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Introduction

Kamen and Barker! have recently discussed
the relationship between photosynthesis and the
enhanced O content of the atmosphere. It is
now fairly clear from the work of Ruben, Randall,
Kamen and Hyde,? and of Dole and Jenks,? as-
suming that their observations on isotopic frac-
tionation in fresh water are valid for salt water
photosynthesis, that the enhanced O content
of the atmosphere cannot be explained on the
basis of the photosynthesis reaction.

It occurred to one of us (H. A. B.) that the en-
hanced O content of the atmosphere might re-
sult from a relatively more rapid rate of utiliza-
tion of O than O by bacteria growing in the
soil. If photosynthetic oxygen is being continu-
ally returned to the atmosphere with an O1#¥/0'®
ratio practically that of salt water, then it is
necessary for some process to be removing O'®
from the atmosphere at a relatively greater rate
than it is removing O if the isotopic composition
of atmospheric oxygen is to remain constant.
The oxygen dynamics of the atmosphere may be
expressed by the equation

Neag — (N2~ M) [1 + Nena] (D
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where

Neng = [0]/[0O1] in atmosphere at end of year
[01%]/[O%] in atmosphere at start of year
) (O]
[O®] + [0
atmosphere through the photosynthesis re-
action or other processes

N, = '08]/([08] 4+ [O¥]) in oxygen removed
from atmosphere through bacterial action or
through consumption by other agents

n = number of gram atoms of oxygen removed
from the atmosphere or returned to it per
year, and

Oslgrt = number of gram atoms of oxygen of mass 16
in atmosphere at beginning of year

Nutart =

N, = in oxygen put back into the

Thus from equation (1) it is clear that for the
oxygen isotopic composition of the atmosphere
to remain constant it is necessary that Ny = Ny.
We estimate the fractionation factor of O* for
the photosynthesis reaction to be 0.983; hence
the fractionation factor of O in the removal of
oxygen from the atmosphere should also be 0.983.
It is the purpose of this investigation to measure
the fractionation factor of O in the removal of
oxygen from the atmosphere by growing bacteria.
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Theory of the Experiment
It was decided to expose the oxygen to the bac-
teria in a series of ten culture flasks with oxygen
flowing from one flask to the next as fast as needed
to maintain a constant pressure throughout the
system and with carbon dioxide absorbers in or be-
tween the flasks to remove the carbon dioxide
formed. As soon as a steady state was reached,
it was planned to remove the end or tenth flask
and analyze its oxygen isotopically. By making
the following assumptions: (1) that all the carbon
dioxide is absorbed, (2) that the free volume and
the rate of consumption of oxygen in all the
flasks are the same, (3) that the oxygen consump-
tion rate is constant with time and (4) that the
oxygen isotope fractionation factor for the bac-
terial consumption of oxygen remains constant
with time and composition of the oxygen, it is
possible to derive the following equations.
The number of gram-atoms of oxygen entering
any 7th flask per hour is given by the expression
2up(n + 1 — 9) @)
where ws is the number of moles of oxygen con-
sumed by the bacteria in one flask per hour, # is
the total number of flasks arranged in series (ten
in our experiments) and ¢ is the number of the
flask in line for which the flow datum is desired.
Similarly, the number of gram-atoms of oxygen
leaving any <th flask per hour is
2wp(n — 1)
If y, is the atom fraction of O in all flasks at
zero time, y; the atom fraction of O in the first
flask at time ¢, and y, the atom fraction of O'®
in the oxygen consumed by the bacteria, then
a = yb/y1 (3)
where « is the single stage fractionation factor
for the O® isotope in the oxygen consumed by
the bacteria. Let A be the number of moles of
oxygen in each flask, and let
w = wp/A
then for the first flask
= v + {wnyet — apwt — nin — 1wt}
or
2 » g
% l=w [n (m — 1) yo] ¢ (4)
where
m=un+ a
Equation (4) is strictly valid only for an infini-
tesimal increment of time as y, is a function of the
time. Letting x; equal y1/v,, equation (4) may
be written
dxy = win — (m — Daxde 5)
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which on integration between x equal to 1 at
zero time and x equal to x at time { becomes

5= 14 (n ;rf-{l- 1>(1 — e—w(m—Dt) ()
A steady state is reached when the exponential
term becomes very much smaller than unity; at
this point

Xpo=n/(m — 1) ™

When a steady state has been reached in all ten
flasks, it is possible to show by methods similar
to the above that the value of x; for any 7th flask
is given by the equation
nn — n—2)... n —7i+1) )

(m — (m —2) ... (m — 1)

The over-all fractionation factor for the ten
flasks would be x5, ~ while the value of «, the
single stage fractionation factor can be computed
from (8) as soon as %, ~ has been measured.
Equation (8) is illustrated in Fig. 1 where the
upper curve gives the over-all fractionation factor
in the end flask for lines of flasks beginning with
only one flask in the line and going up to 10, the
value of « being arbitrarily taken as 0.996, while
the lower curve represents the enhancement of
O™ in each flask for the single case of ten flasks
in a line. Note that having ten flasks in a line
approximately triples the enhancement in the
tenth flask in comparison to only one flask in the
line, but that the enhancement in the ninth flask
in the series of ten is slightly less than twice as
good as in the one flask.

Because of the relatively rapid flow of oxygen
through the first flask, a steady state condition
will be cstablished in it long before a steady
state is reached in the end flask. The criterion
for the attainment of 999, of the steady state
enhancenient in the last flask of the line is that the
bacteria must have consumed between 4 or 5
times the volume of oxygen originally present in
the flask (so that exp(— wat) will be reduced
to 0.01).

Xiw =

Experimental Details

Tank oxygen was supplied under 5 cm. pressure through
a 48-liter reservoir to the first of ten culture flasks. Each
of flasks 1--8 had a total volume of 1100 ml. of which 300
and 40 ml. were taken up by the medium and 509, potas-
sium hydroxide (the latter in a wide side arm blown on to
the neck of the flask). The last two flasks had a capacity
of 2100 ml. of which 400 and 45 ml. were occupied by the
medium and the hydroxide, respectively. Between flasks
5-6 and 9-10 extra carbon dioxide absorbers containing
150 ml. of 509} potassium hydroxide and with a gas space
of 350 ml. were inserted.

The culture medium contained 49, yellow corn meal,
19, Difco yeast extract, 1% CaCO;, 0.59 K:HPO,
0.05% MgS04+7H,0, 0.0059, FeSO47H.O, a trace of
MnSOs and Na;MoQOs. The inoculum was 109, by vol-
ume of a similar medium originally inoculated with soil.
The reaction flasks were shaken on a horizontally rotating
shaker in order to maintain an adequate oxygen supply, to
prevent the development of anaerobic bacteria which pro-
duce hydrogen and to facilitate the absorption of carbon
dioxide (which turned out to be the most troublesome part
of the research). The temperature was 28°.

Volume of oxygen consumed during the first twenty-
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eight hours of incubation amounted to 30-40 liters. At
the end of this period the alkali in the side arm of flask
ten was dumped into the medium to absorb carbon
dioxide remaining in the gas which may have been as
much as 509, of the total. After shaking flask ten for
fifteen minutes gas was allowed to enter it first from flask
nine and then from the rest of the system. This proce-
dure probably resulted in the oxygen in ten having an
O!® composition equal to the average of the steady state
value of flasks nine and ten. Flask 10(1) was then re-
moved and replaced by a similar flask 10(2) which had
been flushed with oxygen and evacuated. Gas was intro-
duced into it first from flask 9, then from the rest of the
system and incubation continued for another 28 hours
after which flask 10(2) was handled like 10(1). Liter
samples of oxygen for isotopic analysis were taken from
flasks 10(1), 10(2), from the oxygen tank and from the

reservoir. Aliquot samples were analyzed as follows:
TaBLE I
CoOMPOSITION OF DIFFERENT OXYGEN SAM;:LES IN VOLUME
PER CENT.
Tank Reservoir Flask 10(1) Flask 10(2)

0O, 99.5 98.5 81 77.3
CO, O 0 2.5 8.3
N, 0.5 1.5 16.5 14.4

The oxygen taken for isotopic analysis was pumped out
of each flask over copper in a furnace at 300 ° and the oxide
formed later reduced to water also at 300° with tank hydro-
gen. The same hydrogen was used in all oxygen reduc-
tions.

The technique of purifying the water and measuring its
density was essentially that of Dole and Jenks.? A
modified density technique was tried in which the water
whose density was to be measured was transferred to one
chamber of a double chambered float and the density of
the whole measured by suspension in normal water.
This method which was similar to that described by Gil-
fillan and Polanyi* turned out to be extremely time con-
suming and was abandoned.

(4) E. 8. Gilfillan and M. Polanyi, Z. physik, Chem., 1664, 254
(1933).
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Discussion of the Experimental Results

The experimental data for the density measure-
ments are collected in Table II. Results are
expressed in p. p. m., v, in excess of the density of
the standard which was taken as that of the tank
sample. The first number in each case is the -
value with reference to the immediately preceding
density measurement of the standard and the
second number, the y-value calculated using the
immediately succeeding density measurement of
the standard.

TABLE II

DensiTY DIFFERENCES OF WATER SAMPLES

Purificatjon Flask Flask

No. Tank Reservoir 10(1) 10(2)
1 Standard 4.0 5.9 5.2 7.2 4.6 6.6
2 Standard 0.3 0.3 2.4 2.0 2.21.8
3 Standard 0.3 2.0 -0.11.6 01.8
4 Standard Not analyzed - 2.04 Not analyzed
5 Standard 1.11.0 1.4 1.3 2.1 2.1
6 Standard Lost 1.6 1.7 1.41.5
Av. of puri-
fications 2,
5and 6§ 0 0.8 1.7 1.8

In computing the averages we have rejected
purifications 1, 3 and 4 because of the discrep-
ancy in the density values between those calcu-
lated using the preceding and succeeding stand-
ard densities. Averaging the tank and reservoir
density values, which should be the same (there
were twice as many density measurements of the
tank sample than of the reservoir sample hence
the tank average value was given double weight)
and subtracting this weighted average from the
average of the two flask samples, we arrived at
the final excess density of the bacterial oxygen
water equal to 1.5 = 0.5 v.

The over-all fractionation factor, x, is related
to v by the equation

x =1+ (v/222)
which for v equal to 1.5 yields 1.0068 for x. The
single stage fractionation factor, «, can now be
calculated from x using equation (8) taking the
average of the ninth and tenth flasks as follows
_ 10! §1 + oe$
eI D+ . @tr9l 2
This equation could be solved for « using gamma
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functions, but in the narrow range where we are
working it is easier to compute x for a few values
of ¢ and interpolate graphically. We obtain « =
0.997 for x equal to 1.0068. As the fractionation
factor required to explain the enhanced O con-
tent of the atmosphere is 0.983 as remarked above,
it is clear that bacterial concentration of O in
the atmosphere is almost negligible. If, using
the figure 0.983, we compute the y value we would
have observed if the bacteria concentrated O
to this extent, we obtain 10.8 v which is six times
greater than the average computed from the data
of Table II.

We conclude that the postulate originallv used
by one of usin 1936, namely, that the establish-
ment of the following equilibrium in the strato-
sphere at —55°

0'f -+ 2H;0% (g) == 2H,0" (g) + O}

is responsible for the atmospheric concentration
of O, still appears to be the most reasonable ex-
planation of the excess abundance of O® in the
atmosphere. Even this hypothesis fails by about
1 v to reproduce quantitatively the experimental
observations.

In conclusion one of us (M. D.) gratefully ac-
knowledges a grant from the Graduate School
Fund of Northwestern University in support of
this research.

Summary

Bacterial concentration of O in the atmos-
phere by preferential removal of O has been
studied by passing oxygen through a series of 10
culture flasks inoculated with soil bacteria and
analyzing isotopically the residual oxygen accu-
mulated in the tenth flask. The single stage frac-
tionation factor is found to be 0.997, which falls
considerably short of the value required to ex-
plain the enhanced O® content of the atmosphere,
0.983.

A mathematical theory of the experiment
which served as a guide in planning the work and
from which the single stage factor was calculated
from the over-all fractionation factor is given.
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