ably is a function of the carbon fixing by
trace amounts of organic matter, as in
conodonts (I7). Demineralization of the
spheres confirms the evidence provided
by color banding; the dark color of the
nucleus and the thin growth shells that
surround it is due to the high concentra-
tion of organic matrix in these areas. Fur-
ther arguments against the hypothesis
that the spheres are inorganic precipi-
tates are that they occur in a wide variety
of lithofacies and that they are unknown
after the Lower Carboniferous.

The only fossils invariably associated
with the spheres are conodonts. Con-
sequently, it can reasonably be assumed
that the spheres belonged either to the
conodont-bearing animal or to a group of
organisms that possessed no other fossil-
izable hard parts. The identical chemical
composition of conodonts and spheres
tends to support the hypothesis that
these two groups of structures were se-
creted by the same animal.

Despite evidence that the spheres be-
longed to the conodont-bearing animal,
they cannot have represented a structure
vital to that organism because of their
sporadic association with the conodonts.
Consequently, the speculation that they
are conodont otoliths (7) or cnidarian stat-
oliths (I8) is untenable. Neither can
they have been egg cases, because they
are not hollow (19). An alternative expla-
nation that appears compatible with all
known facts is that the spheres are pearls
secreted within the tissue of the con-
odont-bearing animal as a response to an
organic or particulate irritant that formed
the nucleus. Parasites provide the most
common stimulus for pearl formation in
bivalves growing under natural condi-
tions (20), and the variability in the nu-
clei of our spheres may reflect the vari-
ety of infesting organisms. The dimple
can be explained as the result of draping
around a resistant area beneath the tis-
sue that secreted the pearl. The de-
pressed form of the largest conodont
pearls may indicate that the height of the
structure was close to the thickness of
the tissue in which it was secreted.

Spherules within the basal plate of
some Cambrian, Ordovician, and Silu-
rian conodonts [for example (10), plate
16, figure 6] achieve diameters of only 20
um before overgrowth by basal material
but may have had a genesis similar to the
conodont pearls described by us. Irre-
spective of this possible correlation, the
spherules of the basal plate confirm the
ability of the conodont-bearing animal to
secrete concentric shells of apatite
around a nucleus. Additional evidence
that the conodont-bearing animal could
respond to an irritant is the plugging of
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galleries burrowed into the conodont bas-
al plate (10).

In conclusion, the mineralogy, struc-
ture, faunal associations, and geological
occurrence of the spheres described by
us suggest that they are pearls secreted
by the conodont-bearing animal as a re-
sponse to an organic or particulate irri-
tant.

BriAN F. GLENISTER
GILBERT KLAPPER
KARL M. CHAUFF
Department of Geology,
University of lowa, lowa City 52242
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Man-Made Carbon Tetrachloride in the Atmosphere

Abstract. The emissions of man-made carbon tetrachloride and the rates of its re-
moval from the atmosphere by natural sinks are evaluated. A large fraction, perhaps
all of the carbon tetrachloride observed in the atmosphere, could be man-made, and
carbon tetrachloride is a global atmospheric pollutant.

In recent years, various halocarbon
compounds including CCl, have been de-
tected in the atmosphere (/, 2). The con-
centrations of CCl, in the stratosphere
and troposphere are comparable to those
of Fluorocarbon-11 (CFCl;3) and Fluoro-
carbon-12 (CF,Cl,). These three halocar-
bon compounds are photodissociated by
ultraviolet (UV) radiation in the strato-
sphere. The resulting chlorine atoms can
catalytically destroy O; (3). At present,
CCly is probably the major man-made
source of chlorine in the stratosphere;
CCl, provides perhaps three times as
much chlorine in the stratosphere as the
combined products from CFCl; and
CF,Cl, (4, 5).

There is an urgent need to identify the
sources of halocarbons in the atmo-
sphere and their natural loss mecha-
nisms, as man-made halocarbon emis-
sions may some day be sufficient to re-

duce the equilibrium O3 concentration in
the stratosphere and cause harmful bio-
logical effects as a result of the increased
transmission of solar UV radiation (6). In
earlier papers (I, 3-7), both man-made
and natural sources of CCl; have been
suggested. In this report I calculate the
atmospheric concentration of CCl,; due
to man-made emissions.

Elevated CCl, concentrations of up to
1600 parts per 10'* (volume/volume)
have been found in Los Angeles as com-
pared with 50 to 200 parts per 10" in
clean background air over oceans (I, 2).
Fluorocarbon-11, a known, man-made,
atmospheric pollutant, and CCl, exhibit
similar seasonal variations in concentra-
tion at Bowerchalke, United Kingdom,
and Adrigole, Ireland (8). These results
suggest that CCl,, as well as Fluorocar-
bon-11, may be a man-made pollutant.
The similar concentrations of CCl, found
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in background air in both hemispheres
(I, 2) are consistent with a long lifetime
of CCl, in the atmosphere and a near
equilibrium state of man-made emissions
and destruction of CCly in the atmo-
sphere.

Man’s emissions of CCl, into the atmo-
sphere (Table 1) are estimated from data
on production and usage in various coun-
tries, particularly the United States (9-—
11). The global production rates (column
4) are based on the percentages of the
global production that originate in the
United States (column 3) and on the U.S.
production figures (column 2). It is as-
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sumed that for the period 1914 through
1955 the only significant production,
apart from that in the United States, orig-
inated in the United Kingdom, France,
and Germany. In subsequent years addi-
tional sources of production in Europe
and Japan are included in the estimates. |
know of no data on CCl, production in
the U.S.S.R. and China. As a result, the
final emission figures are probably some-
what underestimated as compared with

the real emissions. The production esti-

mates should be more reliable for the pe-
riod 1945 through 1955 when most of the
production was in the United States, and
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Fig. 1. (a) Predicted global average concentration of CCl, due to man-made emissions as pre-
sented in Table 1. The inner hatched area indicates the uncertainty due to loss mechanisms. The
shaded area indicates the uncertainty due to loss mechanisms and a = 30 percent variation in
the emission rates. (b) Observed CCl, concentrations and predicted global average concentra-

tions from (a).

Table 1. Global production and release of CCl, to the atmosphere.

U.S. production

Global

Re-

Feed- ) Emission
Year oy Pz;ze(;lft .produg- stock mzliz)r;der a10°
tion (10° g/ %) (10°g/ glyear)
year globa! year) year)
production

1914 5 90 5 0 5 5
1934 27 30 30 27
1939 46 51 51 46
1941 62 69 69 62
1943 89 99 99 89
1945 98 108 108 97
1946 74 82 32 74
1947 102 113 113 102
1949 0

1950 98 109 98 88
1954 50

1955 130 90 145 67 60
1956 137 156 67 60
1957 144 170 66 59
1958 142 171 60 54
1959 167 206 64 58
1960 169 216 61 55
1961 174 229 55 50
1962 220 297 80 59 53
1965 269 408 69 62
1972 452 50 904 90 87 78
1973 998 100 90
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in 1972 and 1973 for which there are oth-
er estimates of the global CCl, produc-
tion (9-11).

I obtained values for man’s emissions
of CCl, to the atmosphere (column 7) by
subtracting from the total production the
amount used as chemical feedstock (col-
umn 5) and assuming that at least 90 per-
cent of the remainder ultimately escapes
to the atmosphere. This 90 percent loss
by evaporation is based on the assump-
tion that less than 10 percent of the CCl,
used as a dry-cleaning solvent, fumigant,
fire extinguisher, metal degreasing sol-
vent, or in whatever other application is
chemically transformed in the process.
Storage and recycling of CCl, are neglect-
ed here because over periods of several
years to a decade the production and loss
of CCl, to the atmosphere will be much
greater than the amount held in the vari-
ous forms of storage (for example,
solvent baths or fire extinguishers). Lin-
ear interpolation was used to provide
data for those years for which produc-
tion and usage figures were not available.
No information is available for the peri-
od between 1915 and 1933. McCarthy
and Jesson (/1) have estimated CCl, pro-
duction less feedstock usage for the
United States for 1933 through 1973.
Their average for the period is about 20
percent less than the value from this
work based on the datain Table 1.

The uncertainty in these data is prob-
ably large, and a figure of * 30 percent
will be used. The CCl; emissions will
probably remain constant or diminish in
future years, because since the 1950’s
CCl, has been increasingly replaced in its
various uses by other halocarbon com-
pounds.

I estimated the concentration of CCl,
in the atmosphere due to man-made emis-
sions, using the mass balance equation
for atmospheric CCly,

fiM(CCl‘i)atm

dt = E() ~ 3L

(1)
where M(CCly)aum is the mass of CCl, in
the atmosphere, E(t) is man’s emissions
as a function of time, and L; is the rate of
loss of CCl, from the atmosphere (the dif-
ferent natural loss mechanisms are in-
dicated by the subscript /). The mix-
ing ratio (volume/volume) of CCl,, C,
is related to the atmospheric mass,
M(CCly)am, by the approximation that
CCl, is uniformly mixed throughout the
atmosphere from the surface to about 70
mbar (~18 km) with negligible amounts
above this level [see (/, 4, 5)]. Thus

M(CC14)atm Wair

0.93 M(air)am Ween
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where Wy, and W, are the molecular
weights of air and CCl,, respectively, and
where 0.93 corrects for the absence of
CCl, above 70 mbar. This equation
simplifies to

C =384 x 10 M(CClatm (2

Generally the loss rates are proportion-
al to the atmospheric concentration of
CCl,, and thus to its mass, so that

L,‘ = Ki M(CC14)atm

where K; is the loss rate constant; Eq.
1 becomes

d M(CC14)atm
dt

(ZI'KV) M(CC14)atm (3)

This equation has a simple solution (/2).

Let us now evaluate the loss mecha-
nisms. The four main mechanisms for
the loss of CCl, from the atmosphere are:
(i) reaction with active species in the gas
phase; (ii) hydrolysis in water; (iii) pho-
tolysis by shortwave UV light; and (iv)
absorption and decomposition in biologi-
cal systems. The lifetime of CCl, in the
environment is governed by the rates of
these processes and the area or volume of
the environment throughout which they
are active. Other sinks, including adsorp-
tion on particulate matter or snow, have
been suggested by various scientists (/3).
Because measurements are needed to
evaluate the magnitudes of these sinks, I
have omitted them from this discussion.

Gas-phase reactions that remove CCl,
from the atmosphere and involve O('D),
OCP), H. CH,, and OH have been exam-
ined. In the calculations I have used the
maximum concentration of the species
present in either the troposphere or the
lower stratosphere and the maximum val-
ue of the reaction rate applicable to the
atmosphere (/4). Only the O('D) reaction
is of significance. It gives a pseudo first-
order CCl; removal rate of K, =1 X
1073 year~!. This removal rate is the
maximum rate that occurs anywhere in
the troposphere or within the lower
stratosphere to a height of 18 km. In the
model (Eq. 3) it is applied throughout
this region. Above 18 km the rate of the
O('D) reaction is less than 1 percent of
the photodissociation rate; hence the
O('D) reaction is neglected above 18 km.
The formation of CCl, from the CCl; radi-
cal in the gas phase is unlikely as CCl; is
probably rapidly oxidized by O, (15).

The second mechanism for the loss of
CCl, is hydrolysis in water. The amount
of CCly, stored in the oceans is negligible
as the mass of CCl, in the oceans is less
than 1 percent of that in the atmosphere
(I). The flux of CCly from the atmo-
sphere into the ocean (/6) is large as com-
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pared with the amount of CCl, in the
ocean. I calculate a lifetime of CCl, in
the ocean of about 6 months. Hence the
destruction of CCl, in the ocean will ap-
proximately equal the flux of CCl, from
the atmosphere to the ocean and will be
proportional to the atmospheric concen-
tration of CCl,. I calculated an atmo-
spheric loss rate constant for CCl, due to
the oceans of

K air-ocean flux of CCl,
: M(CClaum

7 X 107% year™!

using data from Liss and Slater (16, 17).

In the stratosphere, CCl, is photodisso-
ciated by UV radiation mainly in the 195-
to 225-nm window 4, 5). Molina and
Rowland (5) developed a model of CCl,
in the stratosphere incorporating a con-
stant concentration of CCl, at the tropo-
pause, varying vertical eddy diffusivity
in the stratosphere, and photodissocia-
tion rates for CCl, varying with height
in the stratosphere according to the de-
gree of penetration of the different
wavelengths of UV radiation. In the mod-
el, the loss of CCl, in the stratosphere is
proportional to its tropospheric concen-
tration. The model gives a latitudinal
and diurnal averaged global loss rate of
CCl; due to photodissociation of
(1.0 £ 0.2) X 10® molecule cm™2 sec™!
for a tropospheric CCl, concentration of
73 parts per 10'2. Cicerone et al. 4) used
a similar model and obtained a loss rate
for CCl, of 6 X 10° molecule cm™2 sec™!
for a tropospheric CCl, concentration of
100 parts per 10'2. Thus, for the model
developed here

K CCly loss in stratosphere
M(CCl)aim -

(1.7 = 0.8) X 10 year™!

based on the above data.

Land biota probably are a sink for
CCly. I assume long-lived land biota are
comparatively isolated from CCl, in the
atmosphere. Plants and plant products
currently have a CCl, content of about

Table 2. First-order loss rates of CCly in the
environment (related to the atmospheric mass
of CCly); K; has the following values based on
+ 50 percent errors in mechanisms 1, 2, and
4: most probable value, 2.7 X 1072; upper lim-
it, 4.0 X 1072; and lower limit, 1.4 X 1072

Mechanism K (year™)
1, Gas-phase reaction 1 X107
2, Hydrolysis in the
oceans 7 x 107%
3, Stratospheric UV
photolysis (1.7 £ 0.8) X 1072

4, Loss in land biota 2 X 1073

1078 g/g [McConnell et al. (10)]. Short-
lived land biota have a mass of about 2 x
10" g (18). Hence the present CCl, con-
tent of land biota is about 2 X 10? g, a
negligible amount as compared with the
approximately 10'* g of CCl, at present in
the atmosphere. Thus, storage of CCl, in
land biota is not important in the global
balance of CCly, although the flux of
CClyinto, or the destruction of CCl, with-

- in, the land biota may be important.

The half-life of CCl, within land biota
must be several months or more as the
CCl, concentrations found in processed
food are similar in range to those found
in plants and plant products (10). If the
CCl, has a half-life of 4 months within
land biota, then the loss rate in land biota
is 4 X 10° g of CCl, per year. Hence
the atmospheric loss rate constant is
K loss of CCl, in land biota

' M(CCly)um

2 X 103 year™!
If CCl, has a longer lifetime in land biota,
then use of this loss rate constant will
give an overestimate of the CCl, destruc-
tion.

A tenth-order polynomial is fitted to
the emission data for 1914 through 1973
in Table | by least-squares fit. It is as-
sumed that the atmospheric concentra-
tion of CCl, was zero in 1914. The atmo-
spheric concentrations of CCl, due to
man’s emissions calculated from Eq. 3
and the emission data are presented in
Fig. 1a. The close-hatched area in Fig. la
indicates the uncertainty in the predicted
global CCl, concentration due to the un-
certainty in the four loss mechanisms as
given in Table 2. The shaded area in-
dicates the uncertainty due to both loss
mechanisms and a *+ 30 percent varia-
tion in the emission rates.

In Fig. 1b are shown the observed and
predicted CCl, concentrations for the pe-
riod 1971 through 1974 (1, 2, 19). The er-
ror limits discussed previously were
used.

It appears from Fig. 1 that perhaps all
or at least a large fraction of the CCl,
found in the atmosphere could be man-
made. The shipboard observations show-
ing identical CCl, concentrations of
about 75 parts per 10 in both hemi-
spheres (/, 2) are consistent with an equi-
librium concentration of CCly in the at-
mosphere due to man-made emissions of
about 50 X 10° g year™'. This emission
rate is similar to that estimated for the
last decade (Table 1).

Assuming that this analysis is correct
and that the future emissions of CCl,
from all countries remain below 100 X
10° g year™!, the model predicts a final
equilibrium global average concentration
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of CCl, in the atmosphere not exceeding
280 parts per 10'? and probably lower.

The high concentrations of CCly in Los
Angeles, the North Atlantic, the Arctic
Ocean, and western Ireland (Fig. 1b)
could be due to the regional buildup of
CCl4 over populated areas in favorable
meteorological conditions followed by
advection of the polluted air to the area
where measurements were made. Exami-
nation of monthly mean sea-level pres-
sure charts for the time of the Los Ange-
les and North Atlantic observations in-
dicates that such an interpretation is pos-
sible.

It has been suggested that the lifetime
of CCl, in the atmosphere can be deter-
mined from the relative standard devia-
tion of the atmospheric concentration of
CCl, (1, 20). However, this method is not
applicable if the limit of instrument repro-
ducibility for a measurement is com-
parable with the real variation in atmo-
spheric concentration or if the atmo-
spheric measurements are made in the
vicinity of local sources or sinks. On the
basis of the loss mechanisms described
here, it appears that the atmospheric life-
time of CCl, is of the order of several dec-
ades.

I. E. GALBALLY
Division of Atmospheric Physics,
Commonwealth Scientific and Industrial
Research Organization, Aspendale,
Victoria, Australia
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Volcanic Dust in Deep-Sea Sediments: Relationship

of Microfeatures to Explosivity Estimates

Abstract. Particle size variations in a series of volcanic ash layers, deposited in
high latitudes of the South Pacific during the past 2.5 million years, were earlier ana-
lyzed by using a model in which source cloud height and minimum volcanic paleoex-
plosivity are derived from downwind ash distribution. Examination of submicrometer
morphological features of the volcanic glass shards reveals a clear relationship be-
tween what appear to be impact features on the glass surfaces and the independently
derived paleoexplosivities, which suggests that this may be a simple means to charac-
terize ash horizons and estimate relative volcanic explosivities.

Atmospherically transported volcanic
glass in deep-sea sediments can be read-
ily divided morphologically into cate-
gories representing highly explosive or
relatively passive eruptions (/-3). With
increasing distance downwind from a
source, rhyolitic glass dust becomes the
dominant volcanic constituent, reflecting
the high explosivity involved in its pro-
duction (/). Lisitzin (¢) proposed that
such volcanic glass makes up 99 percent
of all atmospherically transported vol-
canic material at distances beyond 1000
km from the source. Megascopically dis-
tinguishable ash layers are very rarely
found in deep-sea sediments beyond that
distance.

We have developed a technique (5) for
separating and counting fine volcanic
glass in deep-sea sediments. By using
conventional methods to measure ages
and sedimentation rates of the host sedi-
ments, the apparent accumulation rate of
such glass can then be computed in units
of milligrams per 1000 years per square
centimeter. Figure la shows our pub-
lished results (/) for core E27-3, obtained
east of the Balleny Islands (Fig. 1b, in-
set). We have shown that many of the
ash horizons in E27-3 can be recognized

in a series of six cores forming a 4000-km
traverse east from the islands (/, 6) and
have used the observed downwind ash
distribution to compute associated vol-
canic cloud heights, from which paleoex-
plosivities can be estimated in units of
megatons of TNT equivalent (7, 8). The
published explosivities for the eruptions
indicated in Fig. 1a are all minimum esti-
mates (9) and range from 0.1 to 30.0
megatons of TNT equivalent (10). The re-
sults form the upper scale of Fig. 1b. Be-
cause of several ambiguities (such as the
assumed net paleowind velocity limits
and assumed simple variation of particle
size with height in the volcanic cloud),
the application of our data (/) to the ex-
plosivity model (7) is somewhat tenuous,
and it is therefore desirable to derive in-
dependent means to check at least the
relative explosivities computed. In this
report we consider the merits of micro-
feature analysis for the resolution of this
problem, since there is evidence linking
microfeature character and impact veloc-
ity in certain natural glasses, particularly
in lunar material (//-17).

We have noticed that volcanic glass of
rhyolitic composition deposited in many
deep-sea sediments is characterized mor-

SCIENCE, VOL. 193



	Cit r133_c202: 
	Cit r134_c205: 
	Cit r135_c213: 
	Cit r146_c232: 
	Cit r146_c229: 
	Cit r133_c201: 
	Cit r134_c204: 
	Cit r148_c235: 
	Cit r135_c209: 
	Cit r138_c216: 


