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ABSTRACT

Isotopic fractionation factors for the CO, transfer between atmosphere and ocean are calcu-
lated, taking into account equilibrium and kinetic fractionation. Diffusion of CO; into the wat-
er, which is rate limiting for mean oceanic conditions, fractionates the carbon isotopes only
little. 13C/'2C fractionations are found to be — 1.8 to —2.3%o for atmosphere-to-ocean transfer,
and —9.7 to —10.2%o for ocean-to-atmosphere transfer.

A different case is absorption by alkaline solutions which is controlled simultaneously by
CO, diffusion and the reaction between CO; and OH ™. The reaction rate exhibits a fractiona-
tion for 3C/'2C of about —27%s.

1. INTRODUCTION

The fossil and the biospheric CO, that have been introduced into the atmosphere
have a 6°C of about —25%o which is markedly different from the value of —7%o
characteristic for (present-day) atmospheric CO,. Therefore, one can possibly estim-
ate past CO, inputs into the atmosphere by reconstructing the atmospheric *C/">C
ratio from measurements on tree rings (Stuiver 1978).

The atmospheric CO, excess depends, besides the production rate, on the loss rate
and therefore on the atmosphere —ocean transfer resistance. Since this resistance is
not equal for the different isotopes, the transfer causes a kinetic isotope fractionation.
For a quantitative consideration of the *C history of atmospheric CO, by means of
models for the global carbon cycle, the isotopic fractionation factors must be deter-
mined. This is the purpose of this paper.

2. EXCHANGE OF CO, BETWEEN AIR AND SEA

CO, exchange between atmosphere and ocean is mainly controlled by diffusion
through a thin surface water layer, and we will first consider this process only,
neglecting the influence of chemical reactions. The net air—sea exchange flux of
CO; can then be written as
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F=Fs—Fa= wi(c, — ¢5) = w(fc, — Cs)

where ¢, = CO, concentration in the atmosphere; c,, ¢, = CO; concentrations in sur-
face ocean water (dissolved CO, gas only), at the interface (c,) and in the bulk of the
water (c,); 8 = solubility of CO,; w = transfer velocity for gas exchange. Solution
equilibrium at the interface is assumed, ¢, = Sc,, which is valid because the interfa-
cial resistance is negligible (see section 3). For *CO, this must be modified:

FB = wP g SR, ¢, — WP as R ¢ 6))

where R, "%, R5!* = ®C/'2C ratios in atmospheric CO, and in XCO, (= CO, + HCO;~
+ CO;5) in sea water (*C/"2C of dissolved CO, gas is not measured directly);
as = 8%/ = equilibrium fractionation factor between °C and "C for CO, solubility,
ag = 0.9989 at 20°C (Vogel et al. 1970);

ay = equilibrium fractionation factor between dissolved CO, gas and XCO,.

ay depends on the amounts of CO;~ and HCO;s™ in sea water. There are roughly
1.65 mmoles/l of HCO; ™, 0.35 mmoles/1 of CO; and 0.01 mmoles/l of CO; in warm
surface water (Broecker 1974). The fractionation factors at 20°C are 0.9905 between
dissolved CO, and HCO;™ (Mook et al. 1974) and 0.9929 between dissolved CO, and
CO;™~ (Mook 1968), so that we get ay = 0.9910 = 1 — 9.0%o.
Eq. (1) can be rewritten as follows:

13 13:: 13
E = Ay Fas Ra s Fsa RZ

With the (one-way) fractionation factors:

Ay = agW3IW
@ = as W2IW 2

Here we used F,,'2 = F,, i.e. the flux of '>CO, approximately equals the total CO,
flux. The errors of model computations due to this approximation are negligible (see
Appendix).

For evaluating the fractionation factors we need the ratio of the transfer velocities
for *CO, and '>CO,. They are governed by diffusion in the liquid boundary layer.
According to currently accepted theoretical models for gas exchange (Deacon 1977,
SFB Meeresforschung 1979), the CO, transfer velocity depends on the diffusion
coefficient of CO, in water, D, as

w~ D", with 0.5 =n=0.67.
We will follow the surface renewal model of Danckwerts (1970) which predicts
w= vV D/r

where 1 is the average replacement time for a water parcel at the surface. The ratio
w'®/w is then equal to 7/ D'*/D'2. Schénleber, Miinnich and Flothmann measured
the ratio of the diffusion coefficients for *CO, and 'CO, in water and obtained
(Schonleber 1976)
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DB/D™ = 0.9991 = 1 — 0.9%eo. 3)
whence whi/w =1 - 0.5%o.

Now the fractionation factors can be computed numerically from egs. (2):

@y = 0.9984 = 1 — 1.6%0
ag = 0.9905 = 1 — 9.5%¢0

As a check, the ratio a,/a,s does equal the equilibrium fractionation factor between
atmospheric CO, and ZCO,, ay,/a,s = 0.9921 = as/ay, as it must,

The downwards flux, from atmosphere to ocean, is only slightly fractionated. This
result is very different from the value of 0.986 for a,, used by Keeling (1973). That
value was obtained from experiments on the absorption of CO, by hydroxide solu-
tion which is considered in the next paragraph.

The above calculations are based on the assumption that diffusion alone is the
rate-controlling step for the CO, transfer between atmosphere and ocean which is a
good approximation under average oceanic conditions (Bolin 1960). The possible
influence of CO, hydration within the diffusive liquid layer on the kinetic fractiona-
tion is discussed in the last paragraph.

3. ABSORPTION OF CO, BY A HYDROXIDE SOLUTION

Experiments by Baertschi (1952), Craig (1953, 1954) and Miinnich and Vogel
(1959) showed that CO, absorbed by an open surface of a hydroxide solution is
depleted in '*C by about 15%o compared to the CO, gas. Miinnich and Vogel (1959)
treated the absorption in hydroxide solution in a paper which, however, has never
been published. Absorption by alkaline solution is completely different from absorp-
tion by sea water. As shown below, the competition between reaction and diffusion
in the liquid is primarily responsible for the isotopic fractionation in this case.

CO; and OH™ ions react according to CO, + OH™ = HCOj; ™, and the reaction rate
is given by k[OH] [CO,] or k h ¢, introducing h = [OH ], ¢ = [CO,]. At steady state,
the CO, concentration in the alkaline solution obeys the equation

de %
Z-0=p-Z-kn
gt az? 2 @

For h = constant, which is valid for atmospheric CO, concentrations, the solution
is
kh
c=c, exp(— —7)
D

and the transfer velocity for CO, (referring to liquid phase concentrations) by

=vkhD &)

(z=10)

3 —Dgradc
C
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With k = 5800 molar™' s™! at 20°C (Kern 1960), D = 1.7 X 10™° cm?/s (for CO; in
water) and h = 1 molar we get w = 0.31 em/s, which compares well with the transfer
velocities of about 0.1 to 0.2 cm/s obtained by Baertschi and by Miinnich and Vogel
for 1 to 5 normal NaOH solutions.

Ordinary gas exchange is controlled by boundary layer turbulence in the liquid
with transfer velocities w, of roughly 107 to 10~ cm/sec for a relatively quiet liquid
(Jdhne et al. 1979) which is much slower than the transfer velocity observed here.
Obviously, liquid turbulence does not contribute to the CO, absorption by a strong
alkaline solution.

Miinnich and Vogel report an approximate square root dependence of the absorp-
tion rate on OH™ concentration up to about 1.5 molar, in agreement with eq. (5), then
a decrease with a further increase in OH™ concentration. They suspect that the
decrease is due to a decrease of CO, solubility, and therefore of ¢, because of the rise
in ionic strength and in temperature (warming due to reaction). Furthermore, the
transfer resistance through the gas boundary film competes at a high overall transfer
rate. For stagnant air, wg,s can be as low as 0.2 cm/s, as determined from evaporation
experiments (Vogt 1976).*%)

Baertschi (1952) supposed that a large fraction of the CO; molecules impinging on
the liquid surface are reflected; this is most probably not the case. Transport of mole-
cules of a gas (mole mass M) through the interface is given from kinetic theory by the
transfer velocity*)

=y v o ®)

2nM

Thorough experimental studies with pure water only yielded a lower limit for the
sticking coefficient y : y > 10~* (Harvey and Smith 1959, Raimondi and Toor 1959).
According to eq. (6), then w; > 10 cm/s at ambient temperatures, which is much lar-
ger than the observed transfer velocity for the absorption of CO,. The interfacial
resistance can therefore be neglected and solution equilibrium can safely be
assumed right at the surface, even for the case of the very rapid absorption by NaOH
solution. (Obviously, interfacial resistance is completely negligible for ordinary CO,
exchange between atmosphere and ocean).

It is interesting to notice that the surface does not act as a perfect sink for CO,, as
one might think at first in view of the vigorous absorption, but part of the CO, mole-
cules having entered the solution do leave it again without having reacted. The rea-
son is that the transfer rate through the interface is extremely high

The CO; flux into the solution is F = (¢, — Cpui) W = Co W, since cpu = O. The *C/
I2C ratio in the absorbed CO, is given by the ratio of the *CO, and '*C, fluxes:

*) The transfer velocities wg,s and wy refer to gas-phase concentrations, in contrast to the overall
gas transfer velocity w. Since the solubility of CO; in water is about 1, the numerical values of
gas-phase realated and liquid-phase related transfer resistances are roughly equal.
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Rabs = :
F? Co W B, w
or, from eq. (5)
/ k13 D13
Rups = ¢ =Ry
* 77 kD

With R,pe/R, = 1 — 15%o0, a5 = 1 — 1.1%0 and D"*/D = 1 — 0.9%o the ratio of the
reaction rate constants for *CO, and '2CO, must be about 1-27%o:

k3 /k=0.973

For high CO, concentrations, the OH ™ concentration can no longer be considered
constant since reaction becomes faster than OH™ diffusion. Besides eq. (4) the bal-
ance for OH™ ions has then to be considered:

Jh d*h
é_t=O_D0“c?_22_kCh (?)

Egs. (4) and (7) correspond to a nonlinear second order differential equation for ¢
(or h) which cannot be solved explicitly'”. Figure 1 gives a qualitative picture of cand
h as a function of depth. In the (fictitious) boundary film of thickness z, = D/w,,
transport is by diffusion only and an OH™ gradient exists (w, = transfer velocity for
surface renewal). Below z,,, the gradient vanishes due to turbulent mixing. The OH™
deficit:

ch de
hw—hagzo_(zo)m_zo_-(zzo)
z 0z

is negligible for atmospheric CO,'pressures, which justifies the assumption h = con-
stant, but not for pure CO..

In this general case, the only parameters which the CO, concentration ¢ can
depend on are k, Dco, and Doy, and the carbon isotope fractionation is directly
dependent only on k and D¢,. Since diffusion is hardly fractionating, itis still essen-
tially k, that is the reaction kinetics of CO, with the OH™ ions, that causes the isotope
effect. However, with varying CO, concentration, the ratio of the two resistances—
reaction and OH ™ diffusion —changes. Baertschi (1952) observed a smaller BC frac-
tionation with pure CO, (11 % 1%o) than with a N, — CO, mixture containing 2.6%
CO; (fractionation 14 % 2%o0). This is to be expected since with pure CO,, diffusion of
OH™ ions, which is not fractionating, contributes to the total resistance.

(1) The solutions of this differential equation are called Painlevé’s functions (Kamke 1967)
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Figure 1: Schematic plot of the time-averaged CO; and OH™ concentrations in the liquid, for
uptake of CO; by an alkaline solution. z, = equivalent depth of the (fictitious) diffusive film. In
reality, the transition between diffusive and turbulent zone is smooth. z, varies between about
107! em (very quiet conditions) and 1072 cm (very turbulent conditions); the characteristic
depth of the CO; profile is 1/ D/(k hy) = 0.5X 107* ¢m for h, = 1 mole/l.

4. DISCUSSION

In addition to the equilibrium isotope fractionation between atmospheric CO; and
total CO, in sea water, kinetic fractionation is effective as long as equilibrium is not
established. This kinetic fractionation is mainly due to a (small) difference in the dif-
fusion coefficients for '2CO, and *CO, in water. On the other hand, absorption by a
strong alkaline solution is controlled simultaneously by CO, diffusion and by the
reaction between CO, and OH™ which obviously strongly fractionates the carbon
isotopes. In sea water, the CO, — OH™ reaction is insignificant, as the following
estimate shows. The OH™ concentration is about 10~® moles/I which corresponds to
a mean lifetime of a CO, molecule with respect to reaction with OH™ of about 170's.
This is long compared to the Danckwerts-renewal time of ~ 2 s for mean oceanic
conditions. In the Danckwerts picture, we can consider surface renewal (characteris-
tic time 1) and chemical reaction as statistical processes, so that the total lifetime is
obtained by reciprocal addition, /7, = V1 + Vieaction (Danckwerts 1970, p. 109).
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The total transfer velocity is then given by
Weow = VD (/70 + Vireaction) = ¥ D/ (1 + 19k h)

Correspondingly the fractionation due to this reaction is about 1/2X2 s/170 8 X 27%0
= 0.2%bo.

The hydration of CO, might also contribute to the total isotope fractionation; the
calculation is analogous to that for the reaction with OH™. At20°C, the CO, lifetime
for hydration is ~ 50 s (Kern 1960), or 25 times longer than for surface renewal. The
unknown kinetic fractionation by the hydration reaction is therefore to be divided by
25 to obtain its contribution to the total. If the fractionation in the hydration were as
large as the one in the OH™ attachment, it would make up about 1/2 X 27%0/25 =
0.5%o. Assuming that this is the upper limit and zero permil is the lower limit, we
finally get for the total fractionation factors:

@ = 0.99821t00.9977 = 1 — 1.8%0 to 1 — 2.3%o0
&, = 0.9903 to 0.9898 = 1 — 9.7%o0 to 1 — 10.2%o0 (8)

The true fractionation in the hydration process is still to be determined experi-
mentally.

In order to see the significance of these numerical values, the atmospheric *C/">C
depression due to the fossil CO, input was computed by means of a box-diffusion
model for the global carbon cycle (Oeschger et al. 1975), assuming a constant bio-
mass (see also Siegenthaler et al. 1978). Using a,s = 0.9982 and a,, = 0.9903, the
resulting *C/">C depression in 1970 is 0.74%o, while with the fractionation factors
used by Keeling (1973) (@.s = 0.986, a,, = 0.977) it is 0.61%so. The difference is signi-
ficant, which shows the importance of the kinetic fractionation for the present atmos-
pheric *C/"C ratio.

For “C/'2C the fractionation factors are simply the square of those for *C/!*C.
For C, the fractionation is important since the observed variations in atmospheric
air or in tree rings are of the order of 0.1 to 1%so. For the '*C Suess effect, on the other
hand, isotopic fractionation can well be corrected by means of normalizing to a com-
mon 6C value, except for second-order effects due to radioactive decay which are,
however, negligible. The precise values of the fractionation factors are, therefore, not
important for calculating '*C variations.

APPENDIX

Consider the '>CO, balance of the atmosphere (a) in exchange with the surface
ocean (s), with a CO, production rate P(t). If N, = atmospheric CO, mass and the
other symbols are as in section 2:

dN" _d

dt dt R, 13Na]2 = — s Fys? Ral3 + ag, Fsalz Rs” + P2 R913 9
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We want to show that this exact equation is very well approximated by consistently
replacing F;;'¢ by the total CO, flux F;;, and N,'? by the total atmospheric CO, masg
N, (more generally, N;'? by N; for reservoir i), that is by

d
Et Ra” Ny = =0 Fa Ral3 + @ Fa RSD +- P Rp” (10)

The mass of *CO, in the atmosphere is given by

Ra13 Na
N RN S R
Similarly:
13 _ 12 13 _M
Fas = s I:as Ra - 1 fas Ra]3 (ll)

Using (11) and analogous expressions and by multiplying with (1 +R,,), where R,
is the *C/'2C ratio for the undisturbed atmosphere, we get from (9)

d 1+R,P 1+R," 1+R

—'RaBNa' 7m:—aasFasRB ‘_¢+asanaR137ﬁﬂ

dt 1+R,5B * 14£,RD * 1+f,R,
1+R

+P RS- —— (12)
1+R,"

Eq. (12) is exact. The relative *C concentrations are given by &, = + 1%o, d, =~ —
25%0 and the absolute *C/'*C ratio R,, =~ 0.011. The numerical values of the frac-
tions in eq. (12) deviate from 1 by 2 - 10~ or 0.2%o at most, which is about 1 percent
of the differences occurring (~ 20%o, between atmospheric and fossil CO,). It is
therefore a good approximation to set the fractions in (12) equal to unity, which
directly gives eq. (10).
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