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Mass-Independent Oxygen 
Isotope Fractionation in 

Atmospheric CO as a Result of 
the Reaction CO + OH 

T. Rockmann, C. A. M. Brenninkmeijer, G. Saueressig, 
P. Bergamaschi, J. N. Crowley, H. Fischer, P. J. Crutzen 

Atmos~heric carbon monoxide fCO1 exhibits mass-inde~endent fractionation , , 
in the dxygen isotopes. An 1 7 0  excess up to 7.5 per mil w$s observed in summer 
at high northern Latitudes. The major source of this puzzling fractionation in this 
important trace gas is its dominant atmospheric removal reaction, CO + OH 
3 CO, + H, in which the surviving CO gains excess 170. The occurrence of 
mass-independent fractionation in the reaction of CO with OH raises funda- 
mental questions about kinetic processes. At the same time the effect is a useful 
marker for the degree to which CO in the atmosphere has been reacting with 
OH. 

Small variations in isotoaic composition oc- 
cur throughout nature and often give usefill 
information about ahvsical. chemical. and bi- , 

ological processes. The various underlying 
isotope fractionation effects are nonnally 
proportional to isotopic mass differences (I); 
however; isotope fractionation effects have 
recently been discovered that do not depend 
on the mass of the substituted isotope 12-10). , 
The causes of the sometimes exceptionally 
strong mass-independent fractionation (MIF) 
are complex and not yet understood. In the 
atmosphere MIF is widespread, and each of 
the important trace gases-0, (2, 6 ) ;  CO, 
(9, CO (5, 8, 9) and N 2 0  (10)-has excess 
"0, which for oxygen is an excellent marker 
for MIF. The clearest case of MIF occurs in 
atmospheric O,, in which both 1 7 0  and ''0 
are nearly equally enhanced relative to its 
precursor, atmospheric 0,. This is in contrast 
to most other oxygen-bearing compounds on 
Earth for which Sl7O = 0.52 X S1'O (11). 
For MIF, 5l70 = Sl7O - 0.52 X S1'O f 0. 

MIF in CO was discovered from analysis 
of samples collected in New Zealand (8) .  
Subsequent measurements established that it 
is a widespread phenomenon, and initially the 
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effect was liillced to MIF in 0, (5). The 
reaction of 0, ai th  unsaturated hydrocar- 
bons, mainly isoprene and terpenes emitted 
by plants, indeed produces CO that inherits 
the relatively strong MIF in 0, of 25 to 40 
per mil (5, 6). However, despite the large 
5l7O(O3) value; there is insufficient CO 
from this source to explain the observed 
A170(CO) values in remote air masses (5). 

Our measurements reveal that A170(CO) 
values at high northern latitudes vary season- 
ally (Fig. 1). In winter, CO in clean surface 
air at Alert and Spitsbergen peaks at about 
170 ppb. Removal rates for reaction ai th  
hydroxyl (OH) are low, the sources outweigh 
the sink, and the isotopic composition of the 
accumulating CO reflects that of the com- 
bined sources. Because fossil fuel combus- 
tion is an important source of CO; S l80  
values are high (12) and A170(CO) values are 
low (5). During spring and summer, oxidative 
cleaning of the atmosphere by OH gathers 
momentum and CO levels decline. Concur- 
rently S1*O values decrease because of the 
inverse kinetic isotope effect (13) and the 
diminished role of fossil fuel sources (12). In 
contrast, A170(CO) values reach their highest 
levels when OH peaks in summer, implicat- 
ing the reaction between CO and OH as a 
possible source of MIF. 

To investigate MIF in this reaction; we 
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saturated a mixture of -1% CO in He or N2 
as the bath gas with H,O, vapor and circu- - -  - 

lated the mixture through a photochemical 
reactor in which OH was produced from pho- 
tolysis of H20, a i th  a X; lamp (wavelength 
X > 190 nm). After a reaction time of 15 to 
90 min. tvaicallv 15 to 65% of the original 
CO had dekn oxidized: and the  residual^^ 
was analvzed for its '3Ci'2C and '80;'60 
ratio by mass spectrometry (12, 14). For I7O/ 
1 6 0  analysis, samples were first converted to 
0, ai th  a F2-based technique (15). With this 
method 170:'60 variations can be resolved 
from the strongly interfering '3Ci12C varia- 
tions. The results show that the remaining CO 
fraction progressively obtains excess 1 7 0  

(Fig. 2). The effect diminishes at lower pres- 
sures and also when He is used as a bath gas. 
The equilibrium fractionation; plotted versus 
pressure in Fig. 3, was derived from the 
slopes of the linear fits in Fig. 2. 

To ascertain that the MIF observed here 
exclusively arises from the chemical reaction 
of CO ai th  OH; we need to exclude possible 
iliterferences. An alternative mechanism 
would be transfer of MIF from OH to CO 
through isotopic exchange. However, mea- 
surements confirm that the H20, used and 
consequently the OH folmed is free of MIF. 
Furthermore, there exists experimental and 
theoretical evidence against significant oxy- 
gen isotope exchange in the reaction between 
CO and OH (16). 

The generation of MIF in CO by means of 
exchange with OH is excluded in the tropo- 
sphere as we11 (5). Although atmospheric OH 
is mainly produced by the reaction O('D) + 
H,O 3 2 OH; and initially must reflect the 
strong MIF of 0, [the O('D) precursor], fast 
exchange with H 2 0  according to OH + H,O 
o H,O + OH efficiently washes the MIF 
signal out (1 7). 

Other potential interfering agents in our 
experiments were O(,P) or O('D), which 
could cause MIF by exchange or reaction 
with CO. Whether or not 0, is excluded from 
the experiments, some is inevitably produced 
by thermal decomposition of H202  and the 
photochemical reactions involving OH: HO,, 
and H20,. Experiments a i th  the addition of 
10 to 20% 0,: ai th  and without H,02, con- 
firm that MIF in the remaining CO only 
occurs when H20, is present. 

An independent check on our experiments 
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is that the 13C and lSO measurements agree 
well (Fig. 3) with earlier data (13, 18). The 
13C values show a positive kinetic isotope 
effect of 6 per mil at atmospheric pressure; 
turning into a negative isotope effect below 
400 mbar. For 1 8 0 ;  a negative kinetic isotope 
effect of -10 per mil a i th  little pressure 
dependence is observed. Note that all three 
isotope fractionation processes and the over- 
all rate constant of CO + OH [k = 1.5 X 
1 0-l3 X (1 + 0.6 X pa,m) cm3 molecule-I s-' 
(19)] exhibit different pressure dependencies. 
From the above arguments we conclude that 
the observed MIF in the remaining CO is 
solely caused by differences in net reaction 
rate coefficients of the different CO iso- 
topomers a i th  OH. 

Can the measurements explain the atmo- 
spheric A170 observations? The A170 data 
from Fig. 3 apply to the case in which CO 
sources and sinks are at a steady state. This 
situation does not occur in the atmosphere but 
is best approached in the tropics and subtrop- 
ics, where OH concentrations vary moderate- 
ly over the seasons. At Izalia (Tenerife, 2S0N) 
CO levels were nearly constant during winter 
(Fig. 1). For 750 mbar, corresponding to the 

Nov Dec Jan Feb Mar Apr May Jun Jul 

Fig. 1. Lq70(CO) and 6180(CO) values (in per 
mil), and CO mixing ratios measured for air 
collected at Alert (Canada, 8IoN, open circles), 
Spitsbergen (7g0N, solid circles), and lzaiia 
(Tenerife, 28"N, triangles) in 1996 and 1997. At 
high northern latitudes, CO and 6180(CO) peak 
in winter, when ''0-enriched CO from fossil 
fuel combustion is more abundant. In summer, 
reaction with OH, which preferentially removes 
C180, is most important, and CO and Sq80 are 
low. In contrast, 1l70(CO) bottoms out in 
winter and reaches its maximum in summer. 
The l u  errors for CO and 6180 fall within the 
data symbols. 

station's altitude, the predicted A170 value is 
4.2 2 0.3 per mil (Fig. 3), which agrees with 
the obsenrations (Fig. I). 

At high northern latitudes, CO sources 
and the OH-based siillc never approach steady 
state because of the strong seasonality in OH 
concentrations. In fall and winter: CO sources 
dominate the weakened OH sink, and the 
observed decline of A170 to 2.5 per mil in 
late Februaly can be quantitatively explained 
by dilution of the CO reservoir a i th  mass- 
dependently fractionated CO from combus- 
tion (5). In spring and summer, A170 exceeds 
the equilibrium fractionation value because 
the OH sink is stronger than the combined 
CO sources. Essentially, reaction uith OH 
reduces the CO inventory to about 45% of the 
winter levels (Fig. 1). Figure 2 shows that 
such a reduction of CO [ln(remaining CO) = 

-0.801 yields a A170 shift of 3.5 per mil, 
which adds to the winter minimum of 2.5 per 
mil. 

The actual situation is complicated by the 
continuous input of CO from various sources. 
If we start with a given CO reservoir with 
A170 = 2.5 per mil, again reduce it to 45% of 
the starting level but now include a source; 
even more CO must react uith OH. There- 
fore, final A170 values are higher than in the 
no-source scenario (although the source has 
AI7O = 0) and can reach up to 7 per mil 
depending on the source strength, which we 
varied between 0.5 and 1.5 ppb per day 
Thus, the reaction of CO with OH can pro- 
duce A170 values between 6 and 7 per inil at 
high northern latitudes in late summer. The 
small difference relative to the observed val- 
ues (Fig. 1) call easily be accounted for by a 
moderate contribution (2 to 6% in summer) 
from the ozonolysis source (5) .  

By calculating the altitude-weighted inte- 
gral of CO, OH: k ,,,,,; and A170 for the 
CO + OH reaction, we can estimate that 
A170 = 4.2 i. 0.3 per mil is a representative 
value for the entire troposphere in source-to- 
sink equilibrium. This value corresponds to 

-1.2 -1 -0.6 -0.6 -9.4 -0.2 0 
In (remaining CO fraction) 

Fig. 2. The excess 1 7 0  enrichment in CO result- 
ing from reaction with OH is shown as A q 7 0  
relative to the original CO with A170 = 0 
versus the natural logarithm of the remaining 
CO fraction. Solid lines are linear fits to the 
data obtained with the bath gas N,, dashed 
lines with He. 

an effective altitude of -750 mbar (Fig. 3). 
In the upper troposphere the MIF is less, but 
also considerably less CO is being destroyed 
there. 

The CO + OH reaction involves an asso- 
ciation complex HOCO' (20-22) in a vibra- 
tionally excited state ([MI is the bath gas 
concentration). 

k,  k b  

CO + OH = HOCO' -+ H + CO, (I) 
k-8 4 kc* [MI 

-+ 
HOCO products 

In steady state; the overall rate constant can 
be expressed as 

This scheme shows that any fractionation in 
the HOCO' formation step (a) does not de- 
pend on total pressure. Therefore, MIF in this 
step would not produce the pressure depen- 
dence of A170 (Fig. 3). Reactions (-a) and 
(b) diminish in ilnpoitance as pressure rises 

Fig. 3. All isotope fractionation constants for 
the system CO + OH as a function of total 
pressure. For 13C and 180, &l3C = (12k/13k -1) 
and s180 = (16k/18k -I), where 'k are the 
overall rate constants for the isotopes with 
mass i. In analogy to A170, E 1 7 0  is defined as 
E 1 7 0  = z q 7 0  - 0.52 X &l80. A moderate but 
definite pressure dependence of E 1 7 0  is ob- 
sewed. The results for 13C and 1 8 0  agree well 
with earlier studies (73, 18). The variable p is 
pressure in millibars. Filled circles, CO in a bath 
gas of N2 or N2 + 02, open circles, CO in a 
bath gas of He. 
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because of the increasing competition from 
reaction step (c). Therefore, MIF iii (-a) or 
(b) cannot explain increasing Ll7O with in- 
creasing pressure either. Only I\/IIF caused by 
isotope-selective quenching of HOCOi in re- 
action step (c) ~vould cause tlie A170 values 
to increase with increasing pressure. Howev- 
er, in contrast to the observations, A170 val- 
ues should then vanish in the low-pressure 
limit; where k = (lea X li,)/(li_, + I<,,). Veiy 
effective quenching of HOCO: by H,O and 
H,O, could cause a discrepancy between tlie 
observed total pressure changes and tlie ac- 
tual HOCO: quenching rate changes. How- 
ever, even given the high quenching efficien- 
cy o'f H,O [-lo times that of N, (23)], this 
mechanism seems insufficient to explain the 
low-pressure offset. Therefore, the estab- 
lished reaction mechanism for CO + OH 
indicates that MIF is produced in at least two 
elementaxy reaction steps, one of them being 
step (c), which induces the positive pressure 
dependence. 

No theoretical' explanation for the occur- 
rence of MIF in CO f OH is available. It is 
questionable whether tlie recent tlieoi-y that 
relates MIF to symmetiy restrictions in tlie 
formation .of ceitain coliiplexes (24) can be 
directly applied to the reaction CO + OH. 
Nota bene, MIF in tlie important reaction O 
+ 0, - 0, also remains unexplained (25). 
Here, the rate coefficient for 1 6 0  f 180180 is 
50% higher than the one for "0 f l60 l60 .  

MIF has been detected in each one of the 
important atmospheric trace gases 0,; CO,, 
N,O, and CO. As we now know the origin of 
MIF in CO, the.effect promises to be useful in 
atmospheric chemistry, as nearly all sources 
introduce CO into the atmosphere with 
A1'O = 0. Because of the sink reaction CO f 
OH, A170 values increase, which makes I\/IIF 
a direct measure for the aging of atmospheric 
CO by exposure to OH. 
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A Correlation Between 
Ultra-Low Basal Velocities in 

the Mantle and Hot Spots 
Q. Williams, J. Revenaugh, E. Garnero* 

The statistical correlation between the locations of hot spots at the surface of 
Earth and the distribution of ultra-low-velocity zones at the base of the mantle 
has about a 1 percent chance of arising randomly. This correlation is more 
significant than that between hot spots and negative velocity anomalies in 
tomographic models of deep mantle compressional and shear velocity. This 
correlation is consistent with the notion that many hot spots originate in a 
low-velocity, probably partially molten layer at the core-mantle boundary and 
undergo little lateral deflection on ascent. 

The underlying control on the geographic 
distribution of liot mots. linear chains of vol- 
canic edifices whose source appears to be 
fixed relative to surface plate motions, is 
uncertain. Hot spots tend to be distributed 
near long-wavelength geoid highs (I) and 
mid-ocean ridges (2), each of which may in 
turn be associated with slow seismic veloci- 
ties in tlie lower mantle (3, 4). The upwell- 
ings tliat give rise to hot spots are widely 
thought to originate as instabilities near the 
core-mantle boundary (CMB) (5, 6); as this 
region likely represents a major thennal 
boundaly layer. Geophysical obsen~ations 
tliat support hot spots originating near the 
CMB have, however, been notably lacking 
(3, although possible geochemical evidence 
for such a provenance exists (8). Here we 
examine whether liot spots are correlated 
with the presence of recently discovered 5- to 
30-km-thick features at the base of Earth's 

Department o f  Earth Sciences and Inst i tute o f  Tec- 
tonics, University o f  California, Santa Cruz, CA 95064, 
USA. 
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liiantle wit11 compressional wave velocities 
depressed by as liiuch as 10% fro111 the over- 
lying mantle (9-13). These ultra-low-veloci- 
ty zones (ULVZs) are likely generated by the 
presence of partial melt at depth (10, 11); it is 
unclear whether this partial melt differs chem- 
ically from the overlying mantle through (for 
example) either iron enrichment or volatile en- 
richment (I 0). 

Thus far, tlie Fresnel zones of seismic 
waves saliiple 34% of the CMB for tlie pres- 
ence or absence of ULVZs and ULVZs have 
been obsei~red to be present over 12% of the 
CMB (12, 13). Tlie locations of the ULVZs 
are derived from diffracted compressional 
wave segments traveling along the mantle 
side of the CMB (9, 12, 14) and from reflect- 
ed compressional waves that sample tlie up- 
per boundary of this basal layer (11, 13) (Fig. 
1). Where ULVZs have been detected, their 
thicknesses are >5 km; thinner zones may be 
present elsewhere, but an -5-km thickness is 
required for detection. Tlie thicknesses of the 
ULVZs vary by up to 30 km over distances of 
- 100 km (and possibly less) (9, 10); as such, 
the nonobsen:ance of this feature does not 
preclude the presence of undetected patches 
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