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emergence of a nebular spectrum like those of R Aqr and other
fully-fledged members of the class of symbiotic stars. O
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New measurement of the rate
coefficient for the reaction

of OH with methane
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METHANE is an important greenhouse gas, whose concentration
in the troposphere is steadily increasing. To estimate the flux of
methane into the atmosphere and its atmospheric lifetime, its rate
of removal needs to be accurately determined. The main loss
process for atmospheric methane is the reaction with the hydroxyl
radical OH. We have measured the rate coefficient for this reaction
in carefully controlled experiments and found it to be smaller than
currently accepted values. Our results indicate a longer CH,
lifetime (by ~25%) and a correspondingly smaller flux (by
~100 Tg CH, yr™") than previously calculated.

Of all the trace tropospheric species (that is, excluding H,O
and CO,) methane contributes most to the infrared heating of
the atmosphere'*. Methane is also the most abundant hydrocar-
bon in the troposphere where it modulates the concentration of
the OH free radical and serves as a source of CO. Transport of
methane to the stratosphere provides a termination step, via the
Cl+CH, reaction, for the chlorine-catalysed destruction of
ozone. The oxidation of methane in the stratosphere is an
important source of water vapour in this region. During the past
decade®™ the abundance of methane in the troposphere has
been increasing at a rate between 16 and 13 parts per 10° volume
(p.p-b.v.) per year. The total input and the identities and
strengths of the different atmospheric methane sources are not
clearly defined. To understand the atmospheric effects of
methane, and possibly to regulate it, we need these parameters.
At present, the total flux of methane into the atmosphere is
estimated from the measured steady-state abundance and the
known removal rate of methane®. It has been generally accepted
that the only process by which methane is chemically degraded
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in the troposphere is the reaction with OH. Therefore, the rate
coefficient, k,, for the reaction

OH+CH,~CH,+H,0 (1)

is important in estimating the total flux of methane. The other
loss processes, which are expected to be minor pathways, are
surface deposition and reaction with Cl atoms in the lower
stratosphere and upper troposphere.

A close examination of the available data’ shows that only
in three investigations®'® was k, measured below 298 K, the
temperature region most important to the atmosphere. Only
Davis et al® measured k; down to 240 K. Reaction 1 is slow.
Therefore, at low temperatures, the presence of reactive
impurities and occurrence of secondary reactions in laboratory
systems can result in an overestimate of k,. We studied reaction
1 using an experimental method in which secondary chemistry
could be minimized and the systematic errors reduced.

The pulsed photolysis-laser induced fluorescence (PP-LIF)
method,'! which is widely used for measuring free radical reac-
tion rate coefficients, was employed here. The specific apparatus
employed for the present study, the procedures for measuring
OH reaction rate coeflicients and the data analysis scheme are
described elsewhere'”. The PP-LIF method relies on measuring
the relative rate of change with time of the OH concentration,
following its instantaneous production, in the presence of a
known excess of methane. The bimolecular rate coefficient, k,,
is obtained by measuring the first-order rate coefficient for the
loss of OH, k', in various concentrations of methane. The main
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FIG. 1 Plot of k; (on a logarithmic scale) against T~*. The 20 precision of
each point is less than its width on the graph. The data adequately fit the
expression k; =(2.94+0.34) x 10 *? exp[ (1815 = 30)/ T] cm® molecule ™
s~ (equation 2, dashed line). Errors are 2o and refer to precision only. The
plot is slightly curved and a better fit is given by the expression k;=
1.59 x1072° 728% oxp (—978/T) cm® molecule™ s™* (equation 3, solid
line). We believe from the IR analysis of our sample that the curvature is
not due to impurities. Such curvature has been seen in many other systems
when k, has been measured over a large temperature range.
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TABLE 1 Experimental conditions and measured value of k,

k, (107%® k(1072
Temperature  [OH], Range of [CH,] cm®molecule™  Temperature  [OH], Range of [CH,]  cm® molecule™
(K) (10*° cm™®) [Photolyte]* (10*®cm™3) s7h)§ K) (10*°cm™3) [Photolyte]* (10®cm™3) s1)§
420 3.3 11 0.6-6.6 43.04£0.47 273 153 51 10.3-60.1 3.64+£0.05
420 11 11 0.7-4.3 41.84+0.61 273 188.0 15.7% 99-41.3 3.67+0.04
420 34 34 0.7-44 43.66 +£0.56 273 100.0 9.0% 10.2-67.0 3.75+0.05
420 101 34 08-6.6 43.36£0.63 273 450 19.4,1.77 13.8-55.2 3.71+0.16
420 33 11 1.5-89 42,44+ 057 273 45,0 471,177 20.4-79.7 3.38+0.07
420 3.6 1.2 0.9-80 4253+0.52 273 14.1 4.7 13.1-33.9 3.52+0.07
420 36 1.2 1.9-8.2 4287 +0.52 273 15.3 51 55-325 3.50+0.05
380 3.3 11 06-5.6 26.17+0.42 250 153 51 14.2-98.9 1.98+0.03
250 14.7 49 6.0-45.7 204 +£0.05
350 3.3 11 11-7.7 1598+0.11 250 14.4 4.8 8.7-28.0 1.82+0.02
325 3.3 11 11-54 10.26 +0.15 233 9.9 33 14.3-70.1 1.21+£0.02
233 33 11 13.7-73.2 1.19+0.01
303 15.0 5.0 10.4-321 712+0.38 233 11 1.1 7.8-36.4 1.18+0.03
303 441 14.7 8.0-384 715+011 233 10.2 34 10.1-63.3 1.18+0.02
303 15.0 15.1 7.8-39.4 6.74+0.08 233 9.6 32 99-61.1 1.25+0.03
303 51 51 7.3-34.4 6.74+0.13 233 9.9 3.3 12.6-72.9 1.33+0.02
303 153 51 13.3-58.2 713+£0.18 233 47.0 4.2% 10.8-72.8 1.25+0.02
303 90.0 3.07 18.7-74.1 6.84+0.25
223 3.0 1.0 85-48.3 0.86+0.02
298 15.3 51 151-71.5 6.20+0.18 223 25.0 2.5% 9.8-49.8 1.03+0.02
298 15.0 51 7.2-489 6.30+0.07 223 3.0 1.0 9.1-30.0 0.88+0.04
223 09 0.3 54-171 0.89+0.04
297 28.0 2.3 15.6-442 6.36 £0.22 223 51 1.0 4.9-26.5 0.86+0.04
297 29.0 24 15.1-46.9 6.47 £0.06 223 14.8 6.5% 6.9-40.7 0.89+0.03
223 14.6 6.2% 8.4-53.3 0.86+0.02
295 48 4.8% 17.4-446 592+0.18 223 15.9 3.1% 9.6-63.5 0.97+0.03
223 16.3 6.8% 12.5-63.2 1.04+0.02
223 149 4.9% 7.6-38.5 1.02+£0.02
223 3.0 1.0 7.0-292 0.93+£0.03

* Unless otherwise marked, photolyte is H,0 and units are 10'%cm 2.

1 Photolyte O, units 10*° cm™>. The O(*D) was the source of OH. Concentration of OH is approximate. H,0 concentration was varied between 0 and

5)x10* cm 3,
{ Photolyte H,0,, units 103 cm™3.
§ Errors are 20.

Production of OH used one of three methods: (1) Broad band photolysis of H,O between 165 nm (quartz cut-off) and 185 nm (water cut-off). Flash lamp
energy 0.8-2.5  [OH],=~1-20 x10%° cm™3, [H,0] =1-50 x10*® cm™=. Photolysis at A >120 nm (MgF, cut-off) was occasionally employed to check for
photolysis of CH,. Different focal length lenses were used to vary the fiuence. (2) 248 nm KrF laser photolysis of H,0,. This method was used mostly to
create very large concentrations of OH. Laser energies ~2-50 mJcm ™2 pulse™; [OH], =~ 1-20 X 10 cm™3; [H,0,] ~2-16 x10** cm™>. (3) 248 nm KrF
laser photolysis of O5 followed by reaction of O(*D) with water or CH,. This was used to test alternative methods for production of OH where CHj radicals
are produced. Laser energy ~2 mJcm 2 pulse™%; [OH], =~ 5-10 x10™ cm™3; [0,] =2 x10** cm ™3, OH detection was by pulsed-laser-induced fluorescence
in the A < X system. The excitation wavelength was 281.1 nm (A 2=, v’ =1« X II, v"=0). Fluorescence was monitored at 312.2 (A>3, »'=1- X211, v"=0)
and 306.4nm (A2 3, v'=1- XII, »"=0). Detection sensitivity was ~1 X107 cm™3 for 100 laser shots in the absence of CH,. The buffer gas was helium
or nitrogen (100-300 torr). Gas flow rates were 2-8 cm s~ through the reactor. Essentially all reactants are replaced between consecutive photolysis

pulses (0.1 s apart at the higher flow rate).

OH removal process is reaction 1; minor contributions come
from diffusional loss from the detection zone and reaction with
bath gas impurities. The first-order rate coefficient for the latter
two processes, kg, is determined by measuring the OH loss rate
in the absence of methane. We determine the concentration of
methane by measuring the mass flow rates of methane, the
diluent gas and the photolyte/diluent mixture (using calibrated
electronic mass flow meters) and by measuring the total pressure
(using a capacitance manometer). We can thus determine
methane concentrations, and hence k,, very accurately (2o <
5%).

Table 1 describes the experimental conditions employed to
measure k,. Fifty measurements of k;, between 223 and 420 K,
are listed in Table 1. Variation of [OH],, due to variations in
photolysis fluence and the concentration of the photolyte, did
not affect the measured values of k;. The variations in photolysis
fluence, flow rate of the gases, pressure and the nature of the
diluent are not explicitly shown in the table. These variations
also did not alter the measured values of k,. This demonstrates
the absence of significant errors due to secondary reactions in
our measurements, a point which will be discussed further. Our
sample of methane was better than 99.99% pure. The levels of
reactive impurities, propene and ethene, were found from
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infrared measurement to be less than 0.2 p.p.m.v. and
0.7 p.p.m.v. respectively. Thus they contributed less than 2% to
the measured value of k; even at 223 K, the lowest temperature
of our study. The measured values of k,, and the fit of the data,
are shown in Fig. 1. In one set of experiments (not shown in
Table 1) we used a discharge-flow laser magnetic resonance
system at 296 K to check the results from the pulsed photolysis
experiments. The measured value of k, was 6.5x107'° cm®
molecule ' s™', in excellent agreement with the flash photolysis
results.

Our values of k, are smaller than those obtained earlier. The
difference is close to the estimated uncertainties of the previous
measurements and may not be considered significant. However,
because of its significance to atmospheric chemistry, this
difference is important. We believe that the principal reason for
the smaller values measured here is that we have minimized the
secondary reactions, especially the reaction of OH with the CH;
product. To assess their contributions to the measured values
of k,, we calculated the [OH] temporal profiles expected from
the reactions shown in Table 2 by numerical integration. This
scheme takes into account all reactions that could affect the
measured [OH] temporal profiles. We carried out calculations
for the concentrations used by Jeong and Kaufman'® and Davis

407

© 1991 Nature Publishing Group



LETTERS TO NATURE

et al® as well as those used here. These two studies were chosen
because they are the main sources for the currently recommen-
ded values of k, at lower atmospheric temperatures, they rep-
resent two of the most commonly used methods for measuring
radical-molecule reaction rate constants (including k,) and they
report the initial conditions used. The rate coefficients for the
loss of CH; radicals listed in Table 2 are the best available data
for our experimental conditions. They were changed as
appropriate to correspond to the conditions of other simulations.
The simulations show that the rate coefficients reported ear-
lier®!'® are overestimated by at least 15% at 273 K because of
the contribution of the OH + CHj reaction. In our experiments,
on the other hand, the contributions were less than 2%. If the
rate coefficient for the CH;+ H reaction is taken to be the
measured value', then the importance of CH;+OH reaction
(and the associated error) increases in the experiments of Davis
et al. Similarly, a decrease in the CH; wall loss or self-reaction
rate would increase the errors of Jeong and Kaufman’s experi-
ments. The overestimation depends on the value of the rate
coefficient for the OH+ CH; reaction, for which there is only
one measurement'?; if the rate coefficient is smaller than this,
the overestimation in earlier papers will be reduced. Without
knowing the exact experimental conditions used by previous
investigators, it is difficult to estimate the contributions of secon-
dary chemistry. This modelling exercise is just to show that
secondary reactions involving CH; were significant in most
previous measurements. The variation of the measured k, with
experimental parameters is the best evidence for the secondary
reactions. Figure 2 shows the data of Davis et al and indicates

130 [
- o
[CH,]-1.5x10" cm™® (298K)
1201
[ ]
‘Tl’ 110
h
®
L)
1007
[ ]
k-6.5x10""°
% - . : . -
0 10 20 30 40 50 60

Flash energyx[H, O] (arbitary units)

FIG. 2 Plot of the first order rate coefficient k' for the reaction of OH with
CH, (1.5 x10® cm™3) against the product of [H,0] and flash energy, from
the experiments of Davis et al® (their table 1). The difference between the
first order rate coefficients measured in the presence and absence of CH,
is k'. The product of the flash energy and [H,0] is a relative measure of
[OH],. the initial concentration of OH. To keep the photolysis wavelength
the same, we have only plotted those results for which a sapphire window
was used. The intercept, which is the value of k' in the absence of the
OH+CH; secondary reaction, yields k, =6.5Xx107*5cm® molecule s™2, in
good agreement with our value. The siope of the piot is related to the rate
of the OH +CHj, reaction, but cannot be evaluated because we do not know
the absolute concentrations of OH that were used.
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TABLE 2 Kinetic scheme and rate coefficients used in the Runge-Kutte
integration of [OH] temporal profiles at 273K

Rate coefficient*,
1 o1

Reaction cm® molecule™ s Reference
CH, +0H~ CHy +H,0 9.0x107%6
CH; +OH - Products 90x1071t 14,15
CHs +H+M- CH, +M 20x107*° 13
CH; +CH; +M = CoHg +M 5.5x107** to zerof 17
CH; - loss 20(s™) assumed$
H- loss 20(s™1) assumed§
H+0OH +M~ H,0 40x1072 16, 17
OH+0H+M- H,0, 31x10712 16,17

* For simulations of experiments carried out in a flow tube® at 3 torr, or
in flash photolysis apparatusB at ~25 torr, the pressure-dependent rate
coefficients were changed appropriately. Many of the rate coefficients are
set to minimize the effect of secondary reactions in these studies.

t We assume that the product of the CH; +0OH reaction does not react
with OH. If it did, it would lead to further overestimation of k,.

i The rate coefficient for the CH;+CHj; reaction depends on pressure
and bath gas. If this reaction is fast, it suppresses the OH +CHj reaction.
To simulate our experiments, this value was set to zero to maximize [CH,],
whereas when we simulated the experiments of Jeong and Kaufman and
Davis et al. It was set to the maximum value to minimize [CH;l.

§ In the experiments involving the flash photolysis of H,0, [H], is assumed
to be the same as [OH],.

that k; was indeed overestimated in their experiments. A similar
plot of our data at 223 K (the temperature at which the effect
would be most evident) yields an intercept which is within one
standard deviation of the mean at that temperature. Further-
more, the correlation coefficient, R?, of our plot is only 0.47.
Any contributions from the impurities in the samples used by
Jeong and Kaufman'® and Davis et al® would only make k,
larger.

The chief effect of revising the value of k; is to alter the CH,
budget. All atmospheric processes that are now evaluated from
the measured atmospheric CH, concentration, such as the cur-
rent flux of CH, to the stratosphere, will be unaffected by the
change in k. Generally, k, values recommended by the NASA'
or the CODATA'" panels are used for atmospheric lifetime and
budget calculations. A crude way to appraise the atmospheric
significance of our results is to examine the values of k; at 273 K,
the weighted mean temperature at which the removal of a species
such as methane, with a lifetime of several years, will take place.
The NASA and CODATA values, at 273 K are respectively 24%
and 29% higher than those predicted by equation (3) in Fig. 1.
Our results indicate that the lifetime of methane in the tropos-
phere is ~25% longer and the flux ~25% (~100 Tg yr~') smaller
than currently accepted values. This change in flux is comparable
to or less than every one of the main sources®'®. More detailed
modelling calculations, which take into account the effects of
feedback, use temperature and OH fields and include transport,
can better assess the effect of this revision in k,. Such a calcula-
tion by Valentin and Crutzen (personal communication) shows
that the methane lifetime is ~20% longer when our values are
used instead of the CODATA recommendation. They also show
that using our values 490 Tg yr' of CH, is removed through
OH reaction, as opposed to 590 Tgyr ' of CH, using the
CODATA recommendation. Conversely, if the flux of methane
into the troposphere is indeed 590 Tg yr™', then there is a missing
sink for CH, in the troposphere. 0
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Effects of ice coverage and
ice-rafted material on
sedimentation in the Fram Strait
Dierk Hebbeln & Gerold Wefer
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As little is known about pelagic sedimentation processes in Arctic
environments', the interpretation of biological and chemical pro-
cesses, as well as the reconstruction of ancient conditions, including
those in the glacial North Atlantic, is difficult. Here we provide
sediment-trap results, which show that the position of the sea-ice
boundary significantly influences the particle flux. The seasonal
variability of the particle flux differed markedly in the various
sediment-trap sites in Fram Strait, depending on the behaviour of
the sea ice. Under complete ice cover, sedimentation is very low,
whereas maximum sedimentation is found at the ice margin. The
highest particle flux observed, showing a large lithogenic com-
ponent, was observed at the ice edge where the water was warmer
(>2°C). We find that high biogenic opal fluxes are characteristic
of the summer ice margin, indicating that the sedimentary record
of opal fluxes may allow the position of ice margins in the past
to be reconstructed.

In the Fram Strait, the narrow gateway between the North
Atlantic and the Arctic Ocean, areas with constant and seasonal

FIG. 1 Positions of trap sites FS4 (78°26.5'N, 04°05.7' W,
water depth 1,763 m, trap depth 1,191 m), FS3(78°45.8'N,
00°10.7' E, water depth 2,487 m, trap depth 1,488 m) and
SP2 (78°53.4'N, 06°44.5'E, water depth 1,661 m, trap
depth 1,110 m) in the Fram Strait. The average position of
ice margins®® and the cold East Greenland Current (ECG)
and the warm West Spitsbergen Current (WSC) are also
shown.

ice coverage, as well as ice-free areas are present (Fig. 1). The
large variability in seasonal ice coverage is caused by a complex
system of warm (West Spitsbergen) and cold (East Greenland)
currents (Fig. 1). As there is such a large spatial and seasonal
variability in ice cover, the Fram Strait is particularly well suited
for the study of the relation between ice coverage and particle
sedimentation.

Three one-year trap deployments were positioned east-west
across the Fram Strait (Fig. 1) site FS4 was permanently ice-
covered, whereas another (FS3) was ice-covered for about six
months. The third site (SP2) was located at the winter ice margin,
close to the Spitsbergen shelf edge. The 20-cup-collector sedi-
ment traps, with a collection area of 0.5 m?, were attached to
moored arrays at depths ranging from 1,110 to 1,488 m. Depend-
ing on the expected ice cover, samples were taken at intervals
of between 11.5 and 23 days. Field work and laboratory analyses
are described elsewhere’. The flux rates of individual com-
ponents are given in Fig. 2.

Site FS4 was located in the East Greenland Current, which
is characterized by year-round water temperature <0 °C. The
annual particle flux is 2.9 gm™? (Fig. 2a), and was the lowest
of the three sites, with a maximum from August to October and
a minimum between January and April. Site FS3 was in the
Central Fram Strait in an area where the ice margin fluctuates
for 70% of the year®. During this time, the water temperature
is near 0 °C. The annual particle flux was 60.5 g m™ (Fig. 2b),
with the daily flux ranging from a maximum of 700 mg m™2d™"
in July, to between 11 and 21 mgm™>d™" for December and
January. The eastern part of the Fram Strait is ice-free most of
the year, but during 1989, pack ice reached site SP2 in January.
Because the water temperature of the West Spitsbergen Current
is higher than 0 °C, the ice melts rather quickly. The total annual
flux at this site was 149.9 g m > (Fig. 2¢), and was the highest
measured at the three sites. The seasonal variation in the flux
differed from those observed further west in the time at which
the flux increased. Between July and December, a more or less
continuous flux of 80 to 210mgm >d™' was measured. In
January the total flux then increased, reaching 1,147 mgm >d !,
followed by a decrease reaching ~500 mgm™2d™! in May. A
change in the flux composition was also observed; from July to
December the particle flux was dominated by fecal pellets,
whereas from January to April quartz grains of silt- to fine
sand-size were common.

The most important factors influencing sedimentation are
therefore the presence of ice and the surface water temperatures.
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