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between crustal and mantle rocks and sediments. These last two I 
oceanic waters that allows the calcula- affect SO but not the mass of the 
tion of 80, the 8180 value (2) of they can be regarded as cons: 
the oceans, during the past 3.3 X 109 the 1 : 1 transformation (in 1 
years. Using this model, they obtained 160. contents) of igneous r 
a limit of about 10 percent for the either sediments or metamorph 
amount of oceanic growth that would be The rate of change of So w 
compatible with the increase of 15 per t (in years) derived by Chase a: 
mil in 8o suggested by the 8180 values from these four processes 
of chert samples formed within this written as 
time period. Al- 
though the model dao muo4uo + qIsrso + qsIM8IMO - (muo + qIs + qIM)BO 
itself is reason- --t 
able, some errors Mo(O) + j muodt + Jfo poudt 
made by Chase 
and Perry in its evaluation nullify the where muo, qou, qIs, and q1j 
conclusions they have drawn (1, 3). rates of processes (i) to (iv) 

The model assumes that just four tively, in units of moles of 16( 

processes control both the mass of the ferred per year; Suo is the 81 
oceans (measured in terms of the moles of the water outgassed from the 
of 1602 making up the water) and the SIso = sI - g+ o , where E 
value of So. These are (i) outgassing 8180 value of igneous rocks 
of water from the mantle into the is the 8180 value of sediments 
oceans, affecting both the mass and 8o; in equilibrium with the oceat 
(ii) subduction of water trapped in the given time; SIaO = 81 - sM + 
oceanic crust, affecting the mass but SM is the 8180 value of tE 
not 8o; (iii) formation of sediments, in morphic rocks being formed ir 
isotopic equilibrium with ocean water, rium with the ocean at ar 
from igneous rocks; and (iv) formation time; and Mo(0) is the mas 
of metamorphic rocks, having a con- oceans (in moles of 1602) at 
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t = 0. As defined in the model, Suo, 
8so, and 8,am are constants, Pou is 
negative, and the denominator of Eq. 1 
is always positive. Equation 1 is general, 
in the sense that all rates may be varied 
with time. 

Two properties of the model are 
particularly relevant to a discussion of 
the conclusions of Chase and Perry. 
First, it can be seen from Eq. 1 that 
the value of 80 should be subject to 
certain limits, independent of the var- 
ious rates of transfer, determined only 
by the values of 8ue, 8sIMO and 8 so. 
When So equals the largest of these 
three values, dSo/dt must be either 
zero or negative, and 8o cannot become 
any larger. When 8o equals the smallest 
of these values, dSo/dt must be either 
zero or positive, so that 80 cannot 
become any smaller. Thus, if o8 has 
a value at t = 0 lying within the limits 
set by 8uo, 8Imo, and 8Iso, it must re- 
main within these limits for all values 
of t greater than zero. Should 80 have 
a value at t = 0 which lies outside these 
limits, the model will cause it to move 
within the limits and then remain 
there. The actual limits turn out to be 
determined by the values of Suo, ap- 
proximately +7 per mil as chosen by 
Chase and Perry, and Sso, which has 
an extreme value of about -30 per 
mil for the formation of pure chert 
sediments (4). 

The second significant property of 
the model is seen when Eq. 1 is in- 
tegrated. For the simplest situation, 
where all four processes have constant 
rates, there are two solutions: one for 
an ocean of constant mass (muo + Pou 
= 0) and one for an ocean of chang- 
ing mass (mvo + Pou O0). For the 
second case, 8o as a function of time 
is given by 

A A- B&o(0) 0o =-f~---B-X B B 

M Mo(0) q 1rn(moO + pou) 
LMo(O) + (muo + pou) () 

where A = mTeO8uo + qIso8Is + 
qIM8Imo, B = muo + qIs + qIM, and 
8o(O) is the value of So at t = 0. Inspec- 
tion of Eq. 2 shows that, as t increases, 
0o changes monotonically from the value 

So(0) to a final value of A/B. These 
initial and final values are independent 
of the rate of variation of the mass of 
the ocean (independent of muo + Pou); 
only the path taken by 8o between these 
initial and final values varies somewhat 
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with the value of muo + Puo, and S0 
for any particular t is as sensitive to the 
values of A and B as it is to the value 
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of muo + Pou. All models for which 
the rates of processes (i) to (iv) are 
similar functions of t will yield the 
same result as the model with constant 
rates. 

My objections to the results in (1) 
can be understood in light of the above 
observations. It is implicit in the model 
that all ocean water ultimately was 
derived from the mantle, and therefore 
had an initial 8180 value within the 
boundaries for o8 mentioned above. 
Therefore, the extremely low 8o values 
obtained for model II in figure 2 of (1) 
cannot be a correct result of Eq. 1. 
In fact, since Sxso was chosen as - 9.5 
per mil in (1), even model I in figure 2 
yields 80 values that are too low. Fur- 
thermore, the large discrepancy be- 
tween models I and II is not due only 
to the difference between a constant 
and a growing ocean, as assumed in 
(1). Rather, it is due as well to a 
change in the parameters A and B of 
Eq. 2, in going from model I to model 
II. Finally, while the behavior of model 
III in figure 2 of (1) shows promise 
with respect to fitting the chert data, it 
was obtained by using a value of + 25 
per mil for the ratio A/B, whereas this 
ratio must in reality lie within the limits 
of 8uO and 8iso (that is, between + 7 
and - 30 per mil). The value of B in 
model III was also defined so that it 
becomes negative for times earlier than 
about 2.1 X 109 years ago, an unlikely 
situation in the real world. 

Chase and Perry appear to have 
made the following error in calculating 
models I and II. Instead of accepting 
the value of - 15 per mil for 8o(0) at 
3.3 X 109 years ago indicated Iby the 
chert data, assigning values to muo, 
Por, qIs, and qx1. based on estimates in 
the literature (5, 6), and then varying 
one or more of these rates within the 
limits of uncertainty so as to obtain 
the present value for 8o of 0 per mil, 
they chose to define the present value 
of o8 as o8(0), and then attempted 
to calculate values of 8o at earlier 
times by using a particular fixed set of 
values for qis, qIM, and Pou. They 
allowed muo to vary, as a means of 
varying the growth rate of the oceans. 
Their procedure unfortunately has two 
drawbacks. First, calculating backward 
is equivalent to changing the sign of 
the derivative in Eq. 1. When this is 
done, the calculation, instead of hold- 
ing 8o within the limits of BSo and 
Slo, tends to result in runaway be- 
havior for 8o whenever dSo/dt 4 0 at 
t = 0. The time required for the run- 
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away behavior to become apparent 
depends on the initial value of dSo/dt, 
and therefore on the parameters in Eq. 
1. Through a fortunate choice of these 
parameters, Chase and Perry obtained 
an apparently reasonable set of values 
for 8o in model I. This model is, 
however, very close to a runaway situa- 
tion. 

The second drawback, related to the 
first, was the use of muo as the means 
of varying the rate of oceanic growth. 
Altering muo not only changes the 
value of the term muo + Pou in Eq. 1, 
which is responsible for growth of the 
ocean, it also changes the values of 
A and B. This plays a significant part 
in changing the near runaway behavior 
of model I into the actual runaway 
seen in model II. If Chase and Perry 
had chosen to reduce the value of Pou 
by 25 percent instead of increasing 
muo by this amount, which would have 
been a legitimate procedure in view of 
the uncertainty of ? 40 percent given 
in (5) for the value of Pou (7), then 
model II would have been significantly 
closer to model I in its behavior, be- 
cause only the term mlo + Pou would 
have been affected. However, even in 
this case, both models would still be 
incorrect representations of the behav- 
ior of 80, because of the reversal of 
time involved in their evaluations. 
Therefore, any conclusions with respect 
to a limit on the amount of oceanic 
growth since the early Precambrian 
based on these models are not justified. 

In theory, Eq. 1, or a modified ver- 
sion of it (taking in additional pro- 
cesses), allows the calculation of oceanic 
growth over the entire history of the 
earth, and not just the last 3.3 x 109 
years. In practice, however, without 
sufficient data to define the time de- 
pendence of q1s and qI,x, the model 
of Chase and Perry contains too many 
variables to yield any useful informa- 
tion on the growth history of the 
oceans (8). 

R. H. BECKER 

Laboratory for Geochronology, 
University of Heidelberg, 
69 Heidelberg, Germany 
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Becker is correct in pointing out that 
our models I and II become quite simi- 
lar if the oceanic growth is modeled 
by reducing pou instead of increasing 
muo. This does weaken the conclusion 
that these models place a limitation on 
the amount of oceanic growth since 
early Precambrian. 

We do not believe, however, that the 
reversal of time involved in our calcu- 
lations gives rise to any serious diffi- 
culties. There is no fundamental or 
numerical difference between starting at 
the present and calculating backward in 
time, or starting with 80= -15 per 
mil at 3.3 X 109 years ago and calcu- 
lating toward the present. In either 
case, a reasonable model is one that 
approximates the oceanic 8180 evolu- 
tion inferred by Perry and Tan (1). 
In particular, the models should be 
constrained to pass through the two 
end points. 

Furthermore, it is not implicit in the 
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mathematical model that all ocean 
water ultimately was derived from the 
mantle. Any conclusion that there was 
no primordial ancestral ocean must be 
based on other arguments. At present 
there are no observational data con- 
straining the 3180 of the oceans before 
3.3 X 109 years ago, so inferences 
about the isotopic ratio of the very 
early oceans must be speculative. 

The problem of modeling the evolu- 
tion of the oceans' isotopic ratio be- 
tween two fixed end points can be 
studied with profit, however. If we as- 
sume that parameters A and B remain 
constant and that any change in volume 
of the oceans is linear with time, the 
evolution curves become functions of 
only two parameters. 

For an initial starting time to and 
an initial isotopic ratio 8o(to), and a 
final t1 and So(tl), we can define the 
dimensionless quantities 

t' = t-to (1) tl - to 

and 

8-- o(t) - o(to) (2) 
60(t1) - 6o(to) 

for any time t between to and tl. The 
effects of A and B can be incorporated 
into a single parameter 

A - Bo(to) 
B[8o(t1) -- o(to)] 

Introducing, with apologies, an ocean 

growth parameter 

K = Mo(tl) - Mo(to) 
Mo(to) 

(muo + pou) (t -to) ( 
Mo(to) 

we have for K not equal to zero 

8' = a{ 1- 

exp ln( - a-) ln(l + Kt' )] exp L -n(1?K)-l J (5) 

.4 

.3 / a c= 1.2 

.2 
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t' 

For the evolution curve to pass through 
the two end points, we must satisfy the 
criterion 

-B(tl-to)_ -B ln(l--1) 
K Mo(to) mou + pou ln(l - K) 

(6) 

In the case of an ocean with constant 
volume, K 0. The slimpler expression 

' = a[l - (1 - a-1)t] (7) 

results, and the criterion for satisfying 
the end points is 

- B(t-t) ln( -- a-) (8) 
Mo 

The two end point criteria, Eqs. 6 
and 8, provide a convenient means of 

checking whether a particular set of 

process rates and isotopic shifts can 

satisfy both the present 80, defined as 
0 per mil, and an inferred ancient 80. 

For the particular 80(-3.3 X 109 

years) = -15 per mil (1), the process 
parameter a is not likely to be much 

greater than one, since it reduces to 
a = (A + 15B)/15B. Figure 1 shows 
a sample calculation for a = 1.2 and 
various values of K. The curve for K = 
+0.7 represents a 70 percent growth 
in ocean volume since 3.3 X 109 years 
ago, and the curve for K = -0.7 rep- 

Fig. 1. Normalized evolution of the oce- 
anic oxygen isotope ratio as a function of 
the oceanic growth parameter K; 8' is the 
normalized 180/16O ratio, and t' is the 
normalized time. These variables and the 
parameters K and a are defined in the 
text. The heavy bars represent inferred 
ancient oceanic isotope ratios from Perry 
and Tan (1), with to = 3.3 X 109 years 
ago and 8o(to) = -15 per mil. 

resents a 70 percent decrease. The 
ancient isotopic ratios inferred for the 
oceans by Perry and Tan (1) are shown 

by heavy black bars. It can be seen 
that a shrinking ocean model (2) gives 
a better fit to the data in this case than 
a model involving oceanic growth. 

For smaller values of a, the curves 
would be more strongly curved up- 
ward and would give a poorer fit to 
the data. For any values of a, models 
involving oceanic growth will be con- 
vex upward, in contrast to the data, 
which define a curve that is concave 
upward. This is suggestive but by no 
means conclusive evidence against 
oceanic growth. 

The mathematical model presented 
here is undoubtedly too simple, and 
more work is needed to further con- 
strain the process rates and isotopic 
shifts. In addition, more measurements 
to pin down the actual history of 8180 
evolution of the oceans are needed be- 
fore any firm conclusions can be drawn. 
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