
volts. Since this is less than the 108-volt 
potential that is estimated to be devel- 
oped by an average storm, the mainte- 
nance of a vortex-stabilized discharge 
appears to be within the storm's voltage- 
current capability, granting the prior ex- 
istence of a vortex. 

Now consider the power output of a 
continuous current discharge situated in- 
side a tornado. From the preceding dis- 
cussion it is seen that if a thunderstorm 
were to supply a continuous current of 
the order of 1 amp through an arc stabi- 
lized in a tornado vortex, in which the 
voltage is only 5 x 107 volts, the power 
thus released by heating in the vortex 
would be at most of the order of 5 x 104 
kw. This, approximately half of the esti- 
mated 105 kw being developed by the 
storm, would probably be unimportant 
compared with the 4 x 106 kw that 
would be required to produce a tornado 
with a radius of 50 m and a speed of 102 
m/sec (4). Thus, although an ordinary 
electrical storm would be capable of sup- 
plying the continuous current and cloud- 
to-ground voltage required to maintain a 
vortex-stabilized arc inside a tornado, 
the power output of the discharge would 
be negligible compared to the aerody- 
namic power dissipated by the tornado. 

Although an ordinary thunderstorm 
could not maintain a vortex-stabilized 
discharge with a power output com- 
parable to that of a tornado, it is possible 
that a giant electrical storm could. These 
extraordinary storms rise to an altitude 
of 20 km, twice that of ordinary storms, 
and have comparably greater horizontal 
dimensions (11). The lightning stroke 
rates reach values as high as 20 per sec- 
ond in contrast to rates of under 20 per 
minute characteristic of ordinary storms. 
Assuming a charge transfer of 5 cou- 
lombs per stroke, it can be estimated that 
currents as high as 102 amp might be 
available in the giant storm. Even assum- 
ing the extraordinary continuous current 
of 102 amp, we find from Fig. 6 that the 
heating in a 5-km-long arc would still be 
only 106 kw, somewhat less than the 4 x 
106 kw estimated to be required for a 
modest tornado. 

Conclusions. Even though extrapola- 
tions of the results of our laboratory ex- 
periments indicate that either an ordi- 
nary or a giant electrical storm might be 
capable of maintaining a vortex-stabi- 
lized arc, the arc would not be of torna- 
dic power. This is so because the imped- 
ance of the plasma associated with a 
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nary or a giant electrical storm might be 
capable of maintaining a vortex-stabi- 
lized arc, the arc would not be of torna- 
dic power. This is so because the imped- 
ance of the plasma associated with a 
steady discharge is so low that even the 
highest conceivable steady-state cur- 
rents would produce insufficient heating 
to maintain even an average tornado. 
Therefore, although continuous current 

steady discharge is so low that even the 
highest conceivable steady-state cur- 
rents would produce insufficient heating 
to maintain even an average tornado. 
Therefore, although continuous current 

discharges may occur in tornado vor- 
tices, the energy supplied by this type of 
discharge would be at most 25 percent 
and probably a much smaller percentage 
of the energy budget of the tornado. 
Thus it would not constitute a major 
power source. Even if our extrapolations 
are correct, however, the possibility is 
not precluded that significant electrical 
heating could occur as the result of other 
kinds of electrical processes, such as a 
high-impedance glow discharge or an arc 
maintained by intermittent heavy current 
surges. 
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Urban air pollution has been a matter 
of considerable concern for some time, 
and regulations have been enforced to 
limit the emissions of harmful substances 
(1). More recently, concern has also 
been expressed over possible depletion 
of stratospheric 03 resulting from the re- 
lease of certain halocarbons (2, 3), and 
steps are now under way to limit their re- 
lease rates. The criteria for classifying 
substances as potentially harmful to the 
stratosphere and troposphere are not the 
same and are, in fact, more likely to be 
opposed. 

The Environmental Protection Agency 
(EPA) has classified as "restricted" 
solvents those that they define to be 
photochemically reactive, that is, those 
that are readily attacked, for example, 
by O3 and HO; the EPA has designated 
as "safe" solvents those that are not 
readily oxidized (1). One such restricted 
solvent is CHC1CC12 (trichloroethylene), 
used largely for metal degreasing (4). In 
1970, 16 states adopted legislation to re- 
strict the use of this solvent; on 8 July 
1976, the EPA announced that 28 states 
had been advised that they will be re- 
quired to adopt more stringent controls 
over photochemical oxidants, including 
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trichloroethylene (5). In 1970 the U.S. 
production of this solvent was 2.8 x 105 
metric tons, but by 1976 it had decreased 
to less than half this amount (4, 6). The 
world production capacity of this solvent 
in 1976 was 9.8 x 105 tons, but only 54 
percent of this total was utilized (7). Part 
of this diminished use resulted from the 
regulations which forced a changeover 
from this solvent mainly to CH3CCl3 
(1,1,1-trichloroethane or methyl chloro- 
form), which EPA has classified as a safe 
substance. 

In 1970 the U.S. production of methyl 
chloroform was 1.7 x 105 tons, and by 
1976 it had increased to 3.0 x 105 tons 
(8, 9). Worldwide capacity in 1976 was 
5.3 x 105 tons with 90 percent utilization 
(7). Additional capacity figures have 
been announced: Europe, 9 x 104 tons 
for the last quarter of 1976; United 
States, 2.2 x 105 tons for 1978; and Ja- 
pan, 7.3 x 104 tons for 1979 (10). Thus, 
by 1979 the world production capacity of 
this compound will be 9.1 x 105 tons. 

The EPA classified methyl chloroform 
as safe because it is relatively inert in the 
troposphere as compared with tri- 
chloroethylene. The rate constant for the 
attack of methyl chloroform by HO radi- 
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Methyl Chloroform: Impact on Stratospheric Ozone 

Abstract. Regulations to limit the use of trichloroethylene as a degreasing solvent 
have led to an increased use of the more photochemically inert solvent methyl 
chloroform as a substitute. Model calculations show that about 15 percent of the 
methyl chloroform released into the atmosphere will reach the stratosphere. Time 
scenarios based on past production figures and reasonable projections for future 
release rates lead to a steady-state ozone depletion due to this solvent about 20 
percent as large as those resulting from the continuous release of chlorofluorometh- 
anes at 1973 rates. 
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Table 1. Production of methyl chloroform in millions of pounds per year (1 pound = 0.453 kg). 

Year Refer- 
1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1982 ence 

United States 
243 270 299 324 366 375 440 537 590 442 578 (6, 8) 

665 (9) 
533 (32) 
555 (33) 

1092 (10) 
World 

345 961 1291 1555 1876 (7) 
900 (34) 
925 (33) 

640 (8) 
1026 1440 1584 (7,10) 

1060 (35) 

cals (11) is about 100 times slower than 
that for trichloroethylene. Our calcu- 
lations show that the tropospheric life- 
time of methyl chloroform is about 8 
years, whereas that for trichloroethylene 
is a few days (12). About 15 percent of 
the methyl chloroform will be trans- 
ported into the stratosphere where it is 
rapidly photolyzed to yield Cl and C10, 
which can catalytically destroy 03 (13). 
We may compare the projected 1979 rate 
of emission of methyl chloroform, 9 x 
105 tons, with the current release rates of 
F-11 (CFC13) and F-12 (CF2^C2), about 
7.2 x 105 tons (3). The chlorofluoro- 
methanes (CFM's) are even more inert 
to HO attack than methyl chloroform, so 
that most of CFM's released will reach 
the stratosphere. It thus seems worth- 
while to assess the effect on the 03 layer 
of the increasing utilization of methyl 
chloroform, based on realistic projec- 
tions for future release of this substance. 

We have made computer simulations 
of the impact on stratospheric O3 of re- 
leases of methyl chloroform compared 
with that of F- 1 and F-12. We have used 
actual release rates for the CFM's (3) 
through 1973, and several scenarios are 
projected for future releases (13). The re- 
lease rates for methyl chloroform (Table 
1) are based on past and projected pro- 
duction to 1982. Several scenarios are 
projected for release rates beyond that 
date. Calculations were done with a so- 
called one-dimensional model (14) in 
which the transport is parameterized by 
a vertical eddy diffusion coefficient, Kz, 
which is assumed to be a function of alti- 
tude only (15). 

One check on the model is a com- 
parison between calculated and mea- 
sured atmospheric burdens of methyl 
chloroform. Lovelock and his co-work- 
ers (16, 17) obtained values for the mix- 
ing ratio of 65 + 17 parts per 1012 by vol- 
ume (pptv) in the Northern Hemisphere 
and 24 + 3 pptv in the Southern Hemi- 
sphere for 1974 to give a global average 
13 JANUARY 1978 

of 40 + 10 pptv (18). The global average 
calculated from the production figures in 
Table 1 and the model is 73 pptv for 
1974. Rasmussen (19) obtained average 
values of 106 + 10 pptv in the Northern 
Hemisphere and 72 ? 7 pptv in the 
Southern Hemisphere in late 1976 for a 
global average of 89 + 9 pptv. Singh (20) 
reported an average value for the North- 
ern Hemisphere of 100 + 10 pptv for 
1976, which is within 5 percent of the 
value obtained by Rasmussen for the 
same period. Our calculations for i976 
give 90 pptv for the global average. Thus 
the calculations are within the range of 
the measurements. 

Another test for the model is a com- 
parison between calculated and mea- 
sured hemispheric ratios. With our mod- 
el it is not possible to directly calculate 
this ratio. However, we have used the 

chemical time constant rc = 8 years (21) 
from our model and the interhemispheric 
transport time constant TI for a simple 
box model in an attempt to obtain the ra- 
tios of the methyl chloroform burdens in 
the Northern Hemisphere, CN, and the 
Southern Hemisphere, Cs. Assuming an 
exponentially increasing release rate of 
the compound in the Northern Hemi- 
sphere based on Table 1, we obtain a 
time constant TR = 8 years (22). The ex- 
pression relating the above quantities is 

CN TI TR 
=1+ +-- 

Cs Tc TR 
(i) 

Using Rasmussen's data (19) for the in- 
terhemispheric ratio, we obtain TI 1.8 
years. If we model measurements of F- 
11 in a similar way, we obtain TI 2 
years (23). If the interhemispheric ratio 
of methyl chloroform is 2 as suggested 

Year Fig. 1. Depletion of 03 for various scenarios 
1960 1980 2000 2025 2050 2075 involving continuous release of CFM's. 

(Curve A) Depletion of 03 due to F-11 and F- 
- ~~~~ ~~\\ ~12 alone. Actual release rates are as in (3) un- 

til 1973 with continued release at the 1973 rate 
10~~ .0o \\Y~ aafter that date. Steady-state reduction (la- 

\ C beled in parentheses with an arrow) = 6.6 
percent. (Curve B) Depletion of 03 due to F- 

2.0 \ 11, F-12, and methyl chloroform release rates 
as per the schedule of Table 1 until 1982, then 

^ ~o ~~ \~c~ \N \ ~increasing at 7 percent per year until a value 
' 3. \ \ D ^V of 3 x 10 pounds is reached in 1990, and then 

(C) \ ( kept constant at that value beyond 1990. The 
S,o - ^ 7 percent increase between 1982 and 1990 can 

be compared to an average of a 10 percent in- 
4.0 - \ A \ crease between 1966 and 1976 and is based on 

\ B \ an estimate for an increase in the world gross 
(D)- national product between 1982 and 1990 (7). 

5 0 - Steady-state reduction = 7.8 percent. (Curve 
C) Depletion of 03 due to F-ll and F-12 
alone. Actual release rates as in (3) until 1973, 
with continuous release after 1973 at half the 

60 - 1973 rate. This scenario might occur if only 
the United States banned all uses of CFM's or 

(A) - if there were worldwide agreements to reduce 
7 0 ___________ the emissions by this factor, for example, by 

regulating against aerosol uses. Steady-state 
reduction =3.3 percent. (Curve D) Depletion of 03 due to F-ll, F-12, and methyl chloroform; 
F-11 and F-12 releases are as for curve C and methyl chloroform releases are as per curve B, 
that is, regulations for the reduction of CFM's by a factor of 2, with no restrictions on methyl 
chloroform. Steady-state reduction = 4.6 percent. 
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by the data of Lovelock et al. (18), then 
Eq. 1 yields TI 4 years. Other inde- 
pendent estimates of rT range from 8 
months (24) to 4 years (25). The values of 
Tr derived from Rasmussen's data for 
methyl chloroform and the F-11 data are 
in reasonable agreement and suggest 
rI 1.5 to 2 years for constituents emit- 
ted at high northern latitudes (26). Thus a 
lifetime for methyl chloroform of rc = 8 

years is in agreement with the global in- 
ventory and the interhemispheric ratio 
based on recent data (19, 20). The global 
average data obtained from Lovelock's 
measurements (18) suggest r 4 years 
but yield a rT 4 years which seems 
to be on the high side of the estimates. 
For this reason and because the two 
more recent independent measurements 
of methyl chloroform (Rasmussen and 
Singh) seem to be more consistent, we 
tend to favor TI 1.5 to 2 years and 
,rT 8 years. 

In order for our model to give a value 
of TI as short as 1 year we would have to 
use a larger value for the rate of the reac- 
tion of HO with methyl chloroform, the 
major loss process in our model, or some 
effective sink such as removal by sea- 
water, not included in our model. The 
uncertainty in the rate constant for the 
reaction between HO and methyl chloro- 
form (11) is probably not large enough to 
produce such a reduction in rc. The alter- 
native is an increase in the mixing ratio 
of HO over the value used in the model 
(27). 

Values for rc of 1 to 1.4 years have 
been suggested in the National Academy 
of Sciences (NAS) report (3). However, 
such values would result in a calculated 
global mixing ratio in 1976 of 20 pptv, in 

disagreement with the measurements un- 
less there was some additional source of 
methyl chloroform in the Northern Hem- 
isphere. Natural sources plus release 
rates from the Eastern European coun- 
tries (28) would need to be about five 
times larger than the values given in 
Table 1 in order to maintain the observed 
global atmospheric burden. 

The results of our calculations for the 
time scenarios of 03 depletion are shown 
in Figs. 1 and 2. Curve A in Fig. 1, show- 
ing 03 depletion (AO3) due to the release 
of CFM's alone at a constant (1973) lev- 
el, can be used to scale our results to 
those that might be obtained from other 
models. For example, the steady-state 
A03 value of 6.6 percent can be com- 
pared with the 7.5 percent given in the 
NAS report (3). These disagreements are 
due largely to differences in the choice of 
eddy diffusion coefficients and in the rate 
constants (29). Curve B gives the AO0 
value obtained if the release schedule of 
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Fig. 2. Depletion of 03 for various scenarios 
involving termination of CFM release in 1978. 
(Curve E) Depletion of 03 due to F-11 and F- 
12 alone. Actual release rates until 1973, con- 
stant release at the 1973 rate from 1973 to 
1978, and zero release after 1978. (Curve F) 
Depletion of 03 due to F-11, F-12, and methyl 
chloroform; F-ll and F-12 release rates are as 
in curve E, and the release rate for methyl 
chloroform is as in Fig. 1, curves B and D. 
Steady-state reduction = 1.3 percent. (Curve 
G) Depletion of 03 due to F-ll, F-12, and 
methyl chloroform; F-11 and F-12 release 
rates are as in curves E and F; methyl chloro- 
form release is as in curve F until 1990 and 
zero release after 1990. 

methyl chloroform (Table 1) is added to 
the CFM scenario used to obtain curve 
A; the steady-state AO3 value increases 
to 7.8 percent, that is, increases by a fac- 
tor of 1.2. Curve C shows that a decrease 
in the steady release rates of CFM's to 
half the 1973 values (for example, as a 
result of selective regulations) would de- 
crease the steady-state A03 value to 3.3 
percent. The corresponding value with 
inclusion of the methyl chloroform re- 
lease schedule is 4.6 percent, an increase 
by a factor of 1.4 (curve D). 

The response time of A03 to changes 
in release rates is quite different in the 
case of CFM's as compared to methyl 
chloroform (Fig. 2). A total ban on CFM 
(curve E in Fig. 2) release in 1978 results 
in a peak depletion of 0.7 percent, which 
occurs 14 years later and AO3 recovery 
to the 1978 levels by about the year 2025. 
Curve F is similar to curve B in Fig. 1 
except that the CFM release is zero from 
1978 on. Curve F shows a peak AO3 val- 
ue of 1.8 percent occurring in 2010 and a 
steady-state reduction due to methyl 
chloroform of 1.3 percent. The effect of a 
total ban on this compound in 1990 fol- 
lowing a total ban on CFM's in 1978 is 
shown as curve G; the peak AO3 value of 
1.4 percent occurs in 1995. Since methyl 
chloroform has a relatively short resi- 
dence time in the atmosphere, it would 
make little contribution to AO3 25 years 
after its ban (30). The absolute values in 
the time scenario curves will, of course, 
depend on the choice of eddy diffusion 
coefficients (29). 

The relative sluggishness of AO3 to 
bans on CFM's imposed at various times 

is due to the fact that the major sink is 
located above 30 km, which means that 
the CFM's are drained from the atmo- 
sphere from the top down, a relatively 
slow process. On the other hand, if the 
release of methyl chloroform is stopped, 
the response of AO3 is much more rapid 
since a strong tropospheric sink exists 
and the CFM's are drained from the at- 
mosphere from the bottom up. The prod- 
ucts from the reactions of methyl chloro- 
form are released at all altitudes. The 
maximum production of C1X in the 
stratosphere from this compound occurs 
several kilometers lower than it does for 
the CFM's and therefore closer to the 
tropospheric sink. For this reason, 
methyl chloroform molecules are not as 
efficient in effecting O3 destruction as the 
CFM's (31). For example, curve F 
shows a steady-state value of AO3 of 1.3 
percent due to methyl chloroform alone, 
on the basis of the release rates given. If 
similar release rates of CFM's were used 
(no methyl chloroform), then AO3 = 2 
percent. 

Nevertheless, reasonable projections 
for the release schedules of methyl 
chloroform lead to steady-state AO3 val- 
ues about 20 percent as large as those re- 
sulting from the continuous release of F- 
11 and F-12 at the 1973 rates. We would 
suggest that regulations governing the re- 
lease of chemical compounds for envi- 
ronmental reasons should not be based 
on consideration of only one region of 
the biosphere. 
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In attempting to reconstruct the sub- 
sistence systems of prehistoric peoples, 
archeologists have come to rely on tech- 
niques such as soil flotation and pollen 
analysis to recover the remains of uti- 
lized wild plants and cultigens. The re- 
covery of phytoliths, silica bodies pres- 
ent in the epidermal cells of some plant 
groups, is a technique less known to 
American archeologists. It has been used 
in Europe, the Middle East, and Japan to 
indicate the presence of cultivated 
grasses in sites with poor botanical pres- 
ervation (1). During the University of Il- 
linois excavations of the Valdivia culture 
(3000-1500 B.C.) site Real Alto and the 
Machalilla (1500-1000 B.C.) site OGCh- 
20 in the Santa Elena Peninsula, Ecua- 
dor, soil samples were taken for phyto- 
lith analysis to test for the presence of 
maize (Zea mays L.) at these sites (2). 
Preliminary efforts to distinguish maize 
phytoliths from phytoliths present in the 
native grasses of the peninsula have giv- 
en positive results. Cross-shaped phy- 
toliths distinguishable as maize have 
been found in ten archeological soil sam- 
ples. 

As plants grow and take up water from 
the soil, they absorb dissolved minerals, 
including silica. Silica is deposited in the 
epidermal cells of the leaves, both across 
the veins and between them. In many 
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taxa, distinctively shaped bodies are 
formed when the silica completely fills a 
cell (3, 4). In the grasses, phytolith types 
can be associated with distinctive tribes 
or genera and distinguished from herba- 
ceous or tree phytoliths. Identification of 
the parent plant from phytoliths depos- 
ited in the soil is possible, particularly 
when quantitative data on the frequency 
of occurrence of the types are available 
(5). Agronomists and soil scientists have 
used the occurrence of phytoliths depos- 
ited in soils as the result of plant decay or 
burning to determine the composition of 
an area's flora in previous epochs. Areas 
of grassland vegetation can be distin- 
guished from those of woodland on this 
basis (6). 

Leaves of maize and ten genera of wild 
grasses occurring in coastal Ecuador 
were used as comparative materials in 
this study. During the 1975 rainy season 
on the Santa Elena Peninsula, I collected 
native grasses and identified them to ge- 
nus. I selected from this collection the 
genera Aristida, Bouteluoa, Cenchrus, 
Chloris, Dactyloctenium, Eleusine, Era- 
grostis, Panicum, and Ischaemum for 
this study. Tripsacum grown in Illinois 
was also included. These genera were se- 
lected to include a variety of phytolith 
types, including the cross-shaped type 
which characterizes maize (4). The 
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