
26. These are 11.92 km/s for fcc and 11.73 km/s for 
hcp. 

27. We focus on d~fferentlal travel times because these 
are least contaminated by other potential sources of 
velocity anisotropy. The abbreviations PKP,, and 
PKP,, refer to ray paths that are shallower than 
PKIKP so that they do not enter the inner core; 
PKP,, is synonymous with PKIKP. Anomalous BC 
- DF (3, 7) 0 b s e ~ a t l o n ~  are centered near A = 
150" (t = 124 s); anomalous AB - DF observa- 
tions (8) are clustered near A = 175" (t = 230 s). 
To ensure an even coverage in 5 for both BC - DF 
data sets, we used the blnned data of Creager (3). 
The BC - DF and AB - DF travel times are cor- 
rected for the ellipticity of Earth. 

28. The AB - DF travel times are likely biased by mantle 
structure so that they are larger (by approximately 
0.5 s) than what inner core structure alone would 
produce (8). 

29. S,, IS polarized in the equatorial plane, S,, in the 
merldional plane defined by the propagation direc- 
tion and the rotation axis. In the hcp forward model of 
the inner core, these polarizations correspond to the 

(001) and (01 0) crystallographic planes, respectively. 
30. Thls is a converted phase that travels as an S wave 

only In the inner core. 
31. The S and S,, travel times were computed for 5 - 

45" a% A = 260' in the IASP91 model [B. N. L. 
Kennett and E. R. Engdahl, Geophys. J. int. 105,429 
(1991)l with a code provlded by C. W. Wlcks. 

32. C. M. Sayers, Geophys. J. Int. 103, 285 (1 990). 
33. , Geophys. Res. Lett. 16, 267 (1 989). 
34. The effect of nickel, which is thought to be the most 

abundant alloying constituent, IS probably small. The 
equation of state of iron-nlckel alloys at core pres- 
sures is known to be virtually independent of com- 
position up to 20% nickel (15). The light element that 
is present in the outercore (possibly 0, S, Si, H, or C) 
may exlst in the inner core as well. The effect of this 
light element is expected to be small because sels- 
mological observations constrain its abundance in 
the inner core to less than a few percent (14). 

35. R. Hollerbach and C. A. Jones, Nature 365, 541 
(1 993). 

36. Paleomagnetic data Indicate that the inner core was 
formed at least 4 billion years ago. If we assume a 

Biogeological Mineralization in Deep-Sea 
Hydrothermal Deposits 

Terri L. Cook* and Debra S. Stakes 

Oriented drill cores retrieved from active massive sulfide edifices at the Endeavour Seg- 
ment of the Juan de Fuca Ridge contain an abundance of fossilized tube structures 
associated with vestimentiferan and annelid worms. The petrological evolution of these 
biogeological structures and their presence deep inside the edifice walls demonstrate that 
an initial, worm-mediated texture directly affects the subsequent steps of inorganic 
precipitation, wall infilling, and outward growth of these black smoker deposits. The 
presence of fossilized structures in hydrothermal discharge sites that are 2 kilometers 
apart and their similarity to structures observed in other modern and ancient deposits 
suggest that these biogeological processes are general phenomena. 

Although the presence of biological struc- 
tures or their remains in northeast Pacific 
mid-ocean ridge sulfide deposits has been 
commonly reported (1-7), an understand- 
ing of both the biogeological interactions 
and the Drocesses of hvdrothermal mineral- 
ization Gas been diffickt to obtain because 
of a lack of oriented samples encompassing 
the outward growth of the deposits. Here we 
describe worm-derived textures in oriented 
cores drilled into the main bodies of large 
black smoker edifices (4, 8). These textures 
are composed,.of distinctive, concentrically 
layered worm tube structures generally sur- 
rounded by massive, wall-infilling crystals. 
Similar tube structures have been described 
as cross sections of fossilized chitinous worm 
tubes (6), and the concentric mineralogical 
layering has been observed in many sulfide 
deposits (2-6, 9 ,  10). Five petrological se- 
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quences observed in the drill cores show 
that the develo~ment of this concentric 
layering is initiated by the presence of 
worms and may also be controlled by mi- 
croflora before inorganic reactions domi- 
nate the final stages of its development. 
Preservation o f '  the tube structures after 
abandonment or decay of the organic mat- 
ter provides ample fluid conduits that influ- 
ence the edifices' thermal and chemical 
gradients and porosity (5, 11 ), directly af- 
fecting lateral growth. 

T h e  Endeavour sulfide zone encomDass- 
es two major active hydrothermal areas: the 
High Rise Site (HRS) (8) and the Main 
Field Site (MFS) (2,  12) (Fig. 1). The  
largest, northernmost structures in both 
fields are characterized by four venting 
types: small (i) black and (ii) white smoker 
chimneys atop the edifices, (iii) high-tem- 
perature fluids pooled beneath protruding, 
ledge-type "flanges," and (iv) diffuse flow 
through the flanges (8 ,  12). 

We  focus on  three drill cores collected in 
1991. All three were drilled from active 
edifices (4), although the sampled areas 
were inactive and biologically barren. (i) 
Core 2466 was drilled from the base of the 

linear growth rate, the outermost 300 km, to whlch 
the BC - DF observations are most sensitive, would 
have formed in 1 billion years. Recent observations, 
whlch indlcate that the outermost 50 to 100 km of 
the outer core is isotropic F. Song and D. V. Helm- 
berger, J. Geophys. Res., ~n press; P. Shearer, ibid. 
99, 19647 (1 994)], suggest that these most recently 
formed regions may not have had sufficient time to 
develop anisotropy through recrystallization. 
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Hulk edifice in the northern MFS (1 2) (Fig. 
1). The core is divided into six pieces to- 
taling 27 cm in length and is composed of 
massive Fe and Zn sulfides (Table 1). Tube 
structures are present throughout the core 
and are associated with barite in pieces A 
and B. (ii) Core 2464 was drilled from 
Godzilla, an  edifice in the northernmost 
HRS (Fig. 1). The  core was drilled into a 
flange scar (flange attach-ment point char- 
acterized by remnant horizontal layering) 
halfway up the 45-m-high structure (8). 
Core 2464 is divided into seven pieces to- 
taling 30 cm. The dominant mineral ~ h a s e  
varies between pieces in this core, which is 
unusual for samples in this study (Table 1). 
Numerous fossilized tube structures up to 1 
cm wide are observed in all but the inner- 
most piece. The structures are associated 
with barite in piece A. (iii) Core 2461 is 
from the base of Boardwalk, another large 
structure at the northern HRS (8). This 
core is divided into seven pieces totaling 29 
cm and is dominantly composed of Fe and 
Zn sulfides and amomhous silica (Table 1). 
Barite is present throughout the core and is 
associated with abundant tube structures in 
the interior end and center. 

Our criteria for the identification of 
worm tube structures are based on examples 
from modem and ancient deposits (1-6, 9 ,  
10). Most Endeavour sulfide samples. con- 
tain large numbers of living alvinellid 
oolvchaete and vestimentiferan worms, 
L ,  

which occupy up to 25% of the total sample 
volume. Poorlv consolidated chimnev ma- 
terial commonly fell apart when the worms 
were removed. The  oval laverine that we , - 
describe as worm tube structures is the only 
mace in the outer sulfide wall that can 
accommodate the abundance of living 
worms covering the active edifices (1 2-1 4). 

The  textures of the tube structures and 
commonly their mineralogy differ from 
those of the wall matrix material. Most thin 
sections contain 20 to 35% tube structures, 
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but individual sections contain between 0 
and 60%. O n  average, worm tube structures 
account for about 20% of the porosity in 
the thin sections, although this figure rises 
considerably when sections with infilled 
tube structures are excluded. In the extreme 
case, the structures account for 60% of a 
section's porosity. 

The evolution of the tube structures' lay- 
ering has been inferred from five petrologi- 
cal sequences observed in the drill cores. 
These sequences have been sequentially 

Fig. 1. Location map of the Endeav- 
our sulfide zone encompassing the 
principal hydrothermally active ar- 
eas. Edifices at the MFS and HRS 
are structurally controlled features 
associated with intersecting faults 
presumed to channel the hydrother- 
mal fluids (8, 12). The largest struc- 
tures are shown with dots and in- 
clude Godzilla and Boardwalk at the 
northern HRS (8) and Hulk at the 
northern MFS (12). Contour lines in- 
dicate depth in meters. Map modi- 
fied from (8). 

numbered I through V on the basis of their 
structural and com~ositional evolution. The  
sequences' mineralogical compositions rep- 
resent an evolving progression from relative- 
ly low-temperature (sequence I) to high- 
temperature (sequences IV and V ) phases. 

Sequence I is characterized by a thin 
(<0.1 mm) layer of barite ubiquitously coat- 
ed with clear amorphous silica (Fig. 2A). 
The minerals define an  oval-shaped tube 
structure (0.3 to 0.8 cm in diameter) encir- 
cling void space. The porous space between 

Table 1. Estimated volumetric mineral abundances in cores 2461, 2464, and 2466, The dominant 
phases are highlighted to show the unusual mineralogical variation in Core 2464. The "A" piece of each 
core represents the exterior end (seawater-sulfide interface); the "F" and "G" pieces are the interior end. 
The center of the core refers to the pieces between these ends. Estimates are based on petrographic 
examination of singly polished thin sections. Mineral identifications and textural interpretations were made 
with transmitted- and reflected-light petrographic techniques and electron microprobe analyses. Thin 
sections that include a "V" were oriented vertically with respect to the core ends. Miscellaneous minerals 
include barite and various Cu-Fe-S phases. 

Volume (% of total) 
Core Section 

FeS, ZnS CuFeS, Si PbS Miscellaneous Void 

2461 A 
A-V 
D 
D-V 
F-V 

2464 A 
A-V 
C 
D-V 
F 
F-V 
G 

2466 A 
A-V 
C 
D 
F 

the tube structures is occupied by rare acic- 
ular barite laths and minor marcasite. 

Sequence I1 is identified by the first 
stage of iron sulfide accumulation. A barite 
+ silica structure similar in size and shape 
to that of sequence I has individual iron 
sulfide framboids ( 5 1 0  p m  in diameter) 
attached to its inside or outside edges. In 
some structures, the framboids form a thin, 
discontinuous layer along one or both sides 
of the barite tube structure (Fie. 2B), . - 
whereas in other examples, the framboids 
are attached to a laver of outwardlv (exte- 
rior to ring) or inwardly projecting, silica- 
coated barite laths. Between clustered tube 
structures, dendritic barite laths, silica, and 
lesser marcasite are present. 

Further iron sulfide accumulation and 
the absence of barite characterize sequence 
111, examples of which have been noted in 
other studies (3, 5 ,  6). From exterior to 
interior, sequence 111 structures consist of 
five layers (Fig. 2C). Layer (i) is composed 
of'outwardly-dlrected iron sulfide lamellae 
and amorphous silica. Microprobe analyses 
(Tables 2 and 3) and morphology indicate 
that feathery, lath-shaped areas now infilled 
with late-stage silica were previously occu- 
~ i e d  by barite intergrown with the iron 
sulfide lamellae. Layer (ii) contains late- 
stage amorphous silica spherules coating 
abundant, heterogeneously distributed, un- 
identified black  articulates (50.05 mm in 
diameter). Layer (iii) is a poorly developed 
pyrite-marcasite layer commonly associated 
with silica-infilled, lath-shaped areas and 
intergrown, inwardly radiating iron sulfide 
lamellae. Layer (iv) is a thin band of black 
particulates along much of the inner iron 
sulfide rim. The structures' interiors, form- 
ing layer (v), are partially to completely 
infilled with silica and iron sulfide, plus or 
minus small quantities of higher tempera- 
ture minerals (see sequence IV). 

Initial marcasite accumulation is ob- 
served as small, individual crystals attached 
only to the iron sulfide framboids (Fig. 2B), 
whereas further marcasite accumulation is 
present as colloidal aggregates and both 
outwardly and inwardly radiating lamellae. 
The outer layer of iron sulfide [layer (i)] is 
generally zoned, with an  exterior band of 
marcasite grading into a layer of pyrite next 
to layer (ii). Layer (ii) is present in the 
location occupied by barite in sequences I 
and 11. Much of the area between sequence 
111 tube structures is infilled with dendritic 
iron sulfide crystals. 

Sequence IV differs from sequence 111 by 
the presence of higher temperature Zn-sul- 
fide and Cu-Fe sulfide minerals in layers (i),  
(ii), (iii), or (v) (Fig. 2, D and E). In 
sequence IV, the rings' centers [layer (v)] 
are infilled with large wurtzite or chalcopy- 
rite (or both) crystals (50 .5  cm) differing in 
size and composition from the surrounding 
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wall material (Fig. 2E). Layer (ii) is either no 
longer observed (Fig. 2E) or is partially filled 
with small (10.1 mm) anhedral wurtzite or 
pyrite crystals (Fig. 2D). Where layer (v) is 
predominantly composed of chalcopyrite, no 
marcasite is observed in the remnant layers 
of iron sulfide [layers (i) and (iii)]. Examples 
of sequence IV are nearly identical to exam- 
ples described from modem vents and from 
ancient o~hiolites (6). , , 

Sequence V structures lack all or most of 
the layers described above (Fig. 2F). These 
tube structures are not always identifiable 
and might be considered part of the porous 
sulfide wall, except that they are occasion- 
ally clustered and some contain remnants of 
concentric layering. Sequence V structures 
are concentrated toward the interior ends of 
the cores. 

Several observations indicate that these 
petrological sequences result from worm 
fossilization. (i) Worms were directly re- 
moved from the Endeavour samples. (ii) At 
Endeavour, workers have observed the sul- 
fide entombment of worms protruding from 
edifice walls (15). (iii) The structures are 
consistent in size and shape, they are found 
individually and in clusters, as are live 
worms, and their size is consistent with the 
size of worms retrieved from the samples. 
(iv) Evidence from several studies (3, 16- 
18) indicate that some vent worms promote 
deposition of the initial barite + amor- 
phous silica assemblage. 

Although some workers initially suggest- 
ed that the concentric layering resulted from 
episodic variations in fluid flow or composi- 
tion (9), subsequent studies have dismissed 
this hypothesis because of the rings' consis- 
tent appearance and the availability of mod- 
em biological samples for comparison (6, 
10). Similarly, open-space deposition would 
not produce concentric rings of consistent 
size, shape, and composition in such a com- 
plex depositional environment. 

Evidence that these petrological se- 
quences do represent a temporal progression 
is derived from each seauence's mineral as- 
semblage and its structural features. Using 
East Pacific Rise (EPR) fluid compositions 
from 21°N, Janecky and Seyfried (19) and 
Tivey and McDuff (20) have estimated that 
chalcopyrite precipitates above 325"C, 
whereas Fe- and Zn-sulfide assemblages are 
generally deposited at intermediate temper- 
atures. Barite is considered a low-tempera- 
ture phase (6" to -60°C) (3, 10, 19, 20), 
although its exact range of thermal stability 
is unknown. Amorphous silica precipitation 
results from conductive heat loss and is 
estimated to occur between 60" and 172°C 
(19, 20). 

The simple composition and shape of 
sequence I (Fig. 2A), its close association 
with hydrothermal worms (3, 6, 10)' and 
biogeochemical studies (3, 16-18) all pro- 

vide evidence that this seauence is a bio- 
logically mediated coating covering the 
worms and the exterior edifice walls. 

Framboids are uncommon in the cores 
except in sequence I1 tube structures, 
where they are generally attached to the 
initial barite layer (Fig. 2B). Because the 
framboids consistentlv line the barite 
structure, they must postdate it, and we 
therefore conclude that seauence I1 tube 
structures are more evolved versions of 

sequence I tube structures. In addition, the 
framboids' nearly exclusive attachment to 
the barite ring suggests that the in situ 
production of polysulfide species from the 
barite is an important mechanism for 
framboid development (1 9, 21 , 22). 

Sequence 111 is distinguished from se- 
quence I1 by the habit of iron sulfide pre- 
cipitation and its intermediate-temperature 
(iron sulfide-rich and barite-poor) assem- 
blage. In sequence I1 tube structures, iron 

Fig. 2. Photomicrographs depicting the petrographical evolution of worm tube structures in active black 
smoker sulfide deposits. (A) Sequence I: A low-temperature barite tube structure @) coated with clear, 
amorphous silica encircling void space (transmitted light; core 2461, section D-V). The scale bar is 0.42 
mm. (B) Sequence II: Iron sulfide framboids attached to the inner wall of a barite (b) + silicatube structure. 
The darker yellow framboids (9 form a thin, discontinuous rim and provide a surface for marcasite (m) 
deposition. The frarnboids' presence and other geochemical evidence suggest that magnetotactic 
bacteria may control this transition from sulfate to sulfide deposition (reflected light; core 2466, section 
A-V). The scale bar is 0.42 mm. (C) Sequence Ill: Close-up picture of the layers characteristic of 
later-stage tube structures. Layer (i) (1): outwardly radiating, silica-coated iron sulfide lamellae previously 
intergrown with barite laths. Layer (ii) (2): porous layer contahing disseminated black particulates in 
late-stage amorphous silica. Layer (iii) (3): a poorly developed interior iron sulfide layer. Layer (iv) (4): a 
discontinuous layer of the unidentified black particulates. Layer (v) (5): the structure's interior partially 
infilled with silica-coated wurtzite and iron sulfide. Note the particulates scattered through part of layer ( i )  
near the top of the photograph (reflected light; core 2466, section A). Scale bar is 0.21 mm. (D) Sequence 
IV: Close-up picture of wurtzite infilling layers (v) (5) and (ii) (2). Layer (ii) is delineated by iron sulfide 
framboids and crystals. Note the chalcopyrite disease (2) present on some of the wurtzite (reflected light: 
core 2466, section C). Scale bar is 0.21 mm. (E) Sequence N: Chalcopyrite (cp) and wurtzite (w) infilling 
[(layer (v)]. Note the lack of layer (ii), which is now infilled with iron sulfide as a precursor to the structure's 
disappearance (reflected light; core 2464, section F). Scale bar is 0.83 mm. (F) Sequence V: Wth further 
infilling and recrystallization, the tubes are eventually erased (reflected light; core 2464, section F). 
Structure is composed of pyrite; scale bar is 0.42 mm. 
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sulfide is only present as framboids or as 
individual marcasite crystals attached to the 
framboids (Fig. 2B). In sequence I11 tube 
structures, iron sulfide is present as lamellae 
and colloidal aggregates (Fig. 2C). Grada- 
tions between these two sequences and the 
advancement from lower- to intermediate- 
temperature assemblages provide direct ev- 
idence that seauence I11 tube structures are 
more evolved versions of sequence I1 tube 
structures. 

From the incremental nature of the iron 
sulfide accumulation, we conclude that the 
framboids provide a nucleation site for fur- 
ther marcasite collection (23). Magnetotac- 
tic (magnetic mineral-containing) bacteria 
may provide a basis for framboid formation 
(24), although their origin has been the 
subject of debate (24, 25). Uranium enrich- 
ments measured in EPR chimnevs (26) ~, 

have been attributed to worm tubk-colo- 
nizing bacteria, and a seawater uranium en- 
richment in core 2464 is associated with the 
framboids (22). These data suggest that mi- 
croflora may be responsible for the transi- 
tion from predominantly sulfate to sulfide 
assemblages by providing a nucleation site 
for sulfide accumulation. 

T h e  presence of massive dendritic sul- 
fide crystals between the tube structures 
indicates that the mace between them was 
rapidly infilled wit6 massive sulfides as the 
wall grew around the structures. The  onset 
of layer (v) infilling and the zonation of 
layer (i) provide evidence that the tube 

structures affect wall porosity by acting as 
fluid conduits during this expansion. Be- 
cause iron sulfide deposition is dominantly 
controlled by pH and temperature, interac- 
tion with high-temperature fluids would 
cause the marcasite nearest the fluids to 
invert to pyrite (27). Increasing fluid tem- 
peratures and evolving fluid compositions 
also account for the absence of barite in 
sequence 111. The  black disseminated mate- 
rial may be remnant organic matter, but its 
origin is uncertain. 

The  size of the large crystals in sequence 
IV suggests that they were deposited in open 
space (5), and their intermediate- to high- 
temperature compositions reflect a chemical 
environment increasingly isolated from mix- 
ing with seawater (28). Continued fluid flow 
through the tube structures brought the se- 
quence I11 layers in contact with increasing- 
ly hotter fluids, completely inverting the 
iron sulfide of layers (i) and (iii) to pyrite, 
recrystallizing or infilling the layers with 
high-temperature sulfide minerals, and 
eventually depositing the highest tempera- 
ture assemblage in layer (v). O n  the basis of 
replacement textures (29), evidence of con- 
tinued fluid flow through the structures, and 
their higher temperature mineral assemblag- 
es, we conclude that sequence IV tube struc- 
tures are more evolved versions of seauence 
I11 tube structures. The  structures' function 
as fluid conduits creates large thermal and " 
chemical gradients over millimeter-scale dis- 
tances in the encroaching sulfide matrix. 

Table 2. Subset of electron microprobe analyses of biologically associated sulfides. Analyses were 
performed on a Cameca SX-50 WDS at the University of California, Davis. 

Composition (weight %) 
Mineral Sample Total 

Zn As Si S Pb Ag Fe Cu U 

FeS, 
2464 C 
2464 C 
2466 A-V 

2464 C 
2466 C 
2466 D 
2466 F 

ZnS 
2466 D 

Framboids 
0.06 0.22 53.6 

0.04 0.63 52.7 
0.12 0.12 0.07 51.0 

Tube-associated 
0.06 0.87 52.3 

0.09 0.14 0.05 53.8 0.06 
0.09 54.4 0.04 

54.0 

Table 3. Subset of electron microprobe analyses of biologically associated sulfates and amorphous 
silica. Analyses were performed on a Cameca SX-50 WDS at the University of California, Davis, 

Composition (weight %) 
Mineral Sample Total 

SO, SiO, CaO SrO BaO 

BaSO, Tube-associated 
2466 A-V 34.2 0.06 0.19 1.43 63.1 99.0 
2466 A-V 34.9 0.04 0.05 0.45 65.2 100.6 

Si Tube-associated 
2466 A-V 0.78 96.1 0.27 97.2 

Similarly, on  the basis of the infilling and 
recrystallization of layers (i),  (ii), (iii), and 
(v) (Fig. 2, D and E) and the disappearance 
of layer (ii) (Fig. ZE), we conclude that the 
tube structures are eventually destroyed. Se- 
quence V represents tube structures in the 
process of being overprinted by this inorgan- 
ic precipitation during the final stage of 
their evolution (Fie. 2F). . u 

In EPR chimneys, there is a clear exte- 
rior-to-interior mineralogical progression in 
agreement with a decaying thermal gradient 
from the chimnev's central conduit (1 0. 2 1 . . .  . 
28). In the Endeavour cores, we see a sim- 
ilar gross spatial relationship for the tube 
structures. T h e  sequences with low-temper- 
ature minerals generally occur at the cores' 
exterior ends, whereas the sequences with 
high-temperature phases are found toward 
the interior ends. However. we do not see 
such a relation in the cores' bulk petrology 
(Table 1). Given the enormitv of the En- 
deavour 'edifices and their mLltiple fluid 
conduits and flanges, it is not surprising 
that the cores' mineralogy violates the sim- 
ple progression described for EPR chimneys 
(28). However, these differences do not 
alter our model, which is based on  the 
temporal mineralogical .progression of the 
tube structures rather than o n  spatial min- 
eralogical trends. c 7  

The  presence of a biological substrate 
stabilized bv barite + amomhous silica ce- 
mentation &ay affect flange &evelopment by 
providing a platform on  which spires can be 
constructed (3). A t  the Endeavour Seg- 
ment, worms are commonlv observed ex- 
tending outward from the upier edifice walls 
(15). During periods of lateral flow (12), 
these outwardly directed fauna could pro- 
vide sufficient surface area (1 7) and influ- 
ence the chemical gradients and concentra- 
tions (1 6 )  necessary for mineral deposition 
and lateral expansion by means of the pro- 
cesses of biomineralization discussed herein. 
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Atmospheric Methyl Bromide (CH3Br) from 
Agricultural Soil Fumigations 

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

The treatment of agricultural soils with CH,Br (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 ( I )  in quantifying 
how much of the stratos~heric 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 decreased- 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 
CBrC1F2) and CH3Br (MeBr). The fluxes 
of halons 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 recentlv (3). , ~ ,  

Two potentially significant sources of 
atmospheric MeBr have been recognized 
recently: emissions from large-scale biomass 
burning (4) and emissions from automobiles 
that burn 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 = BIT, where B is the 
atmospheric burden and 7 is the atmospher- 
ic residence time, in an assumed steady 
state. Estimates of -i 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 1 ,  10 to 17 
September 1992 and MeBr 1 1 ,  8 to 15 October 
1993. Data points are averages over all flux cham- 
bers (n = 5 in MeBr I I  and n = 4 in MeBr I ) .  
Polyethylene sheets covered the fields for 4 days 
in MeBr I and for 5 days in MeBr I I .  Standard 
deviations of the points for MeBr I I  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 lo8 kglyear (1.8 X lo8 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 lo7 to 6.3 X lo7 kglyear 
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 Drocesses 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 
mani~ulated 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 
(75125 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 (I 1 ). 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 t a p  was removed, directly on the soil as 
described in (9). Soil gas concentrations of 
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