
profiles then show a maximum at the 
temperature crossover point and drop to 
zero at the stratosphere base and at the 
bottom of the model atmosphere. 

Figures 1 and 2 show TA as a function 
of depth, and on an expanded scale the 
difference TB - TA, which is only on the 
order of 5 K for the Jupiter model and 10 
K for the Saturn one. The wind maxima 
occur near the 1-bar pressure level and 
are about 80 m sec-I for Jupiter and 250 
m secC1 for Saturn. These speeds are in 
rough agreement with observation. In 
particular, these results support the hy- 
pothesis of a relatively shallow dynami- 
cal regime on both planets, while offering 
an explanation for the differences be- 
tween the two planets. 

There has been no attempt in this 
construction to develop a self-consistent 
flow theory, but a feedback mechanism 
is suggested by the results. The pairs of 
temperature profiles (TA, TB) exhibit the 
magnitude of temperature differences 
which disequilibrium might cause. For 
their existence a downward flow would 
probably be required at location B, and a 
process analogous to conditional insta- 
bility in the terrestrial atmosphere (7) is 
clearly possible. The initial motion 
would require energy to overcome unfa- 
vorable buoyancy, but a threshold would 
be passed after a certain displacement, 
beyond which buoyancy would be favor- 
able to augment the motion. 

The time scale for overturning would 
need to be on the same order as that for 
orthohydrogen-parahydrogen equilibra- 
tion. The latter remains a pivotal un- 
known in these considerations. The 
equilibration time is very long at low 
temperatures in clean hydrogen gas (14), 
in excess of lo7 seconds. The rate in the 
atmospheres of the outer planets is prob- 
ably determined by the catalytic action 
of aerosols (3, whose abundance and 
composition are as yet unknown. This 
question needs work. Observations to 
date are consistent with thermal equilib- 
rium (11, 15), but the uncertainties are 
large and horizontal resolution has been 
either nonexistent (whole-disk observa- 
tions) or barely sufficient to resolve the 
scales of interest (Voyager infrared spec- 
trometer observations). Disequilibrium 
could be confined to narrow updraft and 
downdraft areas. 

Note added in proof: It now appears 
that the Voyager infrared data for Jupiter 
may indeed indicate significant disequi- 
librium (15). 

PETER J. GIERASCH 
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Research, Cornell University, 
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Abyssal Water Carbon-14 Distribution and the 
Age of the World Oceans 

Abstract. The carbon-14 distribution in the abyssal waters o f  the world oceans 
indicates replacement times for P a c g c ,  Indian, and Atlantic ocean deep waters 
(more than 1500 meters deep) of  approximately 510,250, and 275 years, respectively. 
The deep waters o f  the entire world ocean are replaced on average every 500 years. 

The Geochemical Ocean Sections 
Study (GEOSECS) program, initiated in 
1971, was designed to inventory the 
chemical constituents in the world 
oceans. Such an inventory can be used 
for baseline studies of future chemical 
changes and for the investigation of 
large-scale oceanic transport and mixing 
processes. An important component of 
the GEOSECS program was the 14C sub- 
program. Twenty-two hundred samples 
were collected and extracted on board at 
124 stations, of which 39 were in the 
Atlantic Ocean, 44 in the Pacific Ocean, 
and 41 in the Indian Ocean. These 
oceans were, respectively, sampled dur- 
ing the years 1972-1973, 1973-1974, and 
1977-1978. The I4C activities (I) of the 
samples were determined with an accu- 
racy of 4 per mil at the University of 

Miami (H.G.O.) and the University of 
Washington (M.S.). The laboratory mea- 
surements were completed in 1980, and 
we present here a comparison of the 
deepwater 14C concentrations of the 
three oceans. 

The 14C distribution of the carbon spe- 
cies in the deep ocean is influenced by 
many processes. Bottom-water forma- 
tion in the North Atlantic and the Wed- 
dell Sea provides a direct input of sur- 
face-water 14C. Additional input of I4C to 
the deep sea can occur by transport 
along isopycnal surfaces and by vertical 
mixing in the main oceanic thermocline. 
An addition of C 0 2  and 14C is provided 
by the dissolution of carbonate skeletons 
and the oxidation of organic materials 
from sinking particles. Mixing between 
laterally moving water masses and up- 

* Atlantlc 
-60 Pacific 

a Indian -1 10 i Atlantic 

"\ Antarctic 
i 

Atlantic Indian and Pacific Atlantic Indian and Pacific 

Fig. I .  (A) Average AI4C values of waters below a depth of 1500 m for Atlantic, Pacific, and 
Indian ocean GEOSECS stations. The bracketed points near 60"N in the Atlantic are influenced 
by nuclear bomb I4C. The southern boundary of the circumpolar current is taken at 65"s. 
Circumpolar waters, south of 50°S, have nearly uniform AI4C values. (B) The At4C values of the 
cores of North Atlantic, Pacific, and Indian ocean deep waters. The oldest waters are 
encountered near 40"N in the Pacific Ocean. 



welling of I4C-deficient water in the 
equatorial regions and along continental 
margins also influence the oceanic I4C 
distribution. Whereas other oceano- 
graphic markers such as salinity are con- 
servative properties, 14C adds a measure 
of time because it decays at a fixed rate 

circumpolar ocean provide the boundary 
condition (AI4C = - 158 per mil) for all 
waters crossing the 50"s boundary in 

Atlantlc C~rcumpo la r  both directions. Because the measured 
P a c ~ i ~ c  14C activity varies with depth (except for 

the circumpolar ocean) (3, we assume 
that the water upwelling (across the 

of 1 percent every 83 years. Fig. 2 .  Box model of the deep ocean (> 1500 1500-m level) has a I4C activ~ty equal to 
The exchange of waters between the m). The rates of bottom-water formation are the average 14C activity measured at 

N and W,; the rates of upwelling are W,. W,, 1500 north of j00s. Thus the box major Oceans takes place through the and Wi; and the mass transport rates between 
Antarctic circumpolar waters. The I4C the circumpolar ocean and the other model provides for some of the observed 
content of the deep circumpolar water are C,, C',, C,, C',, C,, and C:. heterogeneity in the I4C distribution by 
(> 1500 m deep) is remarkably uniform. not treating the ocean basins as well- 
The average AI4c value of 155 samples mixed reservoirs. The mass and I4C bal- 
collected at 16 stations (all south of 
49.5"s) is - 158.1 per mil, with a standard 
deviation of 6.0 per mil. The measuring 
precision of each 14c determination is 
3.5 per mil. 

The deepwater 14C distributions in the 
Atlantic, Pacific, and Indian oceans are 
shown in Fig. 1. The latitudes of the 
stations are plotted for each ocean along 
the abscissa. The common point of ex- 

a14C values of the "core" of the deep- 
water mass of each ocean versus lati- 
tude. In the Atlantic this core water is at 
the I4C maximum of North Atlantic 
Deep Water (NADW), whereas in the 
Pacific and Indian oceans the core water 
is chosen to coincide with the I4C mini- 
mum (- 2500 m). 

The range in preanthropogenic AI4C 
values measured in the deep sea shows a 

ances for each ocean are presented in 
Table 1 .  

The situation is simplest for the Indian 
and Pacific oceans where there are no 
significant northern deepwater formation 
sites. Thus the deep waters of these 
oceans are replaced solely by water from 
the circumpolar ocean. The input of I4C 
from the circumpolar ocean balances the 
loss of I4c resulting from decay, upwell- 

change between the Atlantic, Pacific, high of -75 per mil in the North Atlantic ing, and deepwater return flow to the 
and Indian oceans is the circumpolar (4) and a low of -245 per mil in the circumpolar ocean. 
system with its southern boundary at North Pacific (Fig. 1B). If only radioac- For the Indian and Pacific oceans, the 
65"s. tive decav caused this 14c decrease. it mass and I4C balances can be used to 

The AI4C values given in Fig. 1 have would take 1680 years. However, the determine the net transport rates from 
not yet been influenced by nuclear bomb deep oceans are not a completely closed the circumpolar ocean (that is, Ci - Cr, 
14C, except for the North Atlantic where system, and the I4C age does not neces- see Fig. 2) which are balanced by basin- 
tritium measurements show the sinking sarily represent the real age of the ocean wide upwelling. For the Indian Ocean 
of considerable amounts of modern wa- water. Mixing with surrounding water the calculated net transport from the 
ter (2). The tabulation of the individual masses tends to change Ai4C values. circumpolar ocean is 20 sverdrups (1 
AI4C data is given in (3). Biological transport adds I4C but to a Sv = 1 0 % ~  sec-I). This transport rate 

The North Atlantic deep water, with limited extent (5). corresponds to an abyqsal water replace- 
its most recent atmospheric I4C uptake, Despite these complications, it is pos- ment time of 250 years and an average 
has the highest I4C concentration (Fig. sible to derive the transport rates of deep rate of upwelling of 10 m year-'. For the 
1A). The circumpolar water has a uni- 
form I4C concentration which defines 
the I4C values of the southern borders 
(about 50"s) of the Atlantic, Pacific, and 
Indian oceans. Both the Indian and Pa- 
cific oceans have lower I4C concentra- 
tions than the circumpolar system, and 
the Pacific Ocean has the lowest I4C 
concentration of all the world's oceans. 

These trends in the 14C characteristics 

water into each ocean basin and estimate 
the residence time of the deep sea from 
the Ai4C values measured during the 
GEOSECS program. A box model is 
used to represent the deepwater circula- 
tion of the world ocean (Fig. 2). The 
model has two sites of deepwater forma- 
tion, one in the North Atlantic (N) and 
one in the circumpolar ocean south of 
50"s. Upwelling balances the net input of 

Pacific Ocean the calculated net trans- 
port from the circun~polar ocean is 25 
Sv, resulting in a deepwater replacement 
time of 510 years and an upwelling rate 
of 5 m year-'. These transport rates 
from the circumpolar ocean are in good 
agreement with Warren's geostrophic 
calculations of the transport rates for the 
Indian (16 Sv) and Pacific (24 Sv) oceans 
(6 ) .  

of the world oceans are even more ap- deep water to each ocean basin. The The calculation of deepwater resi- 
parent in Fig. lB, which is a plot of the homogeneous I4C concentrations in the dence times for the Atlantic Ocean is 

Table 1. Mass and I4C balances for the world oceans. The deepwater AI4C values have been corrected for biological I4C addition. Because of this 
correction, a constant total CO, value is used in the I4C balance equations. The remaining terms in the I4C balance equations are the I4C decay 
constant A and ITC, ,  which is the I4C activity of the deep water forming within the circumpolar ocean. As an example of the nomenclature, C ,  
(-158) is the mass transport C, (in cubic meters per second) multiplied by the I4C activity ( I  - 15811000). The other parameters are explained in 
the text and the legend to Fig. 2. 
-p-pp-..-.---p- ~ ---- .--p----------------------p--------p----.p---.----.-.-- ~- 

Volume Average Average 

Ocean (north of ~~~~~~ 3°C (per 
50"s) mil) at Mass balance 

AI4C 
(10'' m3) (per mil) 1500 m 

I4C balance (per mil) 

Atlantic 0.18 -118 - 100 1'4 + C, = CL + W, N(-75) + C,(- 158) = Ci(- 158) + W,(--  100) + 
V,A(- 1 18) 

Circumpolar 0.1 1 (south -158 -158 W, = C, - CI; + C, w , ( ' ~ C , )  = [C, - Ci + C, -- Cb + C ,  - 
of 50"s) - Cl; + C, -- C: C/](-158) + V,A(-158) 

Indian 0.16 - 184 -181 Ci = C: + W, C,(-158) = CK-158) + W,(--181) + V,A(-184) 
Pacific 0.41 -217 -207 C, = C; + W ,  C,(-158) = Cl;(-158) + W,(-207) + V,A(-217) 



more complicated because there are two 
sources of deep water: one originating 
within the the circumpolar ocean-that 
is, Antarctic Bottom Water (AABW)- 
and one in the north (NADW), each with 
distinctly different 14C concentrations. 
The preanthropogenic AI4C value of 
NADW source water is estimated at 
-75 k 5 per mil (4, 7), whereas the deep 
water entering from the circumpolar 
ocean has a A14C value of - 158 per mil. 
The mass balance for the Atlantic Ocean 
(Table 1) is described in terms of four 
transport terms (N, C,, CL, and W,). We 
assume the northern source input to be 
twice that of the southern source 
(N = 2Ca), as indicated by Broecker (7), 
on the basis of the NO3-, 0 2 ,  and SiOz 
characteristics of the deep water of the 
Atlantic Ocean. 

Estimating the four transport terms for 
the deep water of the Atlantic Ocean 
requires that one of these be set. Earlier 
estimates of the NADW transport, based 
on either I4C distribution or geostrophic 
calculations, range from 9 to 20 Sv (4, 7- 
9). Here we have assigned a median 
value of 14 Sv for the NADW transport. 
Because N = 2Ca, the southern deepwa- 
ter source is then fixed at 7 Sv, in good 
agreement with earlier geostrophic and 
14c calculations of AABW transport (4, 
9). 

If we solve the mass and 14C balances 
for N = 14 Sv, we obtain C, = 7 Sv, 
C', = 11 Sv, and Wa = 10 Sv (10). These 
transport calculations indicate a deepwa- 
ter residence time for the Atlantic Ocean 
of 275 years, corresponding to a basin- 
wide upwelling rate of 4 m There 
is also a net southward flow of deep 
water from the Atlantic to the circumpo- 
lar ocean (C i  > C,) of 4 Sv, in contrast 
to the net northward flow from the cir- 
cumpolar to the Indian and Pacific 
oceans. 

Our transport calculations indicate 
that approximately 41 Sv of bottom wa- 
ter (> 1500 m) must be forming within 
the entire circumpolar ocean, resulting in 
an 85-year residence time for the deep 
circumpolar ocean. The I4C balance in 
the circumpolar ocean (Table 1) implies 
that this "new" deep water has 
A ' ~ C  = - 149 per mil, in good agreement 
with earlier estimates of - 148 to - 152 
per mil (I I). 

Deep-sea residence times are impor- 
tant for climate modeling and nuclear 
waste disposal. Whereas some parcels of 
water may have been isotopically isolat- 
ed from the surface for up to 1700 years, 
the average replacement time of the 
abyssal waters in the oceans is much 
shorter. A parcel of bottom water 
formed near Antarctica will surface 

again after an average of 595 or 335 
years, depending on its Pacific or Indian 
ocean choice. A parcel of deep water will 
reside in the Atlantic about 275 years. 
The overall replacement time for the 
entire deep ocean (which is influenced 
most by the residence time of the deep 
Pacific Ocean) averages about 500 years 
when the realities of abyssal circulation 
and 14C atmosphere-ocean exchange are 
taken into account. 

where both ZI4C and ZC02 are expressed in 
identical units (for instance, micromoles per 
kilogram of seawater). The technical details of 
the measurements and calculation, and also the 
discussion of the age correction of the oxalic 
acid standard, are given in M. Stuiver, S .  W. 
Robinson, H. G. Ostlund, H. G. Dorsey, Earth 
Planet. Sci. Lett. 23, 65 (1974); M. Stuiver and 
S. W. Robinson, ibid., p. 87. 
H .  G. Ostlund, H. G. Dorsey, C.  G. Rooth, 
Earth Planet. Sci. Lett. 23, 69 (1974). 
M. Stuiver and H. G. Ostlund, Radiocarbon 22, 
1 (1980); H. G. Ostlund and M. Stuiver, ibid., p. 
25; M. Stuiver and H. G. Ostlund, ibid., in 
press. 
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Tumor Suppression with a Combination of 
cx-Difluoromethyl Ornithine and Interferon 

Abstract. a-Dzj7uoromethyl ornithine and mouse type I interferon, when adminis- 
tered simultaneously, were highly toxic to B16 melanoma cells in culture. Oral 
administration of a-dguoromethyl ornithine suppressed B16 melanoma development 
in mice 85 percent whereas interferon given subcutaneously inhibited tumor growth 
only 24 percent. Total or near total suppression of tumor growth was observed in 
mice receiving both treatments. 

It is thought that the naturally occur- 
ring polyamines putrescine, spermidine, 
and spermine play an important role in 
cell growth processes (I). Studies with a- 
difluoromethyl ornithine (DFMO), an ir- 
reversible inhibitor (2) of ornithine de- 
carboxylase, the first step in polyamine 
biosynthesis, have demonstrated that 
DFMO retards the growth of a number of 
tumor cell lines both in vitro and in vivo 
(3, 4). Interferons are a group of glyco- 
proteins with antiviral, anticellular, anti- 
tumor, and immunoregulatory activities 
(5, 6). It was recently reported that the 
decrease in the growth rate of cells treat- 
ed with interferon is accompanied by a 
rapid loss in the activities of the poly- 
amine biosynthetic enzymes ornithine 
decarboxylase and S-adenosylmethio- 
nine decarboxylase (7). Interferon re- 

tards a number of animal tumors (8) and 
some malignancies in man (9). DFMO 
treatment of mice bearing B16 melano- 
mas inhibits tumor growth about 80 per- 
cent. These findings prompted us to ex- 
amine the effects of DFMO and interfer- 
on, both separately and in combination, 
on the growth of B16 melanoma cells in 
vitro and in vivo. We found that the 
combination of the two agents markedly 
suppresses the tumor. 

Melanoma cells (B16, line F1) were 
grown as monolayers at 37°C in minimal 
essential medium supplemented with 10 
percent fetal calf serum and antibiotics in 
an atmosphere containing 5 percent C02. 
Treatment with DFMO (2.5 mM) or 
mouse fibroblast interferon (type 1, 100 
Ulml) inhibited cell growth 67 and 40 
percent, respectively, after 5 days. How- 

18 FEBRUARY 1983 




