
scattering, the time delay to the peak 
would be directly proportional to the 
epicentral distance, while in the pres- 
ence of transverse scattering the delay 
will approach proportionality to the 
square of the distance that diffusion 
would give. The increased seismic paths 
proposed for future experiments should 
demonstrate this effect, and, if the pres- 
ent discussion represents the essentials 
of the phenomenon, one would expect 
the peak amplitude to be reached much 
sooner than if the process were one of 
two-dimensional diffusion. 

Appendix 

The result of the impact of the Apollo 
13 S-IVB casing has just been reported 
(7). The signal, measured at a distance of 
142 km from the impact, appears to be 
of the same general nature as the ELM 
signal of Apollo 12. However, there is 
reported to be a clearly recognizable on- 
set of signal at 32 seconds after impact, 
and this increases the confidence that the 
first arrival signal suspected at 23 seconds 
for the Apollo 12 case is also genuine. 
These values can be used to specify more 
closely some of the properties of the 
medium. 

The main shape of the signal received 
is not very critically dependent on the 
value of the velocity gradient and is al- 
most independent of the circumstances 
below the depth where a velocity of more 
than 40 times the surface velocity is 
reached, since very few rays and there- 
fore very little of the energy reaches that 
depth. Nevertheless, the onset time for 
the first arrival of the fastest wave is 
dependent on these quantities. If we as- 
sume that solid rock or fully compacted 
material exists at a certain depth, and if 
we assume for it a speed of approximately 
6 km sec1, increasing only slowly with 
depth thereafter, one can derive the initial 
signal arrival time as a function of this 
depth. Using a surface velocity of 150 m 
sec 1 and a linear velocity gradient from 
there down to the layer of full compac- 
tion, we derive the following relations be- 
tween that depth h and the first arrival 
time T for the Apollo 12 LM and for the 
Apollo 13 S-IVB impact events. 

h Apollo 12 T Apollo 13 T 
(km) (sec) (sec) 

3 16.1 27.1 
6 19.6 30.6 
9 23.1 34.1 

12 26.5 37.5 

The times quoted for the first arrival sig- 
nals are approximately 23 seconds for 
Apollo 12 and 32 seconds for Apollo 13, 
and this would agree in both cases with 
a depth for full compaction of between 
6 and 9 km. This depth would be less for 
a lower velocity in the fully compacted 
material. 
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Phase Change Instability in the Mantle 

Abstract. In the presence of a temperature gradient, phase changes of the type 
believed to exist in the upper mantle, in which the less dense phase lies above the 
dense phase, may be unstable. Approximate calculations show such phase change 
instabilities are possible for both the 400-kilometer olivine-spinel phase transition 
and also for partial melting at shallower depths. The resulting flow patterns may 
provide a driving mechanism for the new global tectonics. 
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Thermal convection within the earth's 
mantle has been proposed to explain 
continental drift (1). The Rayleigh 
number for the mantle, based on the 
value of viscosity inferred from post- 
glacial uplift of Scandinavia (2), is 
several orders of magnitude larger than 
the critical Rayleigh number for the 
onset of convection (3, 4). Also, esti- 
mates of surface velocity and heat flux 
from constant property theories of ther- 
mal convection are in good agreement 
with observations (5). 

Seismological (6) and geochemical 
(7, 8) evidence indicates that one or 
more phase changes occur in the upper 
mantle at a depth of about 400 km. 
The most important is likely to be the 
olivine-spinel phase transition. It is of 
interest to consider the influence of 
such a phase change on mantle convec- 
tion. The volume and the entropy 
changes have the same sign for this 
phase transition (7, 8), so that heat is 
evolved when going from the olivine 
(light) to the spinel (heavy) phase 
and is absorbed when going from the 
heavy to the light. In this case the 
Clapeyron curve has a positive slope. 
Seismic evidence shows that the dense 
phase lies beneath the light phase; un- 
der isothermal conditions such a phase 
change is stable. If the fluid moves up- 
ward, the dense phase transforms to 
the light one and heat is absorbed. Thus 
the fluid is cooled and there is a down- 
ward stabilizing body force. On this 
basis it has been argued that the mantle 
phase change would act as a barrier to 
thermal convection (4). However, 
others (9) have argued qualitatively 
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that large-scale convection could pene- 
trate the phase change interface. A 
quantitative analysis of the influence 
of phase transformations on the stabil- 
ity of a fluid has recently been made 
(10). In this report we apply this 
theory to phase changes in the mantle. 

We consider a simple model in which 
a two-phase fluid is confined between 
horizontal planes separated by the dis- 
tance 2d. The phases are assumed to 
be in thermodynamic equilibrium, so 
that the location of the phase boundary 
is determined by the intersection of the 
Clapeyron curve with the pressure-tem- 
perature curve for the fluid. In order 
for the light phase to lie above the heavy 
phase, it is necessary that the slope of 
the pressure-temperature curve exceed 
the slope (assumed positive) of the 
Clapeyron curve. The univariant phase 
boundary is initially midway between 
the planes. Both phases are assumed to 
have the same values of absolute vis- 
cosity it, thermal conductivity k, and 
specific heat at constant pressure cp (iL, 
k, and cp are constants). A constant 
negative temperature gradient of abso- 
lute magnitude ,B, and a constant pres- 
sure gradient -pg (g is the gravita- 
tional acceleration and p is the density) 
are present in this static state. The 
change in density Ap at the phase 
boundary is an essential feature of the 
model. However, elsewhere each phase 
can be assumed to be an incompressi- 
ble fluid of density p (for the olivine- 
spinel phase change the fractional den- 
sity change Ap/p is only about 0.1); 
the thermal expansion of the fluid is 
not considered. Since the coefficients 
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of thermal expansion for both phases 
are taken to be zero, the Rayleigh in- 
stability is not present. 

It is found that this basic state may 
be unstable to infinitesimal distur- 
bances. The instability mechanism may 
be understood as follows. In a region 
of downward flow there is an inflow of 
relatively cold material from above the 
interface (due to the zero-order tem- 
perature gradient). Since the interface 
must remain on the Clapeyron curve, 
the lower temperature forces the inter- 
face to a region of lower hydrostatic 
pressure-that is, upward. With the 
interface displaced upward, the heavier 
material below the interface gives a 
hydrostatic pressure head tending to 
drive the flow downward, which leads 
to instability. However, the downward 
flow of fluid through the interface re- 
leases heat, thus tending to warm the 
fluid and return the phase boundary to 
its unperturbed location. The inflow of 
cold material tends to promote insta- 
bility, whereas release of heat by the 
phase change promotes stability. The 
necessity of overcoming viscous dissi- 
pation in the fluid provides a further 
stabilization mechanism. 

A quantitative analysis of this in- 
stability has been given elsewhere (10). 
The parameters determining the stabil- 
ity of the unperturbed state against 
infinitesimal perturbations are 

gd3Ap/p _Rc 
8Vl(pg/yp - 1) 

and 

S = Q/pced 

where Q is the energy required per unit 
mass to change the dense into the less 
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mantle are 10?K km-1 or higher and 
the adiabatic gradient in the mantle is 
near O.5?K km-1. Therefore it is likely 

Olivine - spinel that f8 will be sufficiently large for in- 
stability to occur. 

It is also necessary that the equiva- 
lent Rayleigh number Rc must exceed 
its critical value if an instability is to 
occur. We take y =0.0625 kb ?K-', 
p =4 g cm-3, g = 103 cm sec-2, T= 

'p / .1800?K, and K= 10-2 cm2 sec-1. All 
Partial melting the quantities necessary for evaluation 

?/~ ~of the Rayleigh number can be esti- 
mated with fair accuracy except the 
viscosity. Therefore we find the maxi- 
mum value of the viscosity which leads 
to instability. This maximum value of 

0.5 1.0 1.5 2.0 2.5 3.0 the kinematic viscosity is plotted as a 

3 (?K/km) function of ,/ in Fig. 2. It is seen that 
the maximum viscosity is of the order 
of 1024 cm2 sec-1 for reasonable values 
of the temperature gradient fl. If the 

se, T is the temperature at viscosity is less than this value, an in- 
phase transition occurs, v= stability can be expected. Uplift data 
cinematic viscosity, K = k/pc suggest that, at least over some range 
ermal diffusivity, and y= of depths, the viscosity of the mantle 
s the slope of the Clapeyron is in the range v = 1021 to 1022 cm2 
a pressure-temperature dia- sec-l, so that this requirement on the 
uated at the point on the viscosity is not unreasonable. 
represents the unperturbed Although the analysis presented 

parameter Re plays the role above is only approximately valid for 
igh number. The parameter the mantle, the results obtained indicate 
atio of the temperature in- that the phase change instability may 

to the energy released in occur. It is doubtful that a more ac- 
:hange Q/c, to the tempera- curate analysis can be made until more 
.nce between the boundaries information is available on the mantle 
terface /d. This parameter phase change. 
quantitative measure of the A second possible application of the 
influence of the latent heat phase change instability is to the prob- 
;us the destabilizing influence lem of migrating mid-oceanic ridge sys- 
ow of cold material from tems. The causes of the motions of the 
v static state is unstable if large lithospheric plates which are gen- 

and Rc> Rcrit, where erated at mid-oceanic ridges are at pres- 
iven as a function of S in ent rather uncertain, and a number of 

alternative hypotheses must be enter- 
tme that a breakdown of tained (11). If, however, the plates are 
a spinel structure occurs in driven by a diverging upward flow cen- 
near a depth of 400 km. tered beneath the ridge and extending 

)ximating this phase change deep into the mantle for 500 km or 
3 univariant system, we ap- more, it is difficult to understand how 
lts discussed above to deter- the ridges themselves are able to mi- 
her such a phase change grate relatively rapidly (in some cases, 
stable or unstable to small at many times the spreading rate) be- 
is. First we will determine cause the deep flow structure would 
)f the temperature gradient have to migrate with them. 
or the parameter S to be It is possible that the phase change 
small for instability. For the instability provides a mechanism for 
el phase change, we take the migration of flow beneath ridges. 
l mole-1 (7), and cp = 0.3 One of the essential features of mid- 
-1. Since the phase change oceanic ridges is that they are the loci 
depth of 400 km, we take of intense volcanic activity and that 

. If S= 4/5, it is necessary sufficient basaltic magma is continu- 
= 0.73?K km-1. Values of ously extruded close to the crest for a 
km-1 could lead to insta- surface layer some 4 to 5 km thick to 

duction gradients in the be built up, continuously generating new 
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oceanic crust. We therefore consider 
the phase change instability which 
might exist between the crystalline 
peridotite of the upper mantle and par- 
tially molten peridotite (the partial melt 
fraction has the composition of basalt). 

If the mantle at, say, a depth of 100 
km were just above its temperature of 
beginning of melting (as has been sug- 
gested for the seismic low-velocity 
zone), the introduction of some pres- 
sure perturbation (conceivably arching 
of the lithosphere through tectonic ac- 
tivity, or some kind of surface rifting) 
might be sufficient to initiate a self- 
sustaining upward flow beneath the 
locus of the perturbation. If fragmenta- 
tion of the lithosphere ensued, sea-floor 
spreading could take place with ridge 
formation, eruption of magmas, and 
generation of new crust. If the ridge 
remained stationary or nearly so, a rel- 
atively deep flow might ultimately be- 
come established. The boundary condi- 
tions for the motion of the new plates 
generated at the ridge might, however, 
be such that the ridge itself was con- 
strained to migrate; in that the ridge 
is the locus of rifting, this amounts 
to the migration of a pressure perturba- 
tion. In turn, this should cause the 
phase change instability to propagate 
laterally at the level of the low-velocity 
zone; the instability should be able to 
sustain the horizontal surface flows as 
it migrated. 

This suggestion is advanced some- 
what tentatively, since the theory of 
the instability is only approximately 
valid for this phase change (it is at 
least divariant). It would, however, 
imply that slowly moving or static 
ridges, if they could be recognized, 
should be characterized by deep flows, 
and rapidly migrating ones by shallow 
flows. The perturbation of mantle iso- 
therms associated with these two kinds 
of flow might ultimately be distinguish- 
able by seismic methods. It is also 
possible that the two kinds of flow 
might be characterized by slightly dif- 
ferent compositions of magmas ex- 
truded at the surface. 

Finally, we test this melting instabil- 
ity quantitatively. We assume one phase 
to contain no liquid and the other phase 
to contain a partial melt fraction of 5 

percent. We take the partial melt frac- 
tion to be basalt. The denser (no par- 
tial melt) phase lies beneath the lighter 
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percent. We take the partial melt frac- 
tion to be basalt. The denser (no par- 
tial melt) phase lies beneath the lighter 
phase, and heat is absorbed in going 
from the denser to the lighter phase. 
For the 5 percent partial melt fraction, 
we take Q=5.4 cal g-1, c =0.3 
cal g-1 ?K-1, d= 100 km, y-=0.118 
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kb ?K-1, p=3 g cm-3, g=103 
cm sec-2, T = 1500?K, and K = 10-2 
cm2 sec-1. We can determine the maxi- 
mum value of the kinematic viscosity 
which will lead to an instability as a 
function of /3. The result is given in 
Fig. 2. The maximum value of the 
kinematic viscosity for instability is of 
the order of v = 1021 cm2 sec-1. This 
value is not unreasonable, particularly 
since the presence of the partial melt is 
likely to reduce the viscosity signifi- 
cantly. 
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During leg 2 of the Deep Sea Drilling 
Project (DSDP), paleontological dates 
were obtained from sediments immedi- 
ately above acoustical basement. These 
dates indicate that the North Atlantic 
Ocean has been opening at a constant 
rate of 1.1 cm per year during the past 
80 million years, probably without any 
major episodes of quiescence or rapid 
spreading. In addition, a significant 
lowering in the calcium carbonate dis- 
solution level is indicated during early 
Pliocene time. Pelagic sediments de- 
posited near the compensation depth 
consist of calcareous ooze from early 
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Fig. 1. Approximate location of sites 
drilled during leg 2 of the Deep Sea Dril- 
ling Project. [Courtesy of DSDP] 
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Pliocene time on, but older sediments 
are barren of calcareous constituents. 
This may result from an increase in 
the amount of calcium carbonate in the 
ocean, caused indirectly by the onset 
of glaciation on the Antarctic continent. 
The prominent reflector, horizon A, 
appears to be present over parts of the 
eastern North Atlantic, as well as in 
large areas of the western North At- 
lantic. It formed during early and mid- 
dle Eocene time, probably as a result 
of widespread silica deposition in the 
North Atlantic. 

Leg 2 of the DSDP covered the 2- 
month period of October and Novem- 
ber 1968; it involved crossing the North 
Atlantic from North America to Africa 
(1). Five sites (Nos. 8 to 12) were 
drilled by the Glomar-Challenger dur- 
ing this leg on a line from New York 
to Dakar (Fig. 1). Sites 8 through 11 
are in the western half of the North 
Atlantic, roughly evenly spaced be- 
tween the North American continent 
and the Mid-Atlantic Ridge; site 12 is 
in the eastern North Atlantic, north- 
west of the Cape Verde Islands. 
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Sea-Floor Spreading, Carbonate Dissolution 

Level, and the Nature of Horizon A 

Abstract. Evidence from leg 2 of the Deep Sea Drilling Project suggests a 
constant spreading rate for the floor of the North Atlantic over the past 80 
million years; a major lowering of the carbonate dissolution level during the 
early Pliocene; and an early to middle Eocene age for horizon A. 
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