara and Kennedy (1967) were used. It was found that only the extent of the
serpentinization depended on the actual heats of reaction; calculated heat flow was af-

fected only in a very minor way.
LAYER 4, TEMPERATURE AND COMPOSITION

Before the results of the calculation are discussed, it may be useful to point out some
general consequences of the model, as it was described in the previous sections. These
consequences are at variance with certain aspects of the discussions by Green (1971) and
Wyllie (1971).

If the water in the upper mantle is stored in amphibole, then the breakdown of this
mineral may not cause the appearance of an aqueous phase, because the released water
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may be stored in phlogopite. Yoder and Kushiro (1969) have shown that phlogopite is
stable under the conditions one may. énticipate in layer 4. One needs only about 2 wt.%
phlogopite to store the water available in layer 4. Therefore, the melting relations in the
suboceanic lithosphere are unlikely to be seriously affected by the low water concentra-
tions in layer 4. : : o
Seismic evidence suggests that if partial melting occurs in the upper mantle, the extent
of it will be small (Anderson and Sammis, 1970). This means that the temperature in the
upper mantle cannot be much higher than the upper-mantle solidus. This solidus is nearly
the same as the solidus for oceanic tholeiite (Ito and Kennedy, 1968). If partial melting
occurs, buoyancy-induced two-phase convection (Frank, 1968) will provide an additional
mechanism of heat transfer. The interstitial rising liquid will eventually solidify and the
sinking solid may eventually melt. Crudely, the heat flux due to this mechanism is given

by: -
J= ULFLP . | (13)

Using the figures given in Appendix 2, eq. 13 gives a flux of 6 HFU for 3% partial
melting. Comparing this with the observed terrestrial heat flow one obtains a clear idea
of the efficiency of this mechanism. Hence there is no observational evidence for a large
degree of partial melting in layer 4. Therefore the temperature in layer 4 can never be
much above the solidus of layer-4 material.

If one supposes that tholeiite originates in the LVZ it should, when rising to the sur-
face, react extensively with the wall rock. The reason for this is that when the liquid
rises from the LVZ its temperature must be about 1350°C, but when the tholeiite erupts
at the ocean floor its temperature is about 1200°C. Adiabatic cooling will take care of
about 40°C. The remaining 110° can only be disposed of by interactions with the wall
rock. Any proposed precipitation of minerals during the ascent will make things woise be-
cause of the heat of crystallization which will be liberated.

When partial melting takes place in the upper mantle, the liquid in equilibrium with
the solid has a different composition from the solid. Because liquid and solid move differ-
entially, layer 4 will show a vertical chemical variation. The differential movement of the
solid and liquid is equivalent to the well-known phenomenon of “filter pressing”. Direct
observational evidence to support this concept comes from study of Hawaiian lava lakes
(Peck et al., 1966; Richter and Moore, 1966). The net result is that the low-melting frac-
tion becomes concentrated at the cool side of the system. In this model it is supposed
that the permeability of layer 3 for silicate liquids is negligible. Hence, the low-melting
fraction collects directly underneath layer 3. This fraction is enriched in what Ringwood
(1966) calls the “incompatible elements”, such as K, Rb, Ba, Pb, Th, U, the rare-earth
elements, and volatiles such as H, 0, CO,, SO,, and the noble gases. This low-melting
fraction will be present interstitially between much more mafic crystals. Below this en-
riched zone there will be a region which will be impoverished in these incompatible ele-

ments. .
To facilitate the discussion of the results, the nomenclature of Table I is used. This
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TABLE1
Nomenclature
Composition in terms of basalt fraction X Designation

X > 0.875 tholeiite
0.875 > X > 0.625 olivine tholeiite
0.625 > X > 0.375 picrite :
0.375>X>0.125 pyrolite . 5
0.125>X

peridotite |

usage follows Ringwood (1966), and Ito and Kennedy (1968). To avoid confusion it
should be stressed that the names in Table I refer to bulk chemical compositions and
not necessarily to rock types. V R
The calculated compositional layering in the suboceanic lithosphere is given in Fig.5,

for plate velocities of 8, 4, 2 and 1 cm/year. Compositional variation in layer 4 as a func-
tion of distance from the ridge, when layer 4 is not yet totally solid is given for the differ-
ent plate velocities in Fig.6A, 74, 8A, and 9A. The extent of partial melting for these
‘different cases is given in Fig.6B, 7B, 8B, and 9B. Inspecting Fig.5 it is obvious that under

VERTICAL ZONATION IN SUBOCEANIC LITHOSPHERE
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Fig.5. Calculated steady-state compositional variations in suboceanic lithospheres moving at various
plate velocities. Note rocknames refer to chemical compositions only,
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no conditions should one anticipate a homogeneous suboceanic lithosphere which has ex-
perienced a spreading process. The difference between a layer 4 moving at 8 cm/year and
one moving at only 1 cm/year is not great. »

In all cases one may subdivide layer 4 into 4a and 4b, see Fig.5. The lower 15 km of
layer 4b consists of pyrolite, which directly overlies the LVZ, The thickness of this zone
is independent of the spreading velocity. It has the same composition as the LVZ because
the extent of partial melting at this depth is small, see Fig.6B, 7B, 8B, and 9B. The top
part of layer 4b consists of peridotitic material, this is essentially pyrolite minus the low-
melting fraction, which has migrated upwards as a consequence of the differential move-
ment of solid and liquid. On the top of layer 4b one finds layer 4a, which is characterized
by a strong vertical variation in bulk composition. Where layer 4b has a residual, leached
character, layer 4a is a site of deposition. Layer 4a is made of residual peridotite with,
interstitially, the low melting fraction derived from layer 4b. The compositional variation
with depth of layer 4a depends on the temperature in layer 4a and on the permeability

of layer 4a and 3.
Temperatures at various distances from the centre of the ridge in layer 3 and 4 are

given in Fig.10A,~10B, 10C, and 10D, for spreading velocities of 1, 2, 4 and 8 cm/year.
At distances greater than 100 km from the ridge centre these temperatures are similar to
those calculated by Bottinga and Allegre (1973). At 1000 km away from the ridge centre,
the lithosphere temperature has not yet attained its steady-state value. Close to the ridge
centre, the lowest 5 km of layer 4 shows an almost adiabatic variation of temperature
with depth. Above this zone, temperature variation with depth increases because of the
absorption of the latent heat of fusion when partial melting takes place.

The description by Melson et al. (1967 and 1971) of the petrology of St. Paul’s rocks
shows that there are three different mineral assemblages exposed on these islets: a de-
formed, high-temperature, high-pressure assemblage; an undeformed intermediate-tem-
perature and -pressure assemblage which is enriched in volatiles and incompatible elements
(Frey, 1970); and a low-pressure and -temperature assemblage consisting mainly of serpen-
tinite and similar minerals. According to the present model these rocks may be inter-
preted as being samples of layer 4a. The high-temperature and high-pressure assemblage in
the samples from St. Paul’s rocks represents material, which according to this interpreta-
tion, comes originally from the LVZ, it has suffered partial melting and thus has become
somewhat residual. These processes took place while the material moved upward from
the LVZ as indicated in Fig.1. Upon lateral deflection underneath the ridge crest, this
residual mineral assemblage became interstitially enriched in volatiles and incompatible
elements, which resulted in the intermediate-temperature and -pressure mineral assem-
blage. Finally, when this part of the top of layer 4 became tectonically displaced to form
St. Paul’s rocks, alteration and partial serpentinization took place, giving rise to-the low-
temperature and -pressure asSemblage.

Deuterium—hydrogen delta values reported by Sheppard and Epstein (1970) for the
brown hornblende peridotite, containing both primary and secondary hornblende, and
for serpentine from a partially serpentinized peridotite mylonite range from —33 to
—39%o with respect to SMOW (Craig, 1961). The work by Arnason and Sigurgeirson
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(1968) on D/H ratios in water vapor from Surtsey Volcano, and the measurements of
this ratio in phlogopites of probably deep-seated origin by Sheppard and Epstein (1970),
suggest that the delta value for juvenile water should be something like — 48% with
respect to SMOW, From these data Sheppard and Epstein (1970) have concluded that
the hydrous minerals in the St, Paul’s samples have a contaminated upper-mantle origin.
The most likely source of contamination of these samples is ocean water with delta
value of 0%, with respect to SMOW. This would mean a 20 — 30% contamination by
sea water of these samples. This sea-water contamination will not cause a measurable
change in the oxygen-isotopic composition of the samples, because the non-aqueous
oxygen in the hydrated phases is about four times more abundant than the aqueous
oxygen, Therefore the isotopic evidence confirms the contamination origin of the low-
pressure and low-temperature mineral assemblage in the samples from St. Paul’s rocks,
as was proposed by Melson et al. (1971). '

The texture of layer 4a may resemble the classical cumulate texture, as it has been
described by Wager et al. (1960). In this case the cumulate texture is not the result of
the accumulation of precipitating crystals in a slowly solidifying crystal mush, but is pro-
duced by the solidification of a crystal mush formed by partial melting and additional
accumulation of liquid phase from below. '

LAYER 2, OCEAN RIDGE THOLEHTE

The ocean-ridge tholeiites are very uniform in their chemical composition; not only in
major components (Engel et al., 1965; Cann, 1971), but also in many trace elements
(Kay et al. 1970; Schilling, 1971). The very minor variations these rocks show in their
atkali-metal and alkaline earth-metal and rare-earth elements concentrations, can apparent-
ly not be correlated with the spreading rate of the ridge they are associated with (Hart,
1971; Schilling, 1971). Schilling (1971) has also concluded that there are no detectable .
secular variations in the ocean-ridge tholeiites dating from the Cretaceous to the Recent.
The amount of tholeiite produced per unit time and per unit length of ridge, seems to be
independent of the spreading velocity. This is obvious from the compilation of layer-2

thicknesses for the Pacific and the Atlantic by Ludwig et al. (1970).
Table 1l is a list of the calculated thickness and composition of layer 2, according to

the present model.

»

TABLE II
Composition of layer 2

o

Plate velocity em/year Composition of layer 2 Thickness of layer 2

as fraction peridotite (km)
1 - 0.03 1.2
2 ~0.03 1.3
4 - 0.02 1.3
8 -0.02 1.5
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The thickness of layer 2 shows only a very weak dependence on the spreading velocity.
The composition of layer 2 is virtually in the center of the basalt range. Schilling (1971),
among others, has pointed out that the uniformity of certain trace elements in ocean-
ridge basalts could indicate only minor variations in the degree of partial melting in the
upper mantle below the ridge crest. In this model the molten fraction in layer 4 under-
neath the ridge crest never exceeds 8% for any of the spreading velocities. Hence, in this
respect the model is also in agreement with the observations.

DISCUSSION

The main conclusion of this paper is, that with a fairly simple kinematic model one
may duplicate many of the geological aspects of the ocean bottom, notably the constant
composition of ocean-ridge tholeiite and the formation of layer 2. Further it has been,
demonstrated that besides a lateral mineralogical inhomogeneity the suboceanic plate
will also show a vertical chemical zonation, The need for more detailed seismic informa-
tion on layer 4 should be obvious. .

Ocean-ridge heat flow, as calculated here, agrees somewhat better with the observed
facts than in previous models. The causes for incomplete agreement are unlikely to be
due to latent-heat effects associated with phase changes or chemical reactions in layer 3
or 4. This is a conclusion which is based on various numerical experiments which were
done in the course of this work. Either plate tectonics, with plate creation at the ocean
ridges, and plate thicknesses of about 75 km is wrong, or one should discover a sizable
injection of thermal energy at the oceanic ridges into the oceans.

The generation of alkali basalt, near the ridge centre, has not been discussed in this
paper. An inspection of the results given in Fig.6,7, 8 and 10, should make it clear that
volcanism somewhat off the ridge-axis is to be anticipated, the products of which will be
different from tholeiite. Volcanic-island tholeiites have not been given any attention in
this paper, their origin is not directly comparable to that of ocean-ridge tholeiites.

Some features of the model have been fixed rather arbitrarily. These include the width
of the upper-mantle zone which contributes lava for the formation of layer 2, the width
of the rising current underneath the oceanic ridges, and the depth at which magma release
will start, Changing the dimensions of the source region of ocean-ridge tholeiite will main-
ly affect the amount of tholeiite to be produced at the ridge centre. If one restricts magma
release from the upper mantle to very shallow depth, one will create extensive magma
pools underneath the oceanic ridges, for which there exists no evidence. By changing the
width of the rising current underneath the ridge from the LVZ, one may manipulate some-
what the extent of the anomalous mantle underneath the ocean ridges. The cooling of
layer 3 to 100°C at the ridge centre has little or no influence on the composition and
thickness of layer 2.
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APPENDIX 1: COMPUTATIONAL DETAILS

Initial and boundary conditions and grid spacings

By means of the finite-difference approximation temperature variations were computed for a sub-
oceanic plate from the moment that sca-floor spreading starts until a steady state is reached in a
region stretching from the ridge to 1000 km away. The initial temperature distribution in the upper
mantle, that is to say before spreading starts, may be obtained as the steady state solution of the heat-
conduction equation: :

c aT_KazT A
T as2 TPl 14)

Once spreading starts, temperatures are calculated for time intervals of 25,000 years and space
intervals of 5 km horizontally and vertically. For the case of an 8 cm/year spreading velocity, the time
interval was reduced to 12,500 years. The boundary conditions at the vertical boundaries of the
region of interest are the vanishing of horizontal temperature gradients at the plane of symmetry
through the ridge centre and at a plane parallel to this at 1500 km away, The upper boundary of the
region of interest is the top of layer 3, The temperature at this level may be calculated from a know-
ledge of the thermal conductivity of layer 2, the thickness of layer 2, the heat flow, and the fact that
the top of layer 2 is at 0°C. The temperature at the bottom of the plate is fixed; it is calculated from
the steady-state solution of eq. 14 and the observed steady-state heat flow in the ocean basins of
1.30 HFU. This results in a temperature of 1350°C at the bottom of the plate.

Organisation of the computations

Eq. 8 and 9 show clearly that the different effects contributing to the variation of the temperature
with time may be treated separately; the following sequence was adopted.

(a) Energy transfer by conduction and radiation,

(b) Radiogenic heating,

(¢) Latent heat effects.

(d) Energy transfer by two-phase convection,

(e) Energy transfer by bulk motion.

Energy transfer by conduction and radiation; radiogenic heating

If the temperature field is known at time ¢, one may calculate a new temperature at time £ + Af, at
point (y, z), taking into account effects (a) and (b), by means of the forward finite-difference equa-
tion (eq. 15):

Ten, n,p+1)=T0m n, p)+[G(n, n, p) +q/Cp] At (15)
where:

GG, n, p) = {[T(m +1,n,p) = 2T(m, n, p) + Tn — 1, n, p)} /(Ay)®

HTGn, n+1,p) — 2 T(m, #, p) + TOm, n - 1, p)] /(Az)?

+ga[T0n n p)~Ton n +1, p)]/Az} K/pCP (16)
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y=may; z=nlz; t = pAt
m, n, and p are integers.

Latent-heat effects

If fusion or solidification occurs, eq. 15 should be changed to eq. 17:
an

T(m, n, p+1)=T0n, n py+[GOn, n,p)+ q/Cp) At/H(m, n, p)

where:

"H(m, n, p) = 1+ L/ [Cp(Ty ~ Tg)] (18)

 Eq. 15 is based on eq. 8, and eq. 17 and 18 on eq. 9 without the convective terms, in which
- 9F/3t has been replaced by eq. 12. Both Ty and T ¢ pressure- and composition-dependent and
may be calculated by linear interpolation, or if required by linear extrapolation, from eq. 3,4,5,6,

and 7. K is constant, but CP = CP(T). »

" The conductive terms in eq. 9, which involve the latent heat L, are taken care of implicitedly when
one requires that locally the temperature-dependent equilibrium between solid and liquid, as expressed
by eq. 1-7,is maintained. )

To do this, the bulk composition at point (, 2) is calculated from the fraction of the liquid phase,
the composition of the liquid phase, and the solid composition. These quantities are known from the
previous time step. In all these calculations the density difference between solid and liquid is ne=
glected. From the bulk composition-and the pressure at point (y, z) one may calculate from eq. 1-7,
the liquidus temperature and the solidus temperature at point (¥, z). Using eq. 19 a new value for the

melted fraction is computed:

F=(Ty-TQITy - Tg) (19
where T,, is the temperature which has just been computed.
Compositions of liquid and solid in equilibrium can be calculated from eq. 20 and 21:
Xp =20+ X ) Ty~ Tyid2 T @ D =Xy (20)
@

Xg=(X - FXDI1~F)

where X L= composition liquid, expressed as fraction peridotite; X, g composition solid, expressed

as fraction peridotite; and X = bulk composition at point-(y, 2).

X, = [T, 0) - Tg, OY(TL & ) = Tgle, D = Ty (5 0) = Tz O] 22)

23)

Thin™ TS(Z, 0 (X + D-Xy Tg(z, 1)

The terms Ts(z, 0), Ts(z, D, TL(z, 0) and TL(z, 1) are given by the set of equations 1-7.
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Latent-heat effects of serpentinization

Serpentinization is exothermic. In the model, layer 3 becomes serpentinized according to the reac-
tions:

5 Enstatite + water = Forsterite + talc (24)
6 Forsterite + talc + water = § Serpentine 25)
2 Forsterite + 3 water = 3 Serpentine + brucite ; (26)

Kitahara and Kennedy (1967) have given the heats of reaction for (24), (25) and (26), as 16.13,
88.41, and 24,07 kcal., respectively. Though these reactions may perhaps not ade:juately represent
the serpentinization process from a mineralogical point of view, they are probably from a thermal
point of view a good approximation. To calculate the amount of heat absorbed or liberated per gram
of rock, during serpentinization or deserpentinization, it was assumed that before hydration layer
3 consists of lherzolite, with about 61 wt.% forsterite and 14 wt.% enstatite. Upon hydration, such a
rock will contain about 11 wt.% water, which is similar to the amounts of water usually found in
oceanic serpentinites. In the calculation it was assumed that the water needed for serpentinization is
always available. The average lithostatic pressire in layer 3 is something like 1.5 kbar. An interpola-
tion of the data of Kitahara and Kennedy (1967) indicates that at p = 1.5 kbar, the reactions (24) (25)
and (26) have equilibrium temperatures of 680, 510 and 360°C, respectively. In the calculation of
the serpentinization effect a check is made after the calculation of T, according to eq. 15, whether or

not reaction (24) should have occurred. A check is made to what extent the reaction should have
advanced, using eq. 27:

FR=FR, - (Tg - TN)CP/AH @n

where FR 0" degree to which the reaction was completed during the previous time step-at point (y, 2);

T g = equilibrium temperature of the reaction; and AH = latent heat of the reaction per gram of rock.
If FR is greater than zero, but smaller than unity, the temperature at point (v, z) should be equal

to T E Otherwise one calculates from the rate at which the temperature changes at point (y, z); this can

be derived from eq. 15, what fraction from the time step At is needed to reach the point at which

FR = 1, in case of serpentinization, or when R = 0, in the case of deserpentinization. In other

words; it was calculated during what fraction of the time step the temperature at point (, z) was

equal to 7. During the remainder of the time step the temperature is allowed to vary according to

eq. 15. After reaction (24) has been investigated in this way, the process is repeated for reactions (25)

and (26). At this point effects (a), (b) and (¢) have been taken care off,

Two-phase convection

The liquid velocity due to buoyancy is given by eq. 10, which was derived by Frank (1968) for
intergranular movement of the liquid, in a medium consisting of idealized uniform grains. The viscosity
of the intergranular liquid is not known: guided by what is known of basalt viscosities (see Bottinga and
Weill, 1972) a value of 50 Poise does not seem to be unreasonable. The general observation is that the
change in density upon melting of a silicate phase is about 10%, hence the density difference in eq. 10 -
is estimated to be 0.3 cm™ >, The experimental work by Spetzler and Anderson (1968) on the elastic
properties of the partial melted NaCl —H20 system, suggests that the melted fraction in the upper
mantle is rather small. For the evaluation of v according to eq. 10, F is taken to be 3%. The dimen-
sions of the grains in the upper mantle may be estimated from the grain sizes observed in ultramafic
nodules of deep-seated origin. From the data of White (1966} the mean diameter of the grains in the
upper mantle was estimated to be about 3 mm, Using these numbers one arrives at an estimate of
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vy =20 cm/year. Because of uncertainty associated with this estimate, it was thought not to be
worthwhile to recalculate v, for different conditions, hence vy was assumed to be constant. Tem-
perature and composition changes at point (y, z) were computed by translation of the liquid phase
upward and of the solid phase downward, at the time intervals required by vy and vg. Adiabatic
cooling or heating, as the case may be, was taken into account. After calculating a new temperature,
liquid composition, solid composition, and molten fraction at point (p, z), new equilibrium conditions
were computed for this point as had been done after the calculation of the temperature change due
to effects (a) and (b). A new bulk composition was derived from the values of F, Xy, and X S New
values for T and T, were then calculated for point (¥, z). Subsequently a new equilibrium tempera-
ture 7, N may be calculated from eq. 28: .

Ty = TolH +(Tg+ (T - TOF (L= 1) _ (28)

where T, = temperature at point (y, z) after the two-phase translation was performed; H = given by
eq. 18; and F, = molten fraction at point (y, z) after two-phase translation was performed.

Using eq. 19 a new value for F may be computed. And new values for X L and X may be calculated
from eq. 20 and 21. Two-phase convection was supposed to occur only below layers.i.

Bulk convection

Bulk convection was taken care of by performing translations of temperature, liguid and solid com-
position, and molten fraction, according to the chosen plate-velocity field on Fig.1; adiabatic correc-
tions were applied. As in the case of two-phase convection, chemical equilibrium was established after
bulk convection had occurred. .

Lastly, basalt extrusion was treated, by letting escape to the surface 0.3 of a liquid fraction present
in each space step between 0 and 30 km depth, underneath the ridge center during each time step. The
extrasion of the basalt was accompanied by a compensatory settling of the overlying solid phases. -
Again equilibrium values for 7, X; L X 3 and F were calculated. The extruded basalt was used to build
up layer 2, In this way the thickness and composition of layer 2 could be derived.

£

APPENDIX 2: PHYSICAL CONSTANTS

a: the coefficient of thermal expansion. Using the compilation of Skinner (1966); a value of
3.5-10"% deg‘l was estimated for the thermal expansion of an assemblage of pyroxene and olivine,

C,: the specific heat at constant pressure. This quantity is strongly temperature-dependent. When
the specific heat is expressed per unit of mass, most silicate minerals have similar specific heats. From
the compilation by Kelley (1960), the specific-heat formula for diopside was recalculated to:

Cp=0.244+3.62+107° T-7.27 - 10°/T% calg™" deg™"

where T is the absolute temperature. This expression was used in all the computations of this paper,
The pressure-dependence of CP is not known,

g gravitational acceleration = 980,6 cm/sec2.

K: thermal conductivity. The measurements of Kawada (1966) on ultramafic rocks, in the tempera-
ture range 0~ 1400°C suggest a value of 0.007 cal. sec™! - em™! « deg ™! for the thermal conductivity
of the upper mantle, Fukao (1969) has concluded from his measurements on olivine that the-thermal
conductivity under upper-mantle pressure and -temperature of this mineral is constant, For layer 2 a

- thermal conductivity of 1.5 X 0.007 cal. sec” ! em™! deg_" was taken, because of the presence of

ocean-bottom water in this layer, The factor 1.5 was suggested by the work of Cermak (1967) on the
thermal conductivity of water-filled sediments, '
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L: latent heat of fusion. This quantity is not known for rocks, A value of 100 cal/g was selected,
this value is close to the centre of the range in which all values for silicate minerals listed by Robie and
Waldbaum (1968) fall. :

¢ : radiogenic heat generation in the upper mantle. Tatsumoto et al (1965) have reported the Th,
U, K, and Rb concentrations in oceanic tholeiites. These elements will be concentrated in the low-
melting fraction upon partial fusion in the upper mantle, Therefore g for a pyrolytic upper mantle
should be about 4,9 - 1075 calg™! sec™!,

p: the density of layer 4, was taken to be 3.3 g/cm3 on the average (Wang, 1970).
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