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Abstract. Two models, a simple cooling model 
and the plate model, have been advanced to 
account for the variation in depth and heat flow 
with increasing age of the ocean floor. The 
simple cooling model predicts a linear relation 
between depth and t •, and heat flow and l/t«, 
where t is the •ge of the ocean floor. We show 
that the same t • dependence is implicit in the 
solutions for the plate model for sufficiently 
young ocean floor. For larger ages these 
relations break down, and depth and heat flow 
decay exponentially to constant values. The two 
forms of the solution are developed to provide 
a simple method of inverting the data to give 
the model parameters. The empirical depth 
versus age relation for the North Pacific and 
North Atlantic has been extended out to 160 m.y. 
B.P. The depth initially increases as t «, but 
between 60 and 80 m.y.B.P. the variation of 
depth with age departs from this simple relation. 
For older ocean floor the depth decays exponen- 
tially with age toward a constant asymptotic 
value. Such characteristics would be produced 
by a thermal structure close to that of the plate 
model. Inverting the data gives a plate thick- 
ness of 125+10 kin, a bottom boundary tempera- 
ture of 1350ø+275øC, and a thermal expansion 
coefficient of (3.2+1.1) x 10-5øC -1. Between 

0 and 70 m.y.B.P. the depth can tb• represented by the relation d(t) = 2500 + 350 m, with t in 
m.y.B.P., and for regions older than 20 m.y. 
B.P. by the relation d(t) = 6400 - 3200 exp 
(-t/62.8) m. The heat flow data were treated in 
a similar, but less extensive manner. Although 
the data are compatible with the same model that 
accounts for the topography, their scatter 
prevents their use in the same quantitative 
fashion. Our analysis shows that the heat flow 
only responds to the bottom boundary at 
approximately twice the age at which the depth 
does. Within the scatter of the data, from 0 to 
120 m y. B P., the heat flow can be repr•ese•nted 
by the relation q(t)= 11.3/t2 •cal cm -• s -ñ. 
The previously accepted view that the heat flow 
observations approach a constant asymptotic 
value in the old ocean basins needs to be tested 

more stringently. The above results imply that a 
mechanism is required to supply heat at the base 
of the plate. 

Introduction 

The broad features of ocean floor heat flow 

and topography are generally accepted to be 
explicable within the framework of plate tecton- 
ics. Both are the result of the cooling of hot 
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material after it has accreted to the plate near 
a midocean ridge and moves away as part of the 
plate. It has been less clear whether the 
cooling alone can account for the way the heat 
flow and the mean depth vary with age of the 
oceanic plate. If, in addition, a source of heat 
at the base of the plate is required, this would 
provide a constraint on convection in the upper 
mantle. In order to establish whether this is 

necessary or not we propose to reexamine the 
variation of bathymetry and heat flow with age, 
in particular, for older ocean floor. 

In the original idea of Holmes [1931], as 
revived by Hess [1962], midocean ridges were the 
surface expressions of the ascending limb of a 
convection cell in the mantle. Turcotte and 

Oxburg h [1967] examined this model quantitatively 
by means of an asymptotic boundary layer treat- 
ment of cellular convection. The variation of 

heat flow calculated from their model was found 

to show rough agreement with the observations. 
McKenzie [1967], however, following a model 
suggested by Langseth et al. [1966], found an 
alternative explanation in the cooling of a 
rigid plate moving at constant velocity away 
from a hot boundary at the ridge crest. The 
plate was assumed to have a constant thickness 
in order to reproduce the approximately constant 
heat flux background observed in the older ocean 
basins. This model also produced rough agree- 
ment with the heat flow data and was later shown 

to be capable of explaining the variation in 
depth away from the midocean ridges [Vogt and 
Ostenso, 1967; McKenzie and $clater, 1969; Sleep, 
1969]. Because the amount of cooling depends on 
time, it soon became clear that a more meaning- 
ful presentation of the data was in terms of the 
age of the ocean floor rather than distance away 
from the ridge crest. In this manner, Sclater 
and Francheteau [1970] and Sclater et al. [1971] 
showed that there were empirical relationships 
between heat flow and age, and depth and age, 
that were similar for all oceans. The empirical 
curves could be reproduced with fair agreement 
by the plate model, given a suitable choice of 
parameters. 

There are, however, inconsistent or incomplete 
features about this model. One is that the 

thickness of the slab is arbitrarily prescribed 
and there is no physical mechanism that 
determines it. Second, the heat flux at the 
ridge crest and, in fact, the integrated heat 
flux are infinite. To overcome these limitations, 
Sorokhtin [1973] and Parker and Oldenburg [1973] 
proposed an alternative model. Here the bottom 
boundary of the lithosphere was taken to be the 
solid-liquid phase boundary of the material. A 
boundary condition was chosen in which the heat 
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removed by the plate at the ridge crest balances 
the heat of solidification and cooling in a zone 
of intrusion at this boundary. This model has a 
lithosphere whose thickness is everywhere 
determined by the physical parameters of the 
system, and the choice of boundary condition 
removes the singularity in the integrated heat 
flux. In fact, in the original McKenzie [1967] 
model the singularity in heat flux at the ridge 
crest can be removed in a similar way by 
changing the boundary condition on the vertical 
boundary [Davis and Lister, 1974; Lubimova and 
Nikitina, 1975]. Parker and 01denburg [1973] 
found that, except very near the ridg• crest, the 
thickness of the plate increased as t •, where 
t is the age of the plate. Consequently, in 
their model the heat flow will vary asym•toti- 

call• as t -•, and the depth increases linearly 
as t•.. 

Subsequent to this, Davis and Lister [1974], 
after an analysis of the one-dimensional heat 
flow equation, plotted the original topographic 
data of Sclater et el. [1971] against t• and 
found a good linear relationship within the age 

range•of the data (0-80 m.y.). As we shall see, 
the t • dependence is a property of all thermal 
models of ridge crests, at least in a limited 
age range. Most comparisons with data had been 
made by using the model of McKenzie [1967], the 
solution for which contains no hint of any t« 
structure. In fact, this has to be implicit in 
the solution, however well disguised, and we 
have reformulated the solution to make the t • 
dependence explicit. Together the two different 
forms of the solution provide a useful new way 
of characterizing the data. 

If the heat flow and depth continued 
indefmnmtely to vary as t-a and t 2, respec- 
tively, it would be possible to explain all the 
heat lost at the ocean floor by cooling of a 
lithospheric boundary layer. Heat flow 
measurements in older ocean floor had suggested 
an approach to a constant value, which was the 
original rationale for the plate model. This, 
in turn. requires a supply of heat (about 1 •cal 
cm -2 s -1) at the base of the plate, providing an 
important constraint in discussing mantle 
convection. Such a constraint has been used in a 

recently proposed scheme in which convection in 
the mantle occurs on two distinct horizontal 

length scales [Richter, 1973; Richter and Parsons, 
1975; McKenzie and Weiss., 1975]. The motion of 
the plates and the associated return flow form 

McKenzie, 1967; Parker and Oldenburg, 1973] are 
basically solutions of the equation of heat 
transport. They differ in the assumptions made 
as to the nature of the boundary layer and hence 
in the boundary conditions that are applied. 
However, the different solutions should all 
possess those features determined by the struc- 
ture of the equations. In section 2 and the 
appendices we show how the solution of McKenzie 

[1967] can be reconstructed to make explicit the 
t !• dependence possessed by the other two 
models. This analysis also suggests how the 
data can be simply characterized. Section 3 
therefore is concerned with a reexamination of 

ocean floor heat flow and depth from this point 
of view. Measurements of the depth plotted by 
Davis and Lister [1974] were in the age range 
0-80 m.y. Here this range is extended out to 
160 m.y.B.P. by using average depths calculated 
from suites of topographic profiles in the North 
Pacific and North Atlantic oceans. The variation 

of heat flow is reexamined by using heat flow 
averages in given age zones in the manner of 
Sclater and Francheteau [1970]. These are 
supplemented by averages calculated in an 
attempt to provide more reliable heat flow 
averages [Sclater et el., 1976]. 

From this we observe the simple t !• dependence 
for the depth in the age range 0-70 m.y. At 
this age the curve departs from the linear 
relationship in the manner that would be 
expected for a lithospheric plate of a given 
thickness, as had been suggested by the 
preliminary studies of Sclater et el. [1975] and 
Mo.rgan [1975]. Asymptotic relations that 
describe the observed variation of depth and heat 
flow with age are given. The values of the 
constants defined in section 2 are obtained from 

fits to the data; these are then used to esti- 
mate physical properties of the lithosphere such 
as its thickness, the bottom boundary temperature, 
and thermal expansion coefficient and to give 
estimates of the errors in these quantities. 
Finally, we discuss the possible uncertainties 
in the analysis and interpretation of the data. 

Methods of Characterizing the Data 

The properties of solutions for the thermal 
structure of a moving slab are presented here in 

one component termed the large-scale flow. Small- order to explain the various ways of plotting 
scale convection, analogous to the forms of 
convection in fluid layers that have been studied 
so extensively, is postulated in order to supply 
the assumed background heat f•lux at the base of 
the plate. Such a two-scale system exhibits a 
wide variety of convective features and provides 
a potential explanation for a correspondingly 
wide variety of features on the earth's surface 
[Richter and Parsons, 1975; McKenzie and Weiss, 
1975]. If the heat flow does in fact approach 
a background level, one would expect the depth 
also to tend tO constant value, and this would 
provide additional support for the arguments 
used in the above scheme. 

These considerations form the background to 
this paper. All models of the thermal structure 
of the lithosphere [Turcotte and 0xburgh, 1967; 

the data that are made use of in the next 

section. The geometry of the problem, as 
originally formulated by McKenzie [1967], is 
shown in Figure 1. If a steady state is assumed 
and internal heat generation neglected, then 
the temperature is governed by the time 
independent equation of heat transport, 

2 
v ß VT = •V T (1) 

where v is the velocity of the slab, T is the 
temperature, and • is the thermal diffusivity. 
The thermal diffusivity is given by • = k/pCp, 
k being the thermal conductivity, P the density, 
and Cp the specific heat. Equation (1) can be 
nondimensionalized by using the following 
expressions 
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n 
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A feature of this solution noted above is that 

the surface ?eat flux and the integrated 

surface heat fl,ux diverge at x 1 = 0 due to the 
x•=O•x, singular boundary condition there. 

A simplification that is often used comes from 
neglecting the horizontal conduction term 
relative to the convective term in (3). This 
then reduces to 

Fig. 1. Sketch showing the geometry and 
boundary conditions of the plate model and 
the method of calculating the elevation. 
Columns A and B of equal cross-sectional 
area must have equal masses above a common 

level x 2 = 0. This gives 
a 

Pwdw + f Po[1 - •T(•,x2)] dx 2 = Pw[d - ae(xl)] + 
o 

a[l+p(Xl) ] 
f Po [1 -mT(x 1, x2)] dx 2 + Past aœ(xl) 
a•(x•) 

where m is the thermal expansion coefficient, 

Pw the density of seawater, Po the density of 
the lithosphere at 0øC, Past the asthenospheric 
density, d w the asymptotic depth at large 
distance from the ridge crest, ae(x 1) the 
elevation of the ridge, and az(x 1) the displace- 
ment of the bottom of the lithosphere above the 
level of compensation. 

T = TiT' 

, (2) 
x 1 = ax 1 

! 

x 2 = ax 2 

Substitution in (1) gives 

•2T •T •2T 
2R + - 0 (3) 

•x12 •x 1 •x22 
where we have immediately dropped the primes on 
the nondimensional variables. The nondimensional 

parameter 

R = ua/2• (4) 

is the thermal Reynolds number for this problem, 
or as it is generally known, the Peclet number. 
The solution which satisfies the boundary condi- 
tions shown in Figure 1 and remains bounded for 
large values of x 1 has the form 

T = (1- x 2) + Y. a sin nwx 2 exp (-SnXl) (5) n 
n=l 

3T/3t = 32T/3x2 2 (6) 
the one-dimensional heat flow equation, where a 
nondimensional form for time t = Xl/2R has been 
used. The solution of this equivalent one- 
dimensional problem is discussed in Appendix 1. 
There it is shown that one can find a solution 

which displays an explicit dependence on t « not 
apparent in the solution corresponding to (5). 
In Appendix 2 we show that, by using a Green's 
function approach, a form of solution to the full 
equation (3) can be found which reduces 
asymptotically away from the ridge crest to the 
solution of (6), which displays the explicit t •'• 
dependence. Furthermore, when Xl/2R << 1, which 
is equivalent using dimensioned quantities to 
•t << a 2, this solution behaves asymptotically as 

T % erf 1/2 (7) 
2(t) 

This is the solution for the cooling of an 
infinite half space that Davis and Lister [1974] 
u•.ed in their justification of the plots against 
t 5. We see therefore that at small times the 
same property is possessed by a slab of finite 
thickness, and so in this age range it should 
also have the resulting properties of a depth 
that varies linearly with t• and heat flow 
varying as t -«. 

Means for deriving expressions for heat flow 
and topography are given in the work by Sclater 
and Francheteau [1970]. The dimensional surface 
heat flux, derived using (5), is 

-k 3[ 3•22] kT1 a 

x2=a 

• 2 2 1/2 , ß {1 + 2 y. exp [(R- (R2 + n w ) )x 1 ]} (8) 
n=l 

where x 1' is the nondimensional distance, the 
prime being restored as we shall now use both 
dimensional and nondimensional variables. The 

topography is calculated in the fashion 
illustrated in Figure 1. If the temperature 

solution T(x 1, x 2) from (5) is used, to first 
order in •, The elevation is 
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4o•p oo 

e (x I ) = oT1 • { 1 (p p )•2 2 - k=0 (2k + 1) 
o w 

! ß exp [JR- (R 2 + (2k + 1)2•2)1/2]x 1 ]} (9) 

where we have taken the asthenospheric density 

Past % Po and Past S(Xl) = Pwe(Xl )' The 
expression for the elevation has contributions 
only from terms with odd n in (5), as terms with 
even n leave the mean density of the slab 
unchanged and thus do not disturb the overall 
equilibrium. 

We can also obtain alternative expressions in 
ß ß • the same way which will hold when •t << a by 

using the asymptotic solution (7). The surface 
heat flux, written as a function of age, is then 

-k = OoCpT 1 
x2=a 

so that the heat flow varies as t for small 

enough ages. The asymptotic expression (7) can 
be used instead of (5) to obtain an expression 
for the topography 

OoaeT1 2PoeT1 (•t) 
ae(t) = 2(Po _ 0w ) - (0o - Pw ) •- 

1/2 
(11) 

valid when (•t) « << a. 
For young ocean floor then the plate model 

predicts that the ocean floor depth should 
increase as t«. The model also predicts that 
in older ocean floor the depth should become 
constant, as can be seen from (9). Hence if the 
depth is plotted as a function of t «, initially 
we should see a straight line whose slope is 
given in (11), and eventually the curve should 
break away from this line and tend steadily to a 
constant value. In Figure 2a the elevation is 

plotted versus the square root of x 1' for 
different values of R. The curves have the form 

described, and this kind of plot forms the basis 
of the first way of characterizing the data. 
First of all we note that 

Xl'/2R = •t/a 2 (12) 
which is then recognizable as the usual non- 
dimensional form of time. Also when R >> nw, 
the exponent in (5) is approximately 

2w2 1/2 , _• n 2 2 ,/ [(R 2 + n ) - R]x 1 w (x 1 2R) (13) 

Thus if the elevation or heat flow is plotted 
against some function of Xl'/2R the result is 
independent of R except very close to the ridge 
crest, where the higher n terms make their most 
important contribution. For spreading rates 
greater than i cm/yr, as R > 25, this approxi- 
mation holds well and means that only one plot 
is necessary rather than several for different 
values of R. An illustration of this is given 
in Figure 2b. For each R an estimate is made of 

v 1 
the value of (x I )• for which the elevation 
departs by a constant fraction (5%) from the 

straight line. These values are plotted against 
2R« in Figure 2b, and the results show a linear 
relationship. The slope of this line gives the 
particular value of (x l'/2R)« at which the 
linear relation between elevation and t« breaks 
down, and this is given by 

x l'/2R % 0.11 

which is close to a relationship of the form 

(14) 

•t/a2 • 1/w 2 (15) 

which might be expected from the form of 
solution (24) in Appendix 1. If the age at 
which this occurs can be estimated in the data, 
(14) would provide a relationship between K and a. 
The occurrence of such a break in a plot of 
depth versus t« would also be proof of the 
influence of some bottom boundary condition. 

The heat flow should demonstrate a similar 

initial linear relationship if it is plotted 

against (Xl'/2R)-• with a subsequent approach 
to a constant asymptotic value. Unfortunately, 
a property of such a plot is to distort 

considerably the horizontal scale of Xl'/2R in 
the range where the heat flux background 
approaches the constant background value. This 
makes it difficult to determine where the curve 

departs from a linear relationship. Instead, in 
Figure 3 we have plotted heat flow, given by 

(8), against (Xl'/2R) on logarithmic scales, so 
that the simple relationship appears as a straight 
line with a slope of-1/2. The curve departs 
from a linear relationship at a nondimensional 
age approximately twice that given by (14). 
Hence the depth is a more sensitive indicator of 
the influence of a bottom boundary condition. 
This is because the elevation is an integrated 
effect through the slab, whereas the heat flow 
depends only on the thermal structure close to 
the surface. 

The simple asymptotic relationships for small t 
have therefore suggested ways of plotting the 
data which will enable us to extract directly 
characteristic numbers relating the lithospheric 
parameters, e.g., relation (15). There is yet 
another way of plotting the data which comes 
from considering the asymptotic forms for large 
t and is given by the form of the original 
solution (5). It can be clearly seen that for 
large t the elevation will follow an asymptotic 
relation given by 

log10 [ae(t)] • log10 
4eaPoT 1 

2 
(p - p )• 

o w 

2 

• K(log10 e)t 
2 

(16) 

remembering that R >> w, as other terms decay 
more rapidly. The heat flow exhibits a similar 
relationship. From (8), for large t we would 
expect 

2 

kT1] 2kT 1 • •(log10 e)t 1øg10 [q- a 1øg10 a 2 
a 

(17) 
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Fig. 2. (a) Plot of nondimensional elevation for the plate model versus the square 
root of the nondimensional distance for various values of the thermal Reynolds 
number R. The dashed lines near the origin indicate where there are very small 
departures from the linear relation for small values of R. All the. lines 

intersect at a common point for x I = 0. (b) The value of (x/•')« at which the elevation departs from the linear relationship by more than 5 plotted versus 
(2R)•. 

where q is the heat flux and the heat flow missing from the expression for the elevation, 
anomaly is measured relative to the asymptotic as was explained above, and the second term 
constant background level kT1/a. Expressions decays much more rapidly than the second term in 
(16) and (17) suggest that the logarithm of the the heat flow expression. The linear expression 
elevation or heat flow anomaly should be plotted for the lOgl0 [e(t)] versus t plots holds for 
versus age. In Figure 4a the elevation calculated values of •t/a 2 > 0.025, which overlaps 
from the full expression (9) has been plotted on a considerably with the linear t« relationship. 
logarithmic scale versus age. The curve To make these PlOts in practice involves an 

approaches a linear relationship very rapidly assumption, which turns out!½,o be quite indeed. The logarithm of the heat flow anomaly reasonable. In using the t' plots one can 
approaches a linear relationship with age but less consider depth rather than elevation and obtain 
quickly than it •does for the elevation (Figure essentially the same relationship. However, in 
4b). This is because terms with n even are order to plot the elevation as in (16) or heat 
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Fi•. 3. Nondimensiønal heat f'low on a 1o•arit•ic scale plotted versus [x•/2R) also 
on a 1o•arit•ic scale. ?he linear relation with respect to t-« appears as a 
straight line with a slope of-1/2. The age at which this relationship breaks 
down is marked by the arrow and is approximately twice the equivalent age for 
the elevation. 

flow anomaly as in (17) it must be assumed that 
we know the asymptotic constant values toward 
which the depth and heat flow tend. The 
maximum age of the ocean floor is limited, but 
the greatest age for which we have depth data is 
more than twic• the age at which the plot of 
depth versus t • departs from a linear 
relationship. This value is given by (15), and 

1.0 

0.5- 

z 0.05 

0.01 

a. 

consideration of (9) or (16) then implies that 
at this deepest value more than 9/10 of the 
original elevation has decayed. Hence by using 
an initial estimate for the time constant 

a2/W2K the reference depth can be evaluated from 
the depth in the oldest part of the oceans. The 
same considerations apply to estimating the heat 
flow anomaly. 

IO 

. I .2 .3 0 . I .2 
i 

-•R: m. x,' •ct a • ' 2R - a • 

Fig. 4. (a) Nondimensional elevation on a logarithmic scale versus nondimensional 
time. (b) The nondimensional heat flux anomaly measured relative to the 
uniform background plotted on a logarithmic scale versus nondimensional time. 
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Fig. 5. A summary of the different ways that the data can be characterized in terms 
of the plate model. The various constants are discussed in the text and 
listed in Table 1. 

In summary then, we can attempt to characterize 
the data as illustrated in Figure 5. It should 
be noted again that the characterization comes 
from the above analysis, which concerned itself 
with the behavior of a particular model, the 
plate model. The success with which the data 
can, in fact, be characterized in the fashion 
illustrated, and the agreement between 
independent estimates of the same numbers, 
provides a test of the model. By plotting the 
data in these different ways we can try to 
evaluate the constants illustrated in Figure 5. 
The principal ones are listed and defined in 
Table 1. The only one of the constants 
associated with the heat flow that we attempt to 

estimate is c6, the value of the constant heat 
flux background. On examining the constants 
listed in Table 1 it can be seen that they 
provide only three independent relationships 
between lithospheric parameters. For instance, 

c 3 can be derived by using c 1 and c2, and c 4 is 
related to c 5 and c Therefore it is not possible to 6btain 6a•l lithospheric the 

parameters from the data. We shall assume that 

Do, Pw, Cp, and k are reasonably well known, and 
then from the estimated constants it is possible 
to derive values for a, T1, and •. This 
approach enables the parameters to be calculated 
directly without having to fit curves to the data 
by eye, as is usually done. 

Analysis of Topographic and 
Heat Flow Data 

Presentation of the data. In young ocean floor, 
various models give similar predictions 
regarding the variation of heat flow and depth 
with age. The variation of depth with age out to 
about 80 m.y.B.P. can be accounted for by the 
plate model [Sclater et al. , 1971]. However, it 
can equally well be accounted for by the cooling 
of a semi-infinite half space, no bottom 
boundary being required by the data [Davis and 
Lister, 1974], or by a model in which the bottom 
boundary is a liquid-solid phase transition and 
is allowed to migrate [01denbur.•, 1975]. As can 
be seen from the analysis in section 2, in young 

enough ocean floor h any of the thermal models will 
give the correct t• dependence, and to discrim- 
inate between the various models, the data set 
must be extended to greater ages. The main 
emphasis in this section is on the variation of 
depth with age, as we believe these data to be 
veery reliable. Heat flow data for the same age 
range are also considered, Because t-•he' causes of 
scatter and low values in heat flow data are 

imperfectly understood, the methods used to 
extract reliable data points are still being 
developed. Hence we use the heat flow data only 
to demonstrate broad consistency with the model 
describing the topography. 
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Fig. 7. Ship tracks with seismic reflection profiles in the western North Atlantic 
Ocean. The Mesozoic magnetic lineation pattern is discussed •n the text. Bathy- 
metric contours are in corrected meters and are taken from Uc•upi [1971] Other 
symbols are the same as those in Figure 6. 

To extend the empirical depth-age curve, we 
have considered two areas where Mesozoic 

magnetic anomalies have been recognized. These 
are the North Pacific (Figure 6) and the western 
North Atlantic south of 34øN (Figure 7). In the 
North Pacific, mean depth values for ages less 
than 80 m.y.B.P. are tabulated in the work by 
Sclater et al. [1971]. Sclater and Detrick 
[1973] have given depths at a limited number of 
Deep-Sea Drilling Project (DSDP) sites. In 
Tables 2 and 3, depths at a more complete list of 

Previously published isopach maps [Ewing et al. 
1973; Lancelot and Larson, 1975] give sediment 
thicknesses in general agreement with our 
estimates. We used a sediment velocity (2 km s -1) 
and density (1.7 gcm -3) that will tend to give 
an upper limit to the correction for sediment 
loading, certainly for thicknesses less than 1 kin. 
These steps were taken to prevent any bias 
toward too-shallow mean depths due to the 
sediment correction. 

The Mesozoic lineations shown in Figure 6 
DSDP sites around the areas of interest are given. are based on Hilde et al. [1976] and Larson and 
These tables serve two functions. One is to 

provide additional depth versus age values for 
comparison with those obtained from profiles. 
The second is to provide a check on our estimates 
of sediment thickness. The depths measured by 
using profiles are corrected for the loading 
effect of the sediments. This correction is 

particularly important in the older parts of the 
North Atlantic, where the sediment thickness 
exceeds 1 km. In Tables 2 and 3 the sediment 

thickness has been estimated where possible from 
seismic reflection profiles taken in the vicinity 
of the drill sites. In both areas there are a 

number of drill holes where basement was reached. 

The penetration in these cases provides a further 
check on the estimates of sediment thickness. 

Hilde [1975]. Available ship tracks with seismic 
reflection profiles along them were superimposed 
over the map of the Mesozoic magnetic anomalies. 
Reflection profiles taken by the Glomar 
Challenger and on drill site surveys have been 
published in the Initial Reports of the Deep Sea 
Drilling Pro•ect (see Table 2 for sources). 
Other data points were obtained from unpublished 
Vema and Conrad (Lamont-Doherty Geological 
Observatory) profiles and from four parallel 
profiles across the Hawaiian lineations taken by 
the OSS Oceanographer during the NOAA western 
Pacific geotraverse project. We measured depths 
where these tracks crossed selected lineations 

provided that the lowermost reflector on the 
reflection profile could be identified as basement 
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with a reasonable amount of confidence, hence depth as a base line the logarithm of elevation 
giving a reliable value for the sediment thickness. can be plotted versus age. This is done in 
The depths were corrected to the true water 
velocity [Matthews, 1939] and then for the 
isostatic loading of the sediments. Mean values 
are presented in Table 4. 

For the North Atlantic our treatment was 

slightly different. In these latitudes there are 
no mean depths available even for younger ocean 

Figures 9a and 9b, where a reference depth of 
6,400 m has been used in both cases. A reasonable 
linear relation can be seen for ages larger than 
20 m.y.B.P. The apparent increase in scatter 
for the older points is an effect of the 
logarithmic scale used. All the points lie within 
about 100 m of the linear relation for the North 

floor, the data of Sclater et al. [1971] extending Pacific and within about 170 m for the North 
out only as far as 21 m.y.B.P. (anomaly 6). Atlantic. 
Therefore for ages out to 90 m.y.B.P. we have Two final observations concerning the mean 
used mean values calculated from all the profiles depth in the older regions can be made. First of 
between 34øN and 20øN, on both sides of the mid- all, the theoretical depth given by the plate 
Atlantic Ridge, presented by Sclater e% al. [1975]. model shows that, between 140 and 200 m.y.B.P., 
The 1 ø square averages of the free air gravity only a further 200 m increase in depth is to be 
anomaly for these latitude limits are comparative- expected. This magnitude for the remaining 
ly small. This choice, and averaging over many depth change lies within the scatter in the data. 
profiles, is made in an attempt to minimize any Second, the linear t• relation, if it is 
bias away from the true depth-age values. The continued out to 160 m.y.B.P., predicts a depth 
second difference in treatment was in the location of 7000 m. Consideration of the depth contours 
of the Mesozoic magnetic anomalies. In the North for the North Pacific (Figure 6) shows that for 
Pacific most of the Mesozoic anomaly sequence is the most part the depth does not fall below 
quite clear, but this is not the case in the North 6000 m. Allowing for a reasonable mean sediment 
Atlantic. Hence here we have measured depths at 
different anomalies from those used in the North 

Pacific. The onset of the quiet zone and the two 
groups of anomalies, M20-16 and M4-0, are gener- 
ally more distinctive than the remainder of the 
sequence. Other parts of the Mesozoic anomaly 
sequence appear confused or even missing. We 
obtained plots of magnetic anomalies at right 
angles to ship track for tracks with seismic 
reflection profiles shown in Figure 7. Using 
identifications along the tracks for the 
anomalies given in Table 5, we measured depths 
and sediment thickness at the locations marked 

in Figure 7. The data sources are for the large 
part published Verna profiles [Talwani, 1974]. 
These have been supplemented by unpublished 
profiles (Digicon and AII-92-1) taken during 
surveys for the International Phase of Ocean 
Drilling (IPOD) project. We have also sketched 
in the trends of the Mesozoic lineations in 

Figure 7, based on our own identifications and 
the previous results of Vo•t et al. [1971] and 
Larson and Hilde [1975]. Mean depths and 
sediment thicknesses for all ages in the North 
Atlantic are given in Table 5. 

The mean depths are plotted against the square 
root of age in Figures 8a and 8b. Both areas 
show the same general features, initially an 
increase in depth varying linearly as t 5 and 
then in older regions a less rapid increase in 
depth appearing as a flattening of the curves. 
By using the mean depth points and taking into 
account the standard deviations, a best estimate 
of between 64 and 80 m.y.B.P. was obtained for 
the point of departure from the linear t « 
relationship. This behavior is close to that 
predicted by the plate model. Theoretical depths 
calculated by using the lithospheric parameters 
estimated later in this section are shown in 

Figures 8a and 8b; the agreement is quite 
reasonable. An approximate estimate for the age 
around which the linear relationship breaks down 
(470 m.y.B.P.) gives 630 m.y. as the value for 
the parameter a2/•. From the asymptotic relation 
(16) an estimate of the final depth which would 
be reached in old enough sea floor can be made 
by using a few of the oldest points. With this 

thickness of 400 m results in corrected depths 
less than 6,300 m. Thus there is a substantial 
difference between the observed behavior and that 

predicted by a linear t« relation, confirming 
the result displayed in Figures 8a and 8b. 

If the topography can be accounted for by this 
simple cooling process, then one would expect 
the same model to describe the observed heat flow. 

However, there are many uncertainties associated 
with heat flow measurements. Values in poorly 
sedimented regions near ridge crests show a large 
scatter as a function of position, and the magni- 
tudes of the measured values are considerably 
smaller than those predicted by the plate model 
[Talwani et al. 1971; Lister, 1972]. Very large 
values of heat •lux (>30 •c-• cm -2 s -1) have 
been observed near the ridge crest in some places 
[Williams et al., 1974], and this suggests that 
most measurements in these regions are under- 
estimates of the actual value. At present an 
explanation of both the scatter and the low 
values is being sought in terms of heat transport 
by water circulating in cracked rocks within a 
few kilometers of the ocean floor, either as 
convection within a porous medium or by heat 
exchange between individual cracks and ocean water 
[Lister, 1974]. The low values near ridge crests 
can be explained by assuming that a large propor- 
tion of the heat transport is due to water cir- 
culation, whereas the observations only give the 
conductive gradient in the sediments where the 
measurements are made. 

With these cautionaMy remarks in mind we will 
make a comparison of available heat flow data 
and the predictions of the plate model. Values 
for the mean heat flow in given age zones, 
compiled with little selectivity with regard to 
the environment of the measurement, have been 
given by Sclater and Francheteau [1970] for the 
Pacific and South Atlantic and by McKenzie and 
Sclater [1971] for the Indian Ocean. These.are 
plotted in .Figure 10. •.Also shown•are estimates 
of the heat flow •in the North Pacific that were 

obtained after considering the environment of all 
the individual measurements [Sclater et al., 1976] 
and they are considered more reliable. Recent 
studies [Lister, 1972; E.E. Davis and C.R.B. 



814 

o 

o 

.r-i 

(D 

.H 
0 

I 

0 (D +3 • 0'r• 

o (• 

oo o o 
oj0o co r-i 
•oJ oJ oJ 

oo o o 
oo o o 

o o 

OO•3 

O 

o 
o 
,.-I 

oJ ß I 
i.• 
,-I ß co 

co 
,.-I 
,--i Lr• 

i co 
o I 
o i.• 
,.-I 

o 

o • 

o .H 

• O h 

(• (• (• (•.HO 00 

,.-I ,--i 
i I 

0 0 b.- 0 00 0 ß 
0 0 0") .•' .•' Lr• 

(• (• 

ß 

ß ß 

o•00 
o•o 

Lr• U'• O O O 
O3 O3 O O 
•-I 0J O3 Lr• O3 

O 

O O 
O O 
O3O3 

A 

ooo 
OOLr• 
O3O3O3 

-•' O 
o o 
t,• oJ 
oJ • 

o •) ß ß 

oq Lr• 0 
o o o o 

O 0 0 0 

0 0 0 O 0 

,--I ,--I ,--I H ,--I 

0J O t----•' O 

0 0 0 O O 
o H0qodo 

O3O 

HO 

o o 
oo• 

o0•o• 

•JO0 

o o o 
oo•oo 

ooo 
o3o3o3 

o 

L •- 0 

.H 

.H 

0 
.H 

,-• 

.H 

-I-3 

0 

o 



815 

o 

o o • • • 

ß 

r•O 

0 ' 
•1 c• 
o c%1 ' 

I • 

0 (• • 0 0 

0 0 •--! • 

000001.•0 t'-- •M •'• 
u• u'• 00',, O•cO •'• O•XI .-• 
('• ('• b-.-• .--•' L•(V3 • OJ 

•{;) ('• • O0 

.•- ..• ..• 

0000000 O0 0 

0 0 0 0 0 0 0 0 0 0 
..• ..• 00 I.• •XI •'• 0•.-• U'• 

O0 0 O0 
U'•O U'• O0 

•:)CO CO 
• ^ 

.-.•' C• 0 0- 

•--! 0'3 • O0 
0 0 0 0 0 
0•;) •:) •--!0 

0 0 0 0 0 

0 0 
0 0 

00000 
U• U• 0 LFX 0 

0 o 

• o 

o 

.•1 

j 

o 

4o o 

ß •1 .•1 

o 

ß bO 

.•1 

I 

.H 



816 ParsOns and Sclater' Ocean Floor Bathymetry and Heat Flow 

TABLE 4. Mean Depth Versus Age From Profiles in the North Pacific 

Age* Anomaly* , Number of Mean Depth, Mean Sediment Mean Depth 
m.y. ValUes Corrected Thickness, m Corrected for 

Meters Sediment Loading, 
m 

Standard 

Deviation, 
m 

117 M4 3 5427 450 5742 

126 Mll 8 5784 394 6061 

133 M15 7 5887 400 6167 

143 M20 8 5785 381 6051 

153 M25 4 5875 381 6147 

163 JQZ + 3 5926 317 6148 

143 

153 

105 

99 

109 

168 

*Identification of anomalies and ages based on Larson and Hilde [1975] and 

Hilde et el. [1976]. 

+JQZ, Jurassic quiet zone. 
Lister, unpublished manuscript, 1976; Sclater 
et el., 1976] have shown that in areas with 
uniform reasonably thick sediment cover (>200 m), 
heat flow measurements were much less scattered 

than those measured in areas with outcropping 
basement highs and thin patchy sediment cover. 
Also the mean of these measurements alone tends 

to be significantly larger than that obtained by 
using all heat flow values regardless of environ- 
ment. A similar effect is observed in the 

reduction of the standard deviation associated 

with the mean heat flow as the age increases, the 
sediment cover generally increasing in thickness 
with age. These observations suggest that a 
sufficiently thick sediment cap effectively 
seals off cracks in the underlying basement and 
strongly influences any remaining effects of 
hydrothermal circulation. The reliable means 
plotted in Figure 10 were obtained by using only 
heat flow measurements taken in areas with a 

uniform sediment cover greater than 200 m thick 
[Sclater et el., 1976]. 

Figure l0 demonstrates that the earlier values 
obtained without regard to the environment were 
very scattered. These values are also signifi- 
cantly lower than the heat flow predicted by a 
plate model that satisfies the topographic data 
using parameters discussed later in this section. 
The more reliable means, however, show good 
agreement with the predicted values. These 
latter means only, and the theoretical curve, 
have been replotted in Figure 11 as the logarithm 
of heat flow versus the logarithm of age. A 
straight line with a slope of -• provides a good 
fit over the age range of most of the data. The 
age at which the predictions of the plate madel 
begin to differ from the t-« relation is around 
120 m.y., about twice the age at which the linear 
t« variation of the depth breaks down as 
discussed in section 2. It can be seen from 
Figure 11 that the difference between the 
prediction of the plate model and the continuation 

of the t-« dependence for ages larger than 
120 m.y. are very small. The difference is less 
than 0.1 •cal cm-2 s-1 until about 165 m.y., and 
hence discrimination between the two on the basis 
of heat flow will be difficult. We therefore 
have the surprising conclusion that although the 
plate model was originally suggested by the 
apparently constant heat flow for old ocean floor, 
its justification comes not from the heat flow 
data at all but from the bathymetric data. 

Estimation of lithospher. i.c parameters. Some of 
the constants defined in section 2 can now be 
obtained from the plots in Figures 8-11. These 
are given in Table 1. The errors also given are 
estimated from the graphs. They should not be 
regarded as true statistical errors, although in 
the calculations they are treated as such, but as 
a subjective measure of the uncertainty in the 
values. Relationships between different constants 
provide a check on the consistency with which the 
plate model describes the data. For instance, 
Table 6 lists the results of three different 
methods of estimating the parameter a2/• for both 
the Pacific and the Atlantic data. These make 
use of the age of the breakdown of the linear 
t« relation, the slope of the asymptote in the 
plot of the logarithm of elevation versus age, 
and, third, the ratio of the ridge crest 
elevation to the slope of the linear t « 
relation. The different values are in reasonable 
agreement, although the third method is more 
sensitive to errors in the constant values used. 
In subsequent calculations a value of 620+100 
m.y. will be used for the Pacific, and 650+100 
m.y. for the Atlantic. An age equal to one tenth 
of this value gives a measure of the thermal time 
constant of the lithosphere. Another, less 
important, check comes from the ratio c3'/c3, the 
actual value of 0.82 lying close to the theoreti- 
cal value of 8/• 2 given by (11) and (16). 

The value of c6, the asymptotic heat flow 
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TABLE 5. Mean Depth Versus Age From Profiles in the North 
Atlantic South of 34øN 

Age*, Anomaly* Number of Mean Depth, Mean Sediment Mean Depth 
m.y. Values Corrected Thickness, m Corrected for 

Meters Sediment Loading, 
m 

Standard 

Deviation, 
m 

0 1 12 2528 - 2528 247 

10 5 24 3395 40 3423 315 

(18) ( 3542 ) (6) (3546) ( 251 ) 

38 13 24 4500 95 456% 378 

( 18 ) ( 4702 ) ( 49 ) ( 4736 ) ( 217 ) 

53 21 24 4889 121 4974 421 

(18) (5106) (83) (5164) (210) 

63 25 24 5118 143 5218 

(•) (•?) (9?) 

447 

( 264 ) 

72 31 24 5298 199 5437 437 

82 33 24 5331 225 5489 424 

(•s) (•s) (•) (•o) (•) 

90 CQZ + 23 5409 280 5605 403 

(17) (5459) (259) (5640) (456) 

101 CQZ + 4 5442 388 5713 214 

109 M0 10 5427 410 5714 222 

117 M4 15 5340 587 5751 243 

137 M17 17 5333 806 5897 224 

143 M20 15 5371 817 5943 212 

153 M25 9 5389 1172 6209 271 

Numbers in parentheses were obtained by excluding profiles north of 31øN from the 
the data set of Sclater et al. [1975]. 

*Time scale from Heirtzler et al. [1968] and Larson and Hilde [1975]. 
+ 

CQZ, Cretaceous quiet zone. 

background, was estimated as follows. A contri- 
bution of 0.1 HFU (•cal cm -2 s-l), considered as 
the contribution due to radioactive heating in 
the lithosphere, was subtracted from the oldest 
of the heat flow means. Strictly speaking, if 
we are to account for lithospheric radioactive 
heating, we should use an alternative expression 
to (8) allowing for the effect of the internal 
heating on the geotherm. However, the error made 
in neglecting to do this is small compared with 
the final error in the estimated value of T 1 due 

to errors in the values of the constants, so the 
simple form for c 6 is retained. Using the esti- 
mates of the time constant a2/w2•, the background 
heat flux was then calculated by using the 
asymptotic relation (17). This shows that the 
cooling of the lithosphere down to equilibrium 
still contributes 0.2. HFU of the observed heat 

flux, leaving 0.8 HFU for the background value. 
This is smaller than pervious estimates [Sclater 
and Francheteau, 1970], which did not correct for 
any further decay before reaching equilibrium. 
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Fig. 8. Mean depths and standard deviations 
plotted versus the square root of age for 
(a) the North Pacific and (b) bhe North 
Atlantic. Predicted values for a linear 

t « dependence and for a plate model using 
lithospheric parameters discussed in the 
text are given. An additional point in the 
Cretaceous quiet zone was obtained by 
averaging depths at DSDP sites 16h, 169, 
and 170; this is denoted by the error bar 
on age. 

Values for the following physical quantities 
are needed in order to estimate the lithospheric 
parameters' 

-3 
p = 3.33 g cm 

o 

-3 

Ow= 1.0 gcm 
C = 0.28 cal g-1 Oc-1 

P 

k = • 5 X'• '0'•'3 cal •'0c -1 -1 -1 . , cm s 

(18) 

The specific heat is based on measurements of 
typical minerals over temperatures appropriate for 

the upper part of the lithosphere [Goranson, 19h2] 
and an upper limit of 0.295 cal g-l' oc- 1 given by 
Dulong and Petit's law for olivine. The value for 
the thermal conductivity is a mean value for the 
upper 120 km of the mantle estimated from the 
results of Schatz and Simmons [1972]. Using these 
values, we can calculate successively the lithos- 
pheric thickness a from the estimate of a2/K, then 
T1, using the definition of c6, and last, the 
thermal expansion coefficient • from the defini- 

tion for c 3. The resulting best fitting param- 
eters for the North Pacific are 

a = 125 -+ 10 km 

1333 ø + 274Oc 
(3.28 _+ 1.19) x 10 -5 øC-1 

(19) 

and for the North Atlantic, 

A 
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Fig. 9. Mean elevations plotted on a 1 garithmic 
scale1iversus age for (a) the North Pacific 
and •(b) the North Atlantic. In both cases 
a reference depth of 6h00 m has been used 
to give the elevation. 
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a = 128 ñ 10 km 

1365 ø ñ 276øC 
-5 -1 

(3.1 ñ 1.11) x 10 øC 

(20) 

The values given by (19) and (20) are those that 
have been used in calculating the theoretical 
curves in Figures 8-11. It should be noted that 

calculations obtain the bottom boundary tempera- 
ture from a given solidus. This procedure can be 
reversed here, as both the thickness and the 
temperature have been estimated independently. 
The weight of evidence favors an overall 
peridotitic composition for the upper mantle. In 
Figure 12 we have plotted various melting curves 
for peridotite taken from Kushiro et al. [1968]. 
The depth and temperature estimated for the base 

the relative uncertainty increases in going from a of the plate model fall closest to curve B, the 
to T 1 and then e, as the errors in the parameters 
include the error in the parameter estimate that 
preceded it as well as the error in the values of 
the constants. The error estimates are derived 
from the same relationships that define the 
constants (Table 1). In estimating the different 
errors, no account has been taken of possible 
uncertainties in the assumed parameters given by 
(18). The thickness is the best constrained of 

solidus appropriate in the presence of water 
occurring as hydrous minerals rather than as free 
water. A more appropriate curve for the onset of 
partial melting may be C, appropriate when free. 
water is present as a phase in the upper mantle. 
This implies that the base of the plate as defined 
by the thermal models is deeper than the depth at 
which partial melting occurs. 

Finally, the simple square root and exponential 
the three parameters. The estimate of the thermal asymptotes for young and old ocean floor provide 
expansion .coefficient agrees well with measured the basis for simple empirical formulae. For 
values for typical lithospheric minerals young ocean floor the depth is given by 
[Skinner, 1966]. However, throughout this paper 
we have ignored the possible contribution of phase 
changes to the elevation. In the calculations of 
both Sclater and Francheteau [1970] and Forsyth 
and Press [1971] the phase changes made a 
substantial contribution to the elevation, yet 
the above calculations show that the topographic 
data can be perfectly well explained without 
taking this into account. Furthermore, we have 
seen that a linear relation with respect to t« 
holds well out to 70 m.y.B.P. Either the effect 
of the phase changes on the elevation is 
negligible or the nature of the phase boundaries 
present are such that the phase boundarie• 
initially approach their final level as t •, so 
that the linear t« relation in the depth is 
preserved [Davis and Lister, 1974]. 

It is commonly assumed in plate calculations 
that the bottom boundary of the lithosphere is 
associated •with partial melting, which occurs 
throughout•the low-velocity zone. Once the 
thickness of the lithosphere is specified, these 

d(t) 2500 + 350(t)1/2 = m (21) 

with t in m.y.B.P., this relationship holding 
for 0 < t < 70. For older ocean floor the depth 
is described by 

d(t) = 6400 - 3200 exp (-t/62.8) m (22) 

which is a good approximation for t > 20 m.y.B.P. 
In the case of the heat flow, onlY' the•%%• 
dependence illustrated in Figure ll has Been 
tested at all adequaC'el• •, Th'iS gi+eS a relation- 
ship 

q(t) = 11:"3/t 1/2 wcal cm s (23) 

, I , I I I I I i I I I I I I I I 
0 20 40 60 80 I00 120 140 160 180 

AGE IN M.Y.B.P. 

Fig. 10. Standard heat flow averages plus the more selective means of Sclater et al. 
[1976] plotted as a function of age. The theoretical curve is calculated using 
the parameters (19) estimated in the text. 
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Fig. 11. The reliable heat flow means, calculated using measurements in uniformly 
well-sedimented areas, plotted on a logarithmic scale versus age and also on a 
logarithmic scale. The theoretical curve has a slope of -1/2 until an age of 
about 120 m.y.B.P. The small differences between the plate model values and 
the continuation of the t-« dependence can be seen. 

valid for 0 < t < 120 m.y.B.P. This is in 
agreement with the result given by Lister [1975]. 

Discussion 

It has been demonstrated that, for sufficiently 
large ages, the depth increases less rapidly than 
predicted by a linear t• dependence. We would 
like to infer from this flattening of the depth- 
age curve that it is necessary to supply heat from 
the mantle to the base of the plate. Before 
doing so, however, it is necessary to discuss 
possible difficulties that could make this 
inference uncertain and to provide reasons why 
these difficulties are unlikely to affect the 
basic conclusions. In the critical region, for 
ages larger than 80 m.y.B.P., the values of mean 
depths are very reliable, but the flattening seen 
in Figures 8a and 8b also depends on the time 
scale [Larson and Hilde, 1975] used to assign 
ages to the Mesozoic lineations. The Jurassic 
time scale is still under development [van Hinte, 
1976], and some uncertainty exists in the ages. 
Berggren et al •1975], in their discussion of the 

TABLE 6. Results of Different 
Methods of Estimating a2/• 

Method a2/•: m.y. Equation 
Pacific Atlantic 

9c 2 648 +_ 72 648 +_ 72 (14) 

2 

w log10 

c 2 ' 
570 + 60 647 + 147 (16) 

620 + 200 660 + 330 (11) 

original time scale for the Mesozoic lineations 
put forward by Larson and Pitman [1972, 1975], 
proposed differences in the ages assigned to the 
Mesozoic anomalies based on van Hinte's [1976] 
time scale and control points provided by basement 
contacts at DSDP sites. In this way, they removed 
the necessity for worldwide changes in the 
spreading rate required using the time scale of 
Larson and Pitman [1972]. Regardless of whether 
one agrees with the views of Berggren et al. 
[1975] or those of Larson and Pitman [1975], the 
maximum difference between the time scales (13 
m.y. ) provides a good upper bound on any errors. 
The interval of time represented by the late 
Jurassic stages (7 m.y. ) is assigned somewhat 
arbitrarily [Larson and Hilde, 1975]. However, 
considering the control provided by combining 
radiometric dates, biostratigraphy, and magnetic 
stratigraphy [van Hinte, 1976], the errors are 
unlikely to be larger than the 7 m.y. span of 
these stages. Furthermore, these errors refer to 
internal inconsistencies within the Mesozoic time 

scale and not to bodily shifts to earlier times. 
The radiometric dating providing control 

generally gives minimum ages. To brin• the older 
points in Figures 8a and 8b onto the tM line 
requires shifts of between 25 and 50 m.y. to 
earlier ages, and this would appear to be highly 
unlikely. 

Thus the flattening in Figures 8a and 8b is 
real, but can this immediately be used to infer a 
similar flattening in the thermal structure of 
the lithosphere? Another alternative is that a 
systematic thickening of the crust with age causes 
the observed variation of depth with age, while 
the thermal structure is unchanged from that 
which would produce the t % dependence in the 
depth. We believe there are three reasonable 
arguments that this is not the case. Primarily, 
there is no convincing observational evidence 
that the crust systematically thickens 
[Christensen and Salisbury, 1975; Woollard, 1975; 
Tr•hu et al., 1976]. Undoubtedly, there is 
considerable variation of crustal thickness from 

place to place, but no general increase in total 



Parsons and Sclater' Ocean Floor Bathymetry and Heat Flow 821 

2OOO 

1500 

,,, I OOC 

500 - 

o-- I I I 
0 5o i00 150 

DEPTH IN KILOMETERS 

Fig. 12. Best estimate (solid circle) and 
range of errors (shaded area) for the 
temperature and depth of the bottom 
boundary of the plate compared with 
melting poi, nt curves from Kushiro et el. 
[1968]. Curve A is the solidus for 
anhydrous conditions, B is that for 

hydrous conditions with PH20 << Pload, 
and C is the melting curve corresponding 
to the case where free water is present 
as a phase. 

thickness with age. Trghu et el. [1976] have 
shown that increases in thickness of the order 

required to produce the observed variation in 
the depth with age are clearly ruled out by the 
observations in the North Atlantic. Second, in 
the absence of any convincing observational 
evidence for increases in crustal thickness one 

ought to put forward a mechanism by which the 
crust could be systematically thickened. A 
currently accepted model for crustal production 
is that of extensive partial melting of a 
peridotitic mantle and the bleeding off of the 
melt [Wyllie, 1971]. Such a model could easily 
account for the variations in crustal thickness 

due to fluctuations in the intrusion process at 
the ridge crest. Evidence from seismic 
attenuation [Solomon, 1973] suggests that the 
zone of extensive partial melting is confined to 
the immediate vicinity of the ridge crest, and 
there is no evidence for larger than a small 
amount of partial melting elsewhere. Hence it 
is hard to see how the crust could be 

systematically thickened within the context of 
this mechanism. Finally, even if we could 
derive a mechanism, it would have to be such as 
would only produce significant effects for ages 
older than 70 m.y.B.P. and not where the linear 
t« dependence still holds. 

The last point that we wish to make with regard 
to the data concerns ways in which estimates of 
the mean depths at given ages can be improved. 
It is evident that ocean floor of a given age is 
not all at exactly the same depth, but there is a 
certain amount of scatter about the mean value. 

This is illustrated in Figures 13a and 13b, where 
the individual measurements used in calculating 
the mean depths are plotted as well as•depths at 
DSDP drill sites from Tables 2 and 3 and 
Scla'.ter•and Detrick [1973]. The variations of 
depth around the mean value could have various 

causes, among them the effects of mantle 
convection beneath the plate [Sclater et 
1975; Watts, 1976] and the results of variation 
in crustal thickness produced in the intrusion 
process at the ridge crest [McKenzie and Bowin, 
1976]. In including data points for averaging 
one usually excludes areas with structures that 
are far from being normal oceanic crust, e.g., 
the Shatsky rise, for want of sufficient 
knowledge that would enable the depth to be 
corrected, as one does in the case of sediment 
loading. However, it is clear that areas with 
otherwise normal oceanic structures but which 

appear much too shallow or too deep should not 
necessarily be excluded. Until one knows the 
exact mean value at a given age a judgement 
cannot be made as to whether a given point is 
deeper or shallower than average. Also to omit 
such points may result in the mean depths 
becoming biased. It seems preferable to include 
depth measurements with as large a coverage as 

possible and to obtain an independent check on any 
possible bias. This could be provided by 
calculating an average free air gravity anomaly 
associated with the mean depth, using gravity 
values at all the points at which the depth is 
measured. An unbiased mean depth should be 
associated with a mean free air gravity anomaly 
close to zero. Differences from zero would enable 

an estimate of the bias in the depth to be made 
by using the slopes of observed relations between 
gravity and topography [Sclater et el., 1975; 
McKenzie and Bowin., 1976]. In the North Pacific, 
measurements with a sufficiently wide coverage 
from areas with generally small gravity anomalies 
have been used and should provide a good 
estimate of the mean depth. Our concern with the 
above points stems from the difficulties in 
isolating depth-age information in the North 
Atlantic. Here there are commonly accepted to be 
large disturbances in the depth, possibly due to 
crustal variations and mantle convection. In 

Table 5 we also give mean values for ages less 
than 90 m.y.B.P. when profiles north of 31øN are 
excluded. The basic shape of the curve is 
unchanged, but mean values deepen by up to 200 m, 
and also the scatter is reduced (Figure 13b). A 
method such as that described above would indicate 

how much other processes have affected the depth- 
age values. 

We conclude therefore that there is a real 

departure of the variation of depth with age from 1. 

a linear t-2 dependence and that this requires 
an input of heat flux at the base of the litho- 
sphere. The estimates made in section 3 for the 
time constant a2/K indicate that the thermal 
structure begins to feel the influence of some 
bottom boundary condition at a depth between 115 
and 135 km. The simple t'• dependence initially 
observed in the depth variation eventually 
breaks down. Its importance remains, however, 
for, together with the observation of topographic 
ramps in regions where jumps in the spreading 
center have occurred [Sclater et el., 1971; 
Anderson and Sclater, 1972; Anderson and Davis, 
1973], it provides substantial proof of the ther- 
mal origin of the broad variations in ocean depth 
with age. 

Both the variation of the mean depth with age 
and that of the reliable heat flow averages can 
be described by the same plate model, The 
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essential component of the plate model is that 
at a depth of about 125 km the temperature 
remains essentially constant and the topography 
is compensated. The simple mathematical 
framework is found to provide a reasonable 
description of the data, although the question of 
the physical maintenance of such a picture is 
avoided. In order to keep the temperature 
constant at a given depth, heat must be supplied 
from below to compensate for that lost by 
cooling. The term 'plate model' implies nothing 
regarding the mechanism by which this heat is 
supplied. In the introduction we suggested one 
possible method, that of small-scale mantle 
convection [Richter, 1973; Richter and Parsons, 
1975; McKenzie and Weiss, 1975]. The details of 
the development of the thermal structure of the 
lithosphere when small-scale convection 
transports heat in the upper mantle, and means of 
discriminating between this mechanism and other 
possible alternatives, are discussed elsewhere 
(B. Parsons and D. McKenzie, manuscript in 
preparation, 1976). 

The results obtained here can be tested in the 

following ways. Further measurements of depth 
and sediment thickness, together with control 
provided by gravity measurements, in the areas 
studied, and in other areas where Mesozoic 
lineations have been identified, should be made 
to check the mean values given here. We have 
pointed out that the differences between the heat 
flow predicted by the plate model and a continua- 
tion of the t-« dependence in the older regions 
are very small and they may be very difficult to 
detect. However, the causes of scatter are 
certainly not fully understood, and the exact way 
that increasing thicknesses of sediment influence 
hydrothermal circulation has to be determined. 
Hence the systematic measurement of a large 
number of heat flow values with carefully studied 
environments in the old ocean basins may yet 
provide sufficiently accurate mean heat flow 
estimates. The third way of obtaining constraints 
on the thermal evolution of the lithosphere is 
from seismic evidence. Shear wave velocities are 

very sensitive to the onset of partial melting, 
and measurements of the shear wave velocity 

Appendix 1' Solutions of the Corresponding 
One-Dimensional Heat Flow Problem 

Carslaw and Jaeger [1959] comprehensively 
discuss the solutions of such problems. In 
particular, they show that if a solution is 
obtained using the Laplace transform method, 
then it is possible to give two different forms 
for the solution by expanding the transform in 
different ways before inversion. One corresponds 
to the expansion of the solution as a sine series, 
the other to an expression in terms of a series 
of complementary error functions. In the latter 

• . 
the t2 structure we are seeking is explicit. 
Here we demonstrate an alternative approach, 
using a Green's function method, as this can be 
compared directly with the Green's function 
solution to the full equation (3) given in 
Appendix 2. 

The simplest solution to the one-dimensional 
heat flow equation (6) with the same boundary 
conditions used in solving (3) has the form 

T = (1 - x 2) + I 
n=l 

a n exp (-n2w2t) sin nwx 2 (24) 

with a n 2(-1)n+l/n = . Expression (24) 
obviously corresponds directly to (5), as can be 
seen by expanding the 8 n for R >> n. 

To obtain an alternative solution, the expres- 
sion for the temperature can be written as two 
part s 

T = (1- x 2) + • (25) 

where the first part represents the uniform heat 
flux background to which the solution decays. 
The second part satisfies (6), but the boundary 
conditions become 

• = 0 x 2 = 0, x 2 = 1 

• =X 2 t= 0 

distribution in different age zones [Leeds et el., In order to make use of a Green's function in 
1974; Forsyth, 1975] enable the depth to this 
boundary to be determined as a function of age. 
This depth does not necessarily coincide with the 
depth determined by fitting the topographic data, 
as was illustrated in section 3, and its varia- 
tion with age is also affected by the exact shape 
of the melting curve as a function of temperature 
and pressure. However, by combining this 
information with details of the internal 

structure of the lithosphere provided by long- 
range seismic refraction experiments along 
isochrons, it may be possible to see whether the 
thermal structure itself flattens in the way 
expected for the plate model. In addition to 
the above observations it should be noted that 

knowledge of thermal conductivities is critical 
in many ways tO' the arguments and calculations of 
this paper. Repeated measurements to verify the 
presently accepted values [Fukao et el., 1968; 
Fukao, 1969; Schatz and Simmons, 1972] and to 
check the degree of variation possible in the 
upper mantle would reduce further any 
uncertainties. 

(26) 

finding a solution with an explicit t« 
dependence we convert the problem from one 
confined to the region 0 < x 2 < 1 to one 
extending over the entire domain -• < x 2 < •. 
This is done by considering an initial tempera- 
ture profile for • of the form shown in Figure 14, 
extending to +•. The temperature distribution is 
identical to that given by (26) within the range 
0 < x 2 < 1. In the range -1 < x 2 < 0 the 
temperature profile is the negative of that in the 
principal range, and the remainder of the profile 
is obtained by repeating this portion with a 
periodicity of 2 to give a sawtooth pattern. Then 
the solution for $ at shy time t may be written 
down by using the Green's function for (6) in an 
infinite domain: 

1 

$ (x 2 , t) = 2(wt) 1/2 

ß $(x 2 ,0) exp dx 2 (27) -• • 4t 
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This is just the solution for the cooling of an 

infinite half space used by Davis and Lis•er in 
ß • their justification of the plots agalns t . 

Appendix 2' Alternative Form of the 
Solution to the Moving Slab Problem 

We again use a Green's function method in 
finding an alternative solution to the full 
problem. The solution to (3) can be written in 

Fig. 14. Initial conditions, in dimensional form, the form 
for • extended over an infinite domain to 
facilitate application of a Green's function 
method. 

[Carslaw and Jaeger, 1959, section 2.2]. The 
initial distribution shown in Figure 14 is 
antisymmetric about the points +n, n = 0, 1, 
2, ..., and it is not difficult to show from 

(27) that •(x2, t) is zero at these points. Hence 
(27) satisfies (6) and the boundary conditions 
(26) within the range 0 < x 2 < 1 and so is the 
required solution in this range. Substituting 
for the initial conditions in (27) and making use 
of the periodicity, we find that 

• (x2, t) = I 1 n=-• 2(•t) !/2 
(28) 

1 _(x2_ x2 _ 2n)2 
I ' ' ß x 2 exp 4 t dx 2 ( 28 ) 

-1 

T = (1- x 2) + e (32) 

Again, instead of solving for O in the restricted 

range 0 < x 2 < 1 we extend the domain to 
-• < x 2 < • and consider the whole of this region 
to be moving with velocity u to the right. To 
get a solution with 8 zero on the boundaries 

x 2 = 0 and x 2 = 1, the boundary condition at 
x 1 = 0 has to be taken to be the sawtooth pattern 
shown in Figure 14. This solution will then be 
identical to that required in the range 
0 < x 2 < 1. A Green's function corresponding 
to (3) has been given by 01denburg [1975]. Using 
this, the full solution can be written 

Rx 1 

• RXle =1 8(0, x 2 ) 8 (x 1, x 2) • J 2 , )2] 1/2 _• [x 1 + (x 2 - x 2 

. K1 {R[x12 + (x 2 _ x2 )2] 1/2} dx 2 (33) 

After some algebra this expression can be 
rewritten in the following way: 

• [X 2 + (2n + 1)] qb (x2, t) = x 2 + I [erfc 1/2 
n=0 2(t) 

'-x 2 + (2n + 1) 
- erfc 

2(t) 1/2 
] (29) 

This solution has the required form and should be 
compared with similar solutions obtained by the 

Laplace transform [Carslaw and Jaeger, •1959, 
section 12.5]. For small times where t m << 1 
most terms can be neglected. The asymptotic 
expansion of erfc (x) for large x is 

2 
-X 

e 
erfc (x) % 

x(w) 1/2 

ß [1 + I (-1)ml'3 ..... (2m- 1)] (30) 
m=l ( 2x 2) m 

[Abramowitz and Stegun, 1965], where this expan- 
sion has the common property that if the series is 
truncated, the error is smaller in magnitude than 
the first term neglected and has the same sign. 

Hence for t« •< 1 in the range 0 < x 2 < 1, combining (29 with (25), the dominant terms in 
the series are 

1 - x2) T % 1 - erfc 1/2 = erf 
2(t) (t) 1/2 (31) 

where the Green's function for this problem is 
Rx 1 

1 RXle 
G(x 1 x 2) - ' w 2 

(x 1 + x22) 1/2 
2 2) 1/2] (34) ß K 1 [R(x 1 + x 2 

The function K l(z) is a modified Bessel function 
of the first o•der [Watson, 1966, p. 78]. This 
solution could be used for numerical purposes for 
problems not confined to a slab with arbitrary 
boundary conditions on the vertical boundary. 
Here we shall be content with showing that an 
asymptotic expression for (34) is identical to 
the Green's function used in the one-dimensional 

approximation. This will give the distance from 
the vertical boundary where the approximation 
begins to apply and will provide a formal 
justification fo•, carrying over the conclusions 
concerning the t 5 form of the solution. The 
modified Bessel function has an asymptotic 
expansion given by: 

K (z) m (•zz)1/2 -z e 

ß [1+ (4v2 - 1) + (4,) 2 - 1)(4\ 12 - 32 ) + ] (35) 2 
8z 2] (8z) 

for arg (z) < 3w/2 [Watson, i966, p. 202]. 
This expansion again has the asymptotic property 
that if it is truncated, the series has an error 
whose magnitude is less than that of the first 
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neglected term and of the same sign. Hence the 
first term of (35) is an adequate representation 
if 

3/8z << 1 or R(x12 + x22) 1/2 >> 3/8 (36) 

so that (39) is certainly satisfied if 

Rx 1 >> 2 (42) 

This is the same type of inequality as given in 
(37). From Table 7 we see that both inequalities 

This is certainly true if Rx 1 >> 3/8. Putting should be safely satisfied when t is greater than 
this inequality in terms of dimensional quantities 1 m.y. The distance that one must go from the 
we find that vertical boundary before the approximation is 

x 1 >> 3K/4u (37) 

is the necessary_condition. Assuming the value for • of 7 x 10 -3 cm s- , the right hand side of 
(37) can be calculated for different spreading 
rates, as in Table 7, where the equivalent age 

-1 is also given. For spreading rates of 1 cm yr 
or greater the first term in (35) is certainly an 
adequate representation for t greater than 1 m.y. 
The Green's function then has the approximate form 

R1/2 
1 Xl 

G(x 1, x 2) • (2•) 1/2' (x12 + x22 ) 3/4 
ß exp {R[x 1 - (x12 + x22)1/2]} (38) 

This can be simplified one step further. If the 
inequality 

2 

(x2/x 1) << 1 (39) 

is satisfied in (38), then a further 
approximation to the Green's function is 

1 R 1/2 (Rx22/2Xl G(Xl' x2) • 1/2 1/2 exp [- )] (40) 
(2w) x 

1 

x22 2 where terms of 0( /x t ) have been neglected. 
This function has significant values only when 

Rx22/2x 1 •< 1 (41) 
TABLE 7. Values of Distance and Age Equivalent 

to the Right-Hand Side of Inequality 
(37) 

u, d, t, 
-1 

cm yr km m.y. 

1 1.7 0.17 

2 0.83 0.042 

3 0.55 0.018 

5 0.33 0. 007 

10 0.17 0.002 

2 -1 A value of • = 7.10 -3 cm s was used. 

satisfied decreases inversely with the spreading 
velocity. Recalling the nondimensional form for 
time, it can be seen that this approximation to 
the Green's function has exactly the form of the 
one-dimensional Green' s function used in (27). 
Thus the solutions obtained there are good 
approximations to the solution (33) when the 
required inequalities are satisfied. In parti- 
cular, the form of solution (29) provides an 
alternative to the original form given by (5). 
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