
Zone at 10N, have suggested that the 
pole of rotation about which crustal 
plates are rotating changes during a 
hiatus in spreading. Ewing and Ewing 
and Schneider and Vogt (10) have sug- 
gested that there was a hiatus in spread- 
ing in the North Atlantic 10 million 
years ago. Another explanation, which 
is more appealing, is that the pole of 
rotation migrates as a result of the inter- 
action of the crustal plates of the Cen- 
tral Atlantic with other systems of mov- 
ing plates. 

The change in the radius of curva- 
ture of the fracture zone occurs about 
130 km away from the portion of the 
ridge offset to the west. If we assume 
an average spreading rate of 1.4 cm/ 
year for the past 10 million years (11) 
for this region, the change in the pole 
of relative motion occurred about 9 
million years ago. 

PAUL J. Fox 
W. C. PITMAN III 

FRANK SHEPHARD 

Lamont-Doherty Geological 
Observatory, Columbia University, 
Palisades, New York 10964 
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Clathrate Hydrates of Air in Antarctic Ice 

Abstract. Measurements of the dissociation pressure of nitrogen hydrate and 
oxygen hydrate show that the clathrate hydrate of air with the formula (N2,02) 

6H.0 should exist below about 800 meters in the Antarctic ice sheet. This accounts 
for the disappearance of gas bubbles at depths greater than 1200 meters. The 
hydrate should exist from this depth to the bottom of the core and should com- 
prise 0.06 percent of the ice. 

Gow et al. (1 j have described an 
Antarctic ice core (2164 m deep) and 
have observed air bubbles to a depth of 
1200 m below which they disappear. 
Although no bubbles can be seen, air 
is still present since gas is evolved on 
melting the deep ice. 

These observations can be accounted 
for on the basis of an air hydrate. The 
structure and properties of gas clath- 
rate hydrates have been reviewed (2, 3), 
and the occurrence of various hydrates 
on the other planets in the solar sys- 
tem has been discussed (4). The struc- 
ture of the air hydrate would be the 
same as that of N2 and 02-structure 
I hydrate with a cubic unit cell of 12 
A, containing 46 water molecules and 
8 cages for the gas molecules (5). This 
gives an ideal formula of (N2,02) 

5H20, but the actual formula is ap- 
proximately (N202) * 6H20 because the 
cages are not completely filled with 
gas molecules (2, 6). 

A hydrate of air is stable if the 
pressure in the bubble is equal to or 
greater than the dissociation pressure 
of the hydrate. These dissociation pres- 
sures can be considered analogous to 
vapor pressures of a liquid or solid in 
that the hydrate is unstable below the 
dissociation pressure, and all the gas 
is converted to hydrate above the dis- 
sociation pressure, provided there is 
sufficient water present. 

The pressure at which the air hydrate 
begins to form is given approximately 
by (4) 

Pair P0N2XN2 + P020X02 (1) 

where PON2 and P002 are the respective 
dissociation pressures of pure N2 and 
02 hydrates, and XN2 and Xo2 are the 
respective mole fractions in the gas 
phase. Since O2 is concentrated in the 
hydrate, the dissociation pressure where 
the gas bubble completely disappears 
is nearly that of pure N2 hydrate. The 
small amount of Ar and CO2 in air 
would not affect the dissociation pres- 
sure significantly. These gases as well 
as the traces of Ne, H2, and He would 
be incorporated into the air hydrate. 

In order to estimate the dissociation 
pressure of the air hydrate at the ice 
core temperatures, I measured a dis- 

sociation pressure for N2 hydrate of 
61.9 + 0.5 atm at -35.040C (6-8). 
This value combined with the quadruple 
point (6) of 141.5 atm and -1.3'C 
gives 

log PN2 = 4.6849 - 688.9/T (2) 

The 02 dissociation pressure is given 
by (9, 10) 

log P02= 4.673 - 717/T (3) 

The temperatures and pressures in 
the ice core are shown in Fig. 1, along 
with the dissociation pressures of N2, 
02, and air hydrates. The pressures in 
the core were calculated from the 
density data (1). The data in the figure 
show that the air hydrate should begin 
to form at approximately 800 m, and 
that by 850 m all the air should have 
formed hydrate, leaving no bubbles. 
At greater depths the temperature rises, 
thus requiring a higher pressure to 
stabilize the hydrate, but since the 
pressure increase with depth is greater 
than this, the hydrate would be stable 
to the bottom of the ice core. Hydrate 
equilibrium should be attained in the 
core, since the rate of formation of 
N2 and O2 hydrates is rapid with finely 
divided ice, and large crystals of ice 
would be expected to form hydrate in 
times much shorter than the age of the 
ice at large depths. 
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Fig. 1. Relation between temperature, 
pressure, depth of ice core and dissocia- 
tion pressures of N2, 02, and air hydrates. 
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Although the discrepancy between 
the predicted depth for the disappear- 
ance of bubbles and the observed 
depth is not great, it might be ac- 
counted for by errors in the hydrate 
data, the ice temperature, density, or 
depth. The hydrate might also have 
decomposed to form bubbles in the 
800- to 1200-m part of the core when 
the pressure was released on the ice 
because of the way the ice crystals 
were packed. The discrepancy is more 
likely to result from the pressure in the 
bubbles being less than the hydrostatic 
pressure. When air hydrate forms, the 
pressure in the bubble decreases. The 
restoration of the air pressure in the 
bubble to the value of the hydrostatic 
pressure will be slow because of the 
high viscosity of ice (II). The obser- 
vation that gas is released only when 
the deep ice melts implies that the 
structural strength of the ice crystal 
mass is greater than the dissociation 
pressure of the hydrate (I .2). 

The amount of hydrate can be cal- 
culated on the assumption -that 10 
percent of the volume of the ice is 
gas bubbles we,'r thV snow is com- 
pacted into ice. On the basis of the 
forin-ula (N0,0',) >6.1_1,. 0.06 percent 
of the ` wou {Wde in hydrate -form. 
This amount of cubic crystals of air 
hydrate would not be easily detected 
in the pr esence of hexagonal ice. 

This is the first example of the nat- 
ural occurrence of clathrate hydrates 
on the earth (13 ), although methane 
hydrate has long been known to occur 
in -natural-gas pipelines (14). 

STANL EY L. MILLER 
De partrnent of Cheinistry, 
University ofJ California, 
San Diego, La Jolla 92037 
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Potentially Lethal Radiation Damage: 

Repair by Mammalian Cells in Culture 

Abstract. Less than optimum. conditions with regard to cell division after 
x-irradiation provide the necessary enviro iment in which mammalian cells can 
repair potentially lethal radiation damage. The kinetics of repair suggest th at, 
during the repair process, (a transient, stantbIe cellular state occurs which prevents 
cell division in complete growth medium. The capacity for repair appears to be 
dependent on cell age. 

When mammalian cells are exposed 
to ionizing radiation, molecular pei: 
turbations occur which, if of sufficient 
magnitude, result in the registration of 
damage. This damage results in dis- 
turbances in the economy of the cell, 
the eventual expression of which is 
dependent upon the quality and qu tw 
tity of radiation damage and the ca- 
pacity for repair by the cell. In general, 
three classes of damage may be dea 
fined: (i) lethal, when registered s-up- 
pression of colony formation occurs 
under any circumstance; (ii) pote.n- 
tially lethal, which may be repairable 
to a nonlethal level if suitable con. 
ditions are provided; if repair does not 
take place, conversion to a lethal state 
occurs and colony formation is sup- 
pressed; and (iii) sublethal; cells having 
this level. of damage eventually form 
colonies. 

The kinetics of repair of sublethal 
radiation damage have been. extensively 
studied (1), and this repair capacity 
appears to be present in a variety of 
cells (2). To study sublethal damage 
repair, one must irradiate cells a second 
time. Survival, measured as a function 
of time between irradiations, is comr 
pared with survival found with the 
total dose delivered in one exposure; 
the kinetics observed are those for the 
repair of damage which would have 
been expressed as nonlethal had not 
the second dose been applied. and as 
modified by the progression of surviv- 
ing cells through the cell cycle after 
irradiation. 

Repair of radiation damage which 
would have been expressed as lethal has 

been less extensively studied. If the ini- 
tial registration of damage produces 
injury states which are either non- 
lethal or lethal and the latter cannot be 
converted to a nonlethal injury state, 
survival will be independent of en- 
vironment after irradiation. However, 
if survival is dependent upon the en- 
vironment after irradiation, some part 
of the registered damage may exist 
in a labile injury state which may be 
fixed to a lethal event (3) or repaired 
permitting colony formation. There is 
evidence (3-5) that survival of mam- 
malian cells irradiated in culture is 
dependent upon culture conditions 
after irradiation. 

We now demonstrate the repair capa- 
bility dependent on cell age of cells 
having experienced potentially lethal 
radiation damage. The cell line used 
was a clone (V79-103A) derived from 
lung cells of a female Chinese hamster 
(6). Surface-attached cells were main- 
tained in Eagle's minimal essential me- 
dium supplemented wtih Eagle's nones- 
sential amino acids, glutamine, NCTC- 
109 (4 percent), penicillin, streptomycin, 
and fetal calf serum (15 percent). 
Maintained in this medium (FS-15) at 
37TC in a humidified atmosphere of 
3 percent C02, cells grew with a 
doubling time of 8.5 to 9 hours. 

Exponentially growing cell popula- 
tions were dispersed with 0.05 percent 
trypsin in Puck's saline A and diluted 
with FS-15; the cells were then counted 
in a hemacytometer. Appropriate num- 
bers of cells were plated onto 9-cm glass 
petri dishes to yield about 200 colonies 
in control and experimental dishes. 
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