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under controlled conditions. During the Emission of Methyl Bromide from Biomass Burning fires, the co and co, concentrations in 

the smoke were measured continuously. 

Stein Mano and Meinrat 0. Andreae* Samples of stack gas were collected in 
evacuated stainless steel canisters. In the 

Bromine is, per atom, far more efficient than chlorine in destroying stratospheric ozone, and field, samples were collected in similar can- 
methyl bromide is the single largest source of stratospheric bromine. The two main isters from aircraft flying over active fires. 
previously known sources of this compound are emissions from the ocean and from the The canister samples were analyzed, with- 
compound's use as an agricultural pesticide. Laboratory biomass combustion experiments out any drying or precleaning step, by 
showed that methyl bromide was emitted in the smoke from various fuels tested. Methyl capillary gas chromatography combined 
bromide was also found in smoke plumes from wildfires in savannas, chaparral, and boreal with mass spectrometry (1 1). 
forest. Global emissions of methyl bromide from biomass burning are estimated to be in The C O  and CO, concentrations in 
the range of 10 to 50 gigagrams per year, which is comparable to the amount produced smoke gas samples from a savanna grass fire 
by ocean emission and pesticide use and represents a major contribution (-30 percent) are shown in Fig. IA. The grass sample for 
to the stratospheric bromine budget. the experiment was collected in Kruger 

National Park in South Africa. At the start 
of the fire, combustion is very efficient, 
CO, emission is high, C O  concentration is 

T h e  depletion of the Earth's stratospheric Gglyear. Production by marine plankton is low, and the fire burns with an open flame 
ozone layer is cause for great concern. The one natural source of CH3Br, and satura- (flaming phase). After passing across the 
main reason for the recent reductions in tion ratios of 140 to 180% in surface sea- fire bed, the open flame disappears. At the 
stratospheric ozone is the increased catalyt- water have been reported (4). The ocean end of the flaming phase, the CO, concen- 
ic conversion of O3 to O2 by the C10 source is estimated to produce 35 Gglyear, tration drops and the C O  concentration 
radical. The precursors of the C10 radical with an uncertainty of as much as + 50% rises (smoldering phase). During the less 
are the long-lived chlorofluorocarbons (4). Another source is the use of CH3Br as efficient smoldering combustion, a large 
(CFCs). These compounds have been and a pesticide; 50 to 80% of the total quantity number of organic compounds are formed 
still are commonly used as refrigerants, of CH3Br used in this way is believed to (10, 12). The CH3Br and CH3C1 data from 
propellants, and solvents. According to the escape to the atmosphere (3, 5). On the the same fire are shown in Fig. IB. The 
Montreal Protocol of 1987, the use of these basis of sales and production statistics, the CH3C1 shows a maximum during smolder- 
compounds has been restricted, and with Methyl Bromide Industry Panel estimated ing, as expected. More surprising is that 
time CFCs will be phased out completely. these emissions for 1990 to be 33 Gg out of CH3Br shows two maxima, one during the 
Shorter lived compounds such as methyl a total use of 66 Gg. Given the uncertain- flaming phase and one during the smolder- 
chloride (CH3C1) have also been drawn ties in these calculations, a range of 20 to ing. In slower burning fires where there is 
into the ozone layer discussion (1). Recent- 60 Gglyear for anthropogenic emissions ap- little or no open flame, CH3Br and CH3C1 
ly, much attention has been focused on pears reasonable (3). both show a maximum only during the 
methyl bromide (CH,Br), because bromine Because these two sources alone can smoldering phase. From a total of 50 smoke 
is known to be much more efficient on a per barely account for the low end of the range samples obtained from experimental bums 
atom basis than chlorine in breaking down of the global source estimates of 75 to 210 of savanna grass and similar fuels, we cal- 
ozone (by a factor of 4 0 )  (2) and may be Gglyear, there may be one or more addi- culated the molar emission ratio for CH3Br 
responsible at present for ~ 2 0 %  of the tional sources. It has long been known that relative to C 0 2  as follows: 
Antarctic ozone depletion. A recent assess- CH3C1 is found in smoke plumes from 
ment (3) attributed 5 to 10% of the current biomass burning (6), and the global CH3C1 ACH3Br 

- global loss of stratospheric ozone to CH3Br flux from this source has been estimated to z- 
alone. In order to evaluate the possibilities be 1.8 Tglyear (1 Tg = 10" g), with an 
for limiting this threat, it is essential to uncertainty of a factor of 2 (0.9 to 3.6 [ (CH3Br) smoke] - [ (CH3Br) ~ m b i e n t l  

determine the sizes of the natural and an- Tglyear). In two independent papers, it has [(C02) smoke] -[(CO2) ~ r n b i e n t l  
thropogenic sources of CH3Br. recently been speculated that biomass burn- 

Methyl bromide is believed to be the ing could also be a source of atmospheric The emission ratio thus calculated ranged 
main reservoir ofatmospheric bromine, and CH3Br (4, 7). This suggestion was con- from 0.044 x lop6 to 0.77 x lop6, with 
an average atmospheric concentration of firmed by preliminary measurements done an average of 0.29 x lop6. This value 
about 9 to 13 parts per trillion has been on smoke from vegetation fires (8). compares well to the emission ratio found 
found (3, 4), which corresponds to a global We conducted biomass burning experi- by Mano et al. (8) for California chaparral 
burden of 150 to 210 Gg (1 Gg = lo9 g). ments in a combustion laboratory (9, 10) fires (0.65 x A similar value (0.46 
On the basis of this burden and an estimat- 
ed atmospheric lifetime of 2 years (3, 4), a 
total global CH,B~ source of 75 to 105 Table 1. Molar emission ratios for CH3Br and CH3CI (-, not determined). 

Gglyear is obtained. If deposition to land 
and vegetation surfaces provides an addi- Emission ratio 

Origin of data 
Burn 

tional sink for CH3Br, as has been suggested phase ACH3BrlAC0, ACH3BrlACH3CI 
in recent reports (1, 3), the lifetime of 
CH,Br could be as short as 1 year, which Laboratory fires 
requires a source strength of 150 to 210 

Flaming 0.12 x lo -6 
Smoldering 0.39 x 
Total fire 0.29 x 

Chaparral fires Total fire 
Max Planck Institute for Chemistry. Post Office Box African savanna fires (13) 3060. D-55020 Mainz, Germany. Total fire 

Boreal forest fires Total fire 
*To whom correspondence should be addressed. 
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Time (s) Time (s) 

Fig. 1. Data taken during the laboratory burn of South African savanna The flaming phase is characterized by high CO, concentrations. Later, 
grass. (A) Variation of CO and CO, concentrations with time in the smoke during smoldering, CO reaches a maximum. (8) Variation of CH,Br and 
produced by the burn (the points represent individual measurements from CH3CI concentrations with time in the smoke gas during the same 
the sample canisters and have been interconnected to guide the eye). experiment. 

Table 2. Emission estimates for CH,Br from biomass burning. For the calculations of these 
estimates, we assumed that the ranges indicated represent 95% confidence limits and used 
standard error propagation calculations. 

Molar emission ratio relative to CO, 
Emission estimate for CO, from biomass burning 
Emission estimate for CH3Br based on CO, data 

Molar emission ratio relative to CH,CI 
Emission estimate for CH3CI from biomass burning 
Emission estimate for CH,Br based on CH,CI data 

0.4 x to 1.3 x 
2.5 to 4.5 Pg of C year-' 
9 to 37 Gglyear 

6 x lo-, to 9 x lo-, 
0.65 to 2 .6  Tglyear 
2 2  to 5 0  Ggiyear 

x was derived for savanna fires from 
the ACH,Br/ACO ratio of 8.5 x lop6 
measured during the SAFARI-92 experi- 
ment in Kruger Park (13) and the ACOI 
ACO, ratio of 0.055 that is typical of 
savanna fires worldwide. We also analyzed 
samples from a boreal forest fire near 
Krasnoyarsk, Siberia, and found higher 
emission ratios for CH,Br (0.11 x to 
3.1 x and CH3C1 (8 x lop6 to 140 
x than those found in emissions 
from grass, savanna, and chaparral fires. 
Forest fires usually have a lower combus- 
tion efficiency than grass fires, and there- 
fore a larger fraction of smoldering com- 
pounds is formed. Table 1 lists the emis- 
sion ratios for CH3Br from laboratory and 
field fires during various burning phases 
and shows that the emission ratios of the 
various laboratory and field fires fall in a 
relatively narrow range. 

We used CH3C1 measurements made on 
the same samples used for CH,Br determi- 
nations to derive a CH3Br/CH3C1 emission 
ratio. In spite of more complex behavior of 
CH,Br during the combustion process, the 
emission ratios from our laboratory fires, 
from field measurements in California (8), 
from the South African savanna (1 3), and 
from the boreal forest (14) all fall in a 
relatively narrow range around 1 mole per- 
cent (mol%) (Table 1). This ratio is similar 
to the Br/C1 ratios found in plants (0.1 to 1 
mol%) (15). 

To estimate the global emission of 
CH,Br from biomass burning, we used 
these emission factors together with pub- 
lished estimates of pyrogenic emission of 
CO, and CH3C1 (12). In Table 2, we give 
estimated ranges for the mean values of 
the emission ratios of CH3Br/C0, and 
CH,Br/CH,Cl as well as emission esti- 
mates based on these ranges. Obviously, 
these values have a high degree of uncer- 
tainty, given the small data set now avail- 
able. However, the reasonably close agree- 
ment between measurements taken in the 
laboratory and at various field locations, 
and between measurements made by dif- 
ferent laboratories, strongly supports the 
validity of these estimates. When these 
emission ratios are multiplied with the 
global rates of emission from biomass 
burning of CO, 12.5 to 4.5 Pg of carbon 
per year (1 Pg = 1015 g)] (12) and CH3C1 
(0.65 to 2.6 Tg of chlorine per year) (1 2), 
we obtain estimated pyrogenic emissions 
of CH,Br ranging from 9 to 37 and from 
22 to 50 Gg/year, respectively. We there- 
fore suggest that the pyrogenic source of 
CH3Br falls in the range of 10 to 50 
Gglyear (or 10 to 50% of the total source 
strength), with a best estimate of 30 Ggl 
year, and that the pyrogenic source is of 
the same order of magnitude as the other 
major sources of CH,Br, ocean emission 
and pesticide use. It is evident that pyro- 
genic emissions of CH3Br and CH,Cl are 

important components of the stratospheric 
halogen budget. During preindustrial 
times, biomass burning must have ranked 
next to marine emission of these gases as 
the dominant source of halogens released 
to the stratosphere. 
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Retention of Solar Helium and Neon 
in lDPs in Deep Sea Sediment 

Hajime Hiyagon 
It was recently proposed that subduction of interplanetary dust particles (IDPs) contained 
in deep sea sediments could have introduced substantial solar helium and neon to the 
Earth's mantle. However, it is not certain if lDPs would retain solar noble gases during 
subduction. A diffusion experiment that examined He and Ne in lDPs in a magnetic 
separate from Pacific Ocean sediments showed that He and Ne would be lost from lDPs 
within 3 years at 500°C, and possibly within lo5 years at 200°C, which suggests that they 
would be lost from subducting slabs at shallow depths. 

A n  important recent discovery in noble 
gas geochemistry is the presence of a solar- 
like Ne component (20Ne/ZZNe - 13) in 
mantle-derived samples such as midocean 
ridge basalts (1-3), Loihi and Kilauea ba- 
salts (3, 4) and gases (I) ,  xenoliths (5), 
diamonds (6), COz-well gases (7 ) ,  and 
geothermal gases (8). The observation of 
solar-like Ne in such a wide varietv of 
sample types suggests that it is a character- 
istic noble gas signature of the mantle. 

Interplanetary dust particles are rich in 
solar He and Ne and characterized by high 
3He/4He and ZONe/ZZNe ratios of 
and 12 to 13, respectively (9, lo) ,  and deep 
sea sediments, especially their magnetic 
fractions, contain solar He and Ne associ- 
ated with IDPs (1 1-18). On the basis of 
these observations, Allegre et al. (19) at- 
tributed solar-like Ne in the mantle, and 
Anderson (20) attributed solar-like Ne and 
3He in the mantle, to subduction of sedi- 
ments carrying IDPs rich in extraterrestrial 
(ET) noble gases. Because some deep sea 
sediments subduct into the mantle, He and 
Ne in IDPs may contribute to the present 
noble gas signature in the mantle if the 
fallout rate of IDPs is high enough to 
account for the present noble gas signature 
in the mantle and if IDPs can retain solar 
He and Ne during subduction. 

Allegre et al. (19) and Anderson (20) 
estimated the fluxes of ET noble gases (3He 
and Ne) to deep sea sediment and com- 
pared them with the outgassing fluxes from 
the mantle. As Anderson discussed (20). 
the ET flux of noble gases to deed sea 
sediment must be estimated on the basis of 
noble gas data (12) instead of refractory 
element data (21), because noble gases 
would be lost from large IDP grains (250 
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pm) by frictional heating on entering the 
atmosphere (22, 23). The flux of 3He to the 
sea floor that is associated with IDPs is 
estimated to be 8 x 103 cm3/year (12), 
whereas the outgassing flux of 3He from the 
mantle is calculated to be -3 x 106 cm3/ 
year (20)-a value two to three orders of 
magnitude greater. A similar result was 
obtained for Ne by Allegre et al. (19), 
though their preference seems to be for a 
larger IDP flux and for nearly balanced 
fluxes of ET Ne in and out of the present 
mantle. Although it is not necessary to 
assume a complete balance between the 
above two fluxes (19, 20), the present ET 
flux is apparently too small to make an 
important contribution to the present no- 
ble gas composition of the mantle (20). 
Hence, the contribution of IDP flux in the 
past must be considered (1 9, 20). Howev- 
er, it is not certain whether the fallout rate 
of IDPs in the past was high enough to 
account for the present Ne (and 3He) in 
the mantle. 

The second question is whether IDPs 
can retain solar He and Ne during subduc- 
tion. Amari and Ozima (1 6) conducted a 
diffusion experiment for He in magnetic 
separates from deep sea sediments and ob- 
tained the activation energy of 17 kcallmol 
(71 kJ/mol). Matsuda et al. (18) also con- 
ducted a stepwise heating experiment for 
He and Ne in a magnetic separate (and its 
HC1-treated samples) and determined the 
D/aZ values (D is the diffusion coefficient 
and a is the radius of the grains) at 1000°C 
to be (6 to 8) x 10-5 s-' for 4He and (6 to 
7) x s-' for 1°Ne. Activation energies 
were not given in their paper, supposedly 
because of the small number of data points. 
Allegre et al. (1 9) and Anderson (20) argue 
that IDPs are rather retentive of solar 
noble gases, because some solar noble 
gases were retained in IDPs even above 

1000°C in the stepwise heating experi- 
ments (16, 18). However, heating time 
for noble gas extraction in such experi- 
ments was only -1 hour, and the results 
cannot be directly applied to the geologi- 
cal process at subduction zones. 

To measure more precisely the retention 
of solar He and Ne in IDP grains, I con- 
ducted a diffusion experiment. A magnetic 
fraction was separated from a Pacific Ocean 
sediment (92SAD01) dredged at 9'30' to 
9"311N, 174."17'W, and at a depth of 5737 
to 5810 m, by the ship Hakurei-maru No. 2 
(Geological Survey of Japan). About 300 g 
of wet sediment, corresponding to about 85 
g of dry sediment, was sieved and grains of 
<74 pm in size were separated out (24). 
About 200 mg of magnetic material was 
collected from this fine sediment by use of 
hand magnets. The collected sample was 
magnetite with some impurities of silicate 
grains containing inclusions of magnetic 
minerals. Two samples, MG1-2 (60.10 mg) 
and MGl-3 (106.95 mg), were prepared 
from this magnetic fraction for noble gas 
analysis. Each sample was wrapped with 
platinum foil to avoid possible reactions 
between magnetite and the molybdenum 
crucible (25). Stepwise heating was applied 
to extract noble gases from the samples; 
MG1-2 was heated from 600" to 1400°C 
with 200°C steps and MG1-3 was heated 
from 500" to 1300°C with 100°C steps. The 
temperature was maintained for 2 hours at 
each step. The samples were finally melted 
at 1600°C to extract the remaining gases. 
Helium and neon were separated with the 
use of a cryogenic refrigerator and analyzed 
separately with a sector-type mass spec- 
trometer (3). Hot blanks for 4He and 'ONe 
were -5 x cm3 [standard temperature 
and pressure (STP)] and -7 x 10-'' cm3 
(STP), respectively, for the temperatures 
from 500" to 1600°C, and hot blank correc- 
tions (though negligible for most of the 
temperature fractions) were applied in the 
calculation of the amounts of gases released 
from the samples. 

The observed concentrations of 4He 
and 'ONe were -9 x cm3/g and -8 
x 10-' cm3/g, and the observed 3He/4He 
and ZONe/ZZNe ratios were (2.3 to 2.6) x 

and 11.2 to 12.6, respectively (Table 
I ) ,  which are characteristic of noble gas 
signatures of IDPs (14, 16-18). Atmo- 
spheric contamination was negligible for 
He, judging from the high 3He/4He ratios 
(>I00 times the atmospheric ratio of 1.4 
x 1 0 P )  and the high concentration of 
He. Contamination was minor for Ne, 
judging from the high 20Ne/22Ne ratios as 
compared with the atmospheric ratio 
(9.8). However, to avoid the possible 
contribution of atmospheric Ne, I used the 
following definition of excess 'ONe in the 
diffusion calculation 
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