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moderate-temperature palm worms, and vesti
mentiferan tube worms are abundant (12, 14). The 
terms "tube" and "tube structure" refer to a struc
ture's shape and do not necessarily indicate that it 
results from a vestimentiferan tube worm. Because 
all of the described structures are relict and several 
types of worms are currently abundant at Endeav
our, we are unable to define which worms are as
sociated w ith the described structures. However, 
the worms' association with barite, a low-temper
ature phase (3, 10), suggests that low- to interme
diate-temperature worms formed these structures. 
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Atmospheric Methyl Bromide (CH3·Br) from 
Agricultural Soil Fumigations 

K. Yagi, J . Will iams, N.-Y. Wang, R. J . Cicerone* 

The treatment of agricultural soils with CH3 8r (MeBr) has been suggested to be a sig
nificant source of atmospheric MeBr which is involved in stratospheric ozone loss. A field 
fumigation experiment showed that, after 7 days, 34 percent of the applied MeBr had 
escaped into the atmosphere. The remaining 66 percent should have caused an increase 
in bromide in the soil; soil bromide increased by an amount equal to 70 percent of the 
applied MeBr, consistent with the flux measurements to within 4 percent. Comparison 
with an earlier experiment in which the escape of MeBr to the atmosphere was greater 
showed that higher soil pH, organic content and soil moisture, and deeper, more uniform 
injection of MeBr may in combination reduce the escape of MeBr. 

There is great interest ( 1) in quantifying 
how much of the stratospheric ozone loss 
observed to date is due to catalytic destruc
tion by gaseous Br and BrO, and in predict
ing how future ozone amounts will respond 
to a decrease& usage of anthropogenic or
ganic bromine compounds (denoted by 
R-Br). Br atoms are carried into the strato
sphere in relatively stable R-Br molecules 
such as the halons (principally CBrF3 and 
CBrClF2) and CH3Br (MeBr). The fluxes 
of ha Ions are known reasonably well as they 
are totally synthetic (2), whereas the rates 
of emission of MeBr into the atmosphere 
are poorly quantified. Even the atmospheric 
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amounts of MeBr have been known only to 
within a factor of 2 until recently (3). 

Two potentially significant sources of 
atmospheric MeBr have been recognized 
recently: emissions from large-scale biomass 
burning (4) and emissions from automobiles 
that bum leaded gasoline (5). Oceanic 
emissions have been considered a large nat
ural source of MeBr, but recent data indi
cate that the oceans may be a net sink, not 
a source (6). Losses to the atmosphere dur
ing MeBr soil fumigations were recognized 
earlier but have not been well quantified. 
Model calculations show that MeBr escape 
from fumigated soils may be variable, de
pending on several factors (7). Whatever 
the putative sources, their total size, S, is 
constrained by S = B/'r, where B is the 
atmospheric burden and 'T is the atmospher
ic residence time, in an assumed steady 
state. Estimates of ,. have changed recently 
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Fig. 1. Escape fluxes of MeBr measured with 
chambers placed over fumigated fields in two ex
periments near Irvine, California: MeBr I, 10 to 17 
September 1992 and MeBr II, 8 to 15 October 
1993. Data points are averages over all flux cham· 
bers (n = 5 in MeBr II and n == 4 in MeBr I). 
Polyethylene sheets covered the fields for 4 days 
in MeBr I and for 5 days in MeBr II. Standard 
deviations of the points for MeBr II varied between 
8 and 27% of the means; the full range of variation 
for MeBr I was shown in (9). 

from 2.0 to 1.3 years (8), and it is not clear 
that the sources identified to date can sum 
to S = 1.4 X 108 kg/year (1.8 X 108 kg per 
1.3 years). Constructing a budget of atmo
spheric MeBr requires more precise data. 

Worldwide usage of synthetic MeBr in
creased from 4.2 X 107 to 6.3 X 107 kg/year 
between 1984 and 1990; about 80% of this 
amount was applied to agricultural soils be
fore planting (7). MeBr may be removed 
from soils by hydrolysis, by adsorption to 
soil particles, by biological and chemical 
processes, and by transport. The rates and 
effectiveness of these varied processes have 
been shown, through modeling, to control 
the fraction of applied MeBr that escapes 
during soil fumigations (7). It is important 
to determine this escape fraction in actual 
fumigations and to identify the factors that 
control this escape so that they might be 
manipulated to minimize emissions. 

We conducted a field fumigation exper
iment in which we measured the flux of 
MeBr into the atmosphere, the bromide 
contents of the soil before and after the 
experiment, and the gaseous MeBr in the 
soil versus depth. Measurement methods 
and other experimental details were those of 
Yagi et al. (9) except for the following mod
ifications. The MeBr-chloropicrin mixture 
(75/25 by weight) was injected more uni
formly than in (9) by a computer-controlled 
system, at a rate of 323 kg/ha (10). Plastic 
tarping was placed over the field immediate
ly after the MeBr injection as described in 
(9), but it was left in place for 120 hours 
instead of 96 hours ( 11). We measured the 
fluxes by observing increases of MeBr gas
eous concentrations in five flux chambers 
that were placed on top of the tarp, and after 
the tarp was removed, directly on the ~oil as 
described in (9). Soil gas concentrations of 
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MeBr were sampled through steel tubes 
(12), and bromide ion amounts were mea
sured by ion-specific electrodes (13). 

As shown in Fig. I, the fluxes into the 
atmosphere we measured in this experiment 
(referred to as MeBr II) were significantly 
different from those measured in our previ
ous experiment (MeBr I) (9). In MeBr II, 
the fluxes were through the tarp for the first 
5 days, and a secondary peak was then 
observed on removal of the tarp as upward 
transpon was facilitated. In MeBr II, about 
34% of the applied MeBr escaped into the 
atmosphere, whereas in MeBr l 87% es
caped (14) and cumulative emissions were 
lower at all times (Fig. 2). By 7 days, the 
amount of gaseous MeBr left in the soil at 
all depths from the smface to 90 cm was 
negligible in both MeBr I and MeBr II (15). 
lf we assume that the remainder of the 
applied MeBr was dissociated by hydrolysis 
according to CH3Br + H 20 ~ Be + H+ 
+ CH30H, or by substitution reactions 
with soil organic matter which would also 
produce Br-, then there should have been 
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Fig. 2. Cumulative emissions of MeBr measured 
by chambers versus time for two experiments. 
Points are averages as in Fig. 1. For the final 
cumulative emission, the standard error of the 
mean was 24% for MeBr I and 6% for MeBr II. 
The total cumulative emission, as a fraction of 
the amount applied, was 87 and 34% for the 
two experiments, respectively. These emissions, 
when added to the growth in soil bromide for each 
respective experiment, yielded about 106% and 
104% of the total applied, for MeBr I and MeBr II 
respectively, .so reasonable mass balance was 
achieved experimentally. 

an increase in soil bromide inventories of 
66% in MeBr II and 13% in MeBr I, as 
respective fractions of the amounts applied. 

The total vertical column of bromide 
measured (to 90 cm) at the end of MeBr II 
exceeded the initial column by 14.2 g/m2, 

or 69.5% of the amount applied (Fig. 3). 
Because the observed escape flux of gaseous 
MeBr and the residual Br- amounts sum to 
104% (34% + 70%), a mass balance was 
achieved in the experiment (to within 4%), 
and the escape fluxes observed by the 
chamber method appear to be confirmed. 
Indeed, in early greenhouse experiments by 
Hamaker ec al. (16), the escape flux ofMeBr 
was estimated solely by measuring the dif
ference between initial and final bromide 
contents of soils. If we assume that the 
initial Br- amounts in MeBr I were as 
graphed in Fig. 3, then the difference be
tween the final and initial bromide con
tents was 19% ( 13). The observed escape 
fraction of 87%, plus the soil bromide in
crease of 19%, equals 106% of the amount 
applied initially, a reasonable mass balance. 
In MeBr I, the actual escape fraction may 
have been only 80%; one chamber showed 
consistently higher fluxes during the period 
of tarp cover, and the tarp beneath it was 
found to be very thin (9). 
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Fig. 3. Bromide concentrations measured (13) 
versus depth in the soil in two field fumigation 
experiments. The observed increases of Br- after 
the fumigations (fumig.) are attributed to the de
composition of MeBr. Br- was measured only at a 
depth of 3 cm before MeBr I; the dotted line Is 
assumed (13). 

Table 1. Some physical and chemical properties of the soil at the study site of MeBr II near Irvine, 
California: The soil was a San Emigdio loam. The fumigated field was about 1 ha. Flux and soil measure
ments were made in a subarea of about 100 m2 near the center of the field. 

Depth Bulk Total Volumetric Total Total pH 
(cm) density porosity water content C(%) N(%) C/N (1: 1 

(g cm- 3) (cm3 cm- 3) (cm3 cm- 3) water) 

3 1.12 0.579 0.089 0.75 0.074 10.2 6.9 
10 1.19 0.553 0.141 0.72 0.070 10.2 6.9 
20 1.12 0.579 0.134 0.73 0.068 10.7 6.9 
30 1.53 0.423 0.190 0.56 0.054 10.4 7.0 
60 1.66 0.375 0.171 0.33 0.037 8.9 7.2 
90 1.58 0.404 0.135 0.22 0.029 7.7 7.3 
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The soil pH was about 0. 7 units higher 
in MeBr II than in MeBr I. This difference 
may explain the lower proportional escape 
of MeBr in MeBr II; Gentile et al. (17) 
found that hydrolysis was enhanced at 
high pH. The soil in MeBr II was twice as 
moist at the surface and slightly moister 
down to 30 cm [see Table 1 and (9)] than 
in MeBr I, and the MeBr II soil contained 
more organic matter. Soil porosity was also 
higher in MeBr II. Soil gas measurements 
made minutes after the injection showed 
that MeBr amounts were greatest at 30 
cm, the sampling depth nearest the depth 
of injection. With time, MeBr moved both 
upward and downward in the soil (15). 
After 3.3 days, amounts at depths from 10 
to 90 cm were essentially equal. 

There are several reasons for the major 
difference between our two sets of field 
results, that is, the lower emissions observed 
in MeBr IL (i) The soil pH and moisture 
were greater, which favored faster hydrolysis 
(17) in MeBr IL (ii) The soil organic con
tent was larger, favoring MeBr degradation. 
(iii) The injection depth was greater and 
the injection method (JO) was more effi
cient in MeBr II . 

Our two field experiments demonstrate 
that although significant variability is to 
be expected, there is potential for limiting 
emissions. The data confirm several features 
of model predictions (7) including general 
features of the temporal patterns of soil 
concentrations of gaseous MeBr and that a 
secondary emission peak occurs just after 
the tarp is removed. However, our data 
show that concentrations of MeBr decay 
at a faster rate than is predicted by the 
model (7). Further, whereas some modeled 
emissions continue for 14 days (7). emis
sions from the fields we studied were in
significant after 7 days. To obtain a reli
able average value for the global input 
to the atmosphere from field fumigations, 
more quantitative relations are needed 
between these factors and escape amounts, 
along with data on field conditions 
worldwide. 
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Signatures of the Martian Atmosphere 
in Glass of the Zagami Meteorite 

K. Marti ,* J . S. Kim,t A. N. Thakur, T. J . McCoyJ K. Keil§ 

Isotopic signatures of nitrogen, argon, and xenon have been determined in separated 
millimeter-sized pockets of shock-melted glass in a recently identified lithology of the 
meteorite Zagami, a shergottite. The ratio of nitrogen-15 to nitrogen-14, which is at least 
282 per mil larger than the terrestrial value, the ratio of xenon-129 to xenon-132 = 2.40, 
and the argon isotopic abundances match the signatures previously observed in the 
glassy lithology of the Antarctic shergottite EETA 79001. These results show that the 
signatures in EETA 79001 are not unique but characterize the trapped gas component in 
shock-melted glass of shergottites. The isotopic and elemental ratios of nitrogen, argon, 
and xenon closely resemble the Viking spacecraft data for the martian atmosphere and 
provide compelling evidence for a martian origin of the two shergottites and, by extension, 
of the meteorites in the shergottites-nakhlites-chassignites (SNC} group. 

T he SNC group of igneous meteorites is 
derived from a parent body with an oxygen 
isotopic signature that is distinct from that 
of other solar system objects (1). The crys
tallization ages of these meteorites, al
though the subject of some debate, are 
clearly less than 1.3 X 109 years, possibly as 
low as 180 X 106 years (2), and must have 
formed on a geologically complex parent 
body (3). Bogard and Johnson (4) and 
Becker and Pepin (5) discovered that 
trapped noble gases and nitrogen in lithol
ogy C of the Antarctic shergottite EET A 
79001 had elemental and isotopic ratios 
similar to those measured by the Viking 
lander (6) in the martian atmosphere, lend
ing support to the suggestion that these 
meteorites may have come from Mars. The 
shergottite EET A 79001 remains the only 
shergottite that shows clear signatures of 
entrapped martian atmospheric gases (7). 
Recently, Watson et al. (8) studied the hy
drogen isotopic signatures in Zagami and 
other SNC meteorites and found high deu
terium/hydrogen (D/H) ratios, which are 
similar to that measured in the martian 
atmosphere by Earth-based telescopes (9). 

In this work, we present the results of 
the first petrographic and isotopic studies 
on the shock-melted glasses in Zagami. 
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Zagami was selected for study because it 
probably crystallized near the surface of 
Mars (10) and thus is in close proximity to 
the source of the implanted atmospheric 
gases. Zagami is also a recent fall (1962), 
and the degree of terrestrial contamination 
was expected to be less severe than in the 
Antarctic shergottite EET A 79001. Multi
mUlimeter-sized pockets of shock-melt suit
able for separation and isotopic analyses are 
not evenly distributed in Zagami. Most of 
Zagami ( -80%) has a basaltic lithology 
(10, 11), termed "normal Zagami," in 
which shock-melting is evident only be
cause of the presence of - 100-µm-wide 
shock-melt veins of roughly whole-rock 
composition that cross-cut the sample (JO). 
These veins are too small for separation and 
isotopic analyses. A second, recently recog
nized lithology occupies -20% of Zagami 
and is termed the "dark, mottled lithology" 
(12). It is enriched in late-stage crystalliza
tion product and represents a later stage in 
the crystallization of Zagami. It is within 
this lithology that we find the multimilli
meter-sized shock-melt pockets separated 
for isotopic analyses. 

Two shock-melt pockets were selected 
for study: one for petrographic examination 
from samples provided by R. Haag (Fig. 1) 
and one for isotopic analyses from U.S. 
National Museum sample 6545. Both pock
ets were - 3 mm in diameter, much smaller 
than the centimeter-sized pockets studied 
from EET A 79001. Like those in EET A 
79001, the bulk composition of the petro
graphically examined shock-melt pockets in 
Zagami is similar in composition to the bulk 
lithology in which it occurs. The Zagami 
pockets differ from the EET A 79001 pock
ets (13) in being enriched in some incom
patible elements (for example, Fe, P), re
flecting the enrichment of these elements 
in the "dark mottled lithology" of Zagami. 
Both pockets have irregular outlines, in
cluding embayments into the host, but 
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