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Hydrolysis of Carbon Tetrachloride 
The ocean water dating technique de- 

scribed bv M. Krvsell and D. W. R. Wallace 
(1) uses carehl measurements of the ratios 
of concentrations of several anthropogenic 
halocarbons. Krysell and Wallace recognize 
that some of these compounds can hydro- 
lyze, but our recent experiments (2) show 
that the standard literature reference for 
hydrolysis of carbon tetrachloride (CC14) (3) 
is wrong. That is, the reaction is reported as 
second-order in CC14, but we have found 
clear first-order kinetic behavior. It is only 
for a first-order reaction that the half-life is 
independent of concentration. In addition, 
hydrolysis reactions have significant activa- 
tion energies, so half-lives vary over wide 
ranges as temperature changes. The 7000- 
vear half-life cited bv Krvsell and Wallace is , , 
a calculated value for CC14 assuming a sec- 
ond-order reaction process at 25°C and an 
initial concentratio; of 1 ppm. For a first- 
order reaction, the half-life T = 0.69/k, 
where k is the rate constant. Specifically, we 
have found that, for CC14 k(hyd) = 
4.07 x 1012 exp(-13,79O/T) min-' and 
for methyl chloroform (CH3CC13), k(hyd) 
= 2.96 x l O l 4  exp(-13,970IT) min-', 
where T is temperature in degrees Kelvin. 
These rate constant expressions yield the 
values shown in Table 1 : 

Table 1. 

T k 7 k 7 

("C) (min-I) (year) (min-I) (year) 

25 3.25E-8 40.3 1.29E-6 1.0 
10 2.80E-9 468 1.08E-7 12.2 
0 4.70E-10 2790 1.77E-8 74.2 

The results in Table 1 show that Kqlsell 
and Wallace correctly assumed negligible 
degradation of CC14 in seawater at O°C, but 
for what appears to be the wrong reason. 

Clearly, CCL4 does not have a 7000-year 
half-life under all conditions, but at 0°C is 
half-life is very long compared with the 
other ages of interest. Conversely, methyl- 
chloroform is also stable enough at 0°C that 
its concentration should proGde valid and 
independent dating information. However, 
if this technique is used in significantly 
warmer water than those found in the Arctic 
Sea, then the hydrolysis rates of these com- 
pounds should be integrated into the age 
calculations. It should be reemphasized that 
both CC14 and CH3CCI3 hydrolyze by 
(pseudo) first-order reactions with no pH 
dependence and no significant ~ontr ibu~ion 
from other nucleophilic catalytic agents, so 
that the hydrolysis rate is determined strictly 
by the temperature. 

PETER M. JEFFERS 
N. LEE WOLFE 

Envivonmental Research Labovatory, 
U. S .  Environmental Protection Agency, 

Athens, GA 30613 
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Response: The new measurements by Jef- 
fers et al., if applicable to seawater, have 
implications for the use of CCh as an ocean- 
ographic tracer. Figure 1 shows that for a 
volume fraction of -92% of oceanic waters, 
more than 95% of the initial CCh level 
remains even after 70 years. The absolute 
amount of CC14 loss (not shown) in much of 
the older, colder water is almost undetect- 
able with the use of current analytical tech- 
niques (for example, less than 0.025 pmoV 
liter). For the relatively small volume frac- 

tion of warm ocean waters, corrections for 
hydrolysis should be applied. Such correc- 
tions necessitate that temperature as well as 
the tracer be modeled. Fortunately the 
warmer, upper-ocean water masses tdnd to 

, L A  

have sufficiently short renewal times with 
the ocean surface so that they are labeled 
with more recently introduced members of 
the "halocarbon tracer suite" [F-11 (CCI3F), 
F-12 (CClzFz), F-113 (CC12FCCIF2)]. 
Hence corrections will be both small and 
facilitated by supporting tracer data. 

The unique CC14 input function (1) is 
ideallv suited to studies of the circulation of 
the cild, deep waters that make up the bulk 
of the world's oceans. Hydrolysis correc- 
tions are almost negligible in these waters 
and in high-latitude-seas (for time scales of 
less than 100 years). Even over 500 years 
[the average mixing time scale of the ocean 
deeper than 1500 m (Z)], losses due to 

Temperature ('C) 

Fig. 1. Plot of the percentage concentration de- 
crease by the year 1990 for CC14 (solid lines) and 
CH3CC13 (dashed lines) for various water tem- 
peratures, based on the assumption that a water 
mass equilibrates with the atmosphere during a 
"ventilation year" and is subsequently isolated 
from exchange with the atmosphere and other 
water masses. Absolute concentration decreases 
were also calculated; for CC4, a preindustrial 
atmospheric CC14 mixing ratio of 6 ppt was 
assumed (1). 
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hydrolysis would be small, so it is still compounds, and measurements in seawater lic compounds to an artificial diet would 
possible to estimate preindustrial CC14 levels in general, are notably lacking in the litera- lower relative protein, since tannins bind to 

plant proteins in agar media (7). Higher 
protein levels in catkins could inhibit devel- 

accurately from measurements in slowly re- 
newed deep waters (1). 

In contrast, loss of CH3CC13 would be 

ture. 
D. W. R. WALLACE 

Oceanographic Sciences Division, 
Depavtment of Applied Science, 

Bvookhaven National Labovatory, 
Upton, NY 11973 

M. KRYSELL 
Department ofAnalytica1 ard Marine Chemistty, 

Chalmers Univevsity of Technology, and 
Univevsity of Coteborg, 

S412 96, Cotebovg, Sweden 

opment of twig morphs. 
Low dietary protein triggers polymor- 

phisms in other insects (8) and in vertebrates 
considerable even in cold waters over a 
period of only 40 years (that is, since 
CH2CC12 was introduced into the environ- (9). Low protein is also consistent with slow 

development and decreased mass and fecun- 
dity of the twig morph (10). Toughness 
(fiber content) of leaves could also induce 

" 

ment), and it has an input function that is 
not dramatically different in nature from 
those of F-11 and F-12 (1). We thus reiter- 

\ ,  

ate that no great advantage will be gained 
from its use as an additional tracer. 

We recommend that CCb be measured 
together with F-11, F-12, and F-113 during 
future oceanographic sampling expeditions. 
We also encourage our colleagues to per- 
form hvdrolvsis rate measurements for these 

the twig morph. Consumption of hard tis- 
sues can induce morphological changes in 
insects (11) and in vertebrates (9). Greene's 
dietary experiments do not distinguish 
among increased tannins, reduced protein, 
or increased toughness as the inducing 
mechanism because tannins interfere with 
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compounds and the chlorofluorocarbons in 
seawater: data concerning the latter class of 

protein availability and fiber content was 
not controlled. Dietary experiments with 
varying levels of protein without tannins or 
fiber could resolve this issue. 

STANLEY H .  FAETH 
KYLE E. HAMMON 

Department ofzoology, 
Arizona State Univevsity, 
Tempe, A Z  85287-1501 

Caterpillars and Polymorphisms 
Greene reports (1) that two seasonal plus leaves, or of only leaves induced the 

twig morph. The latter two artificial diets 
included new, spring leaves (3), but in na- 
ture the twig morphs feed on mature, sum- 

morphs of the herbivore Nemovia arizonaria 
are adapted for feeding and hiding on their 
respective substrates, oak catkins and leaves. REFERENCES AND NOTES 

while we do not disuute the occurrence of mer leaves. Something common to mature 
leaves and artificial diet plus new leaves or 
quebracho must induce the twig morph; 
Greene proposes it is either specific tannin 

1. E. Greene, Science 243, 643 (1988). 
2. Catkins were collected from three trees of Q. emoryi 

at Oak Flat, Pinal County, AZ, on 2 April 1989 and 
immediately frozen on dry ice. Catkins were lyophi- 
lized, ground into a tine powder, extracted, and 
analyzed for condensed and hydrolyzable tannin 
content according to methods reported elsewhere 
[S. H. Faeth, Ecology 67, 479 (198611. Values 
reported are means (% dry mass) and standard 
deviations of subsamples analyzed in triplicate from 
each tree. 

3. Leaves used in diet experiments were collected with- 
in 2 weeks of budbreak (E. Greene, personal com- 
munication). 

4. S. H. Faeth, Oecologia 68, 34 (1985); Ecology 67, 
479 (1986). 

5. A. Scalbert and E. Haslarn, Phytochemirtry 26, 3191 
(1  987) 

this polymorphism, the striking resemblance 
of each to its substrate, or its purported 
adaptiveness, we contend that the proposed 
mechanism for its induction, dietary tannin, 
is unlikely. 

compounds or tannin concentrations, but 
neither are likely to be shared among the 

~reene's  conclusion that the "develou- three diets. ~ u e ~ c u s  emoryi and Q. avizonica, 
mental polymorphism is triggered by the 
dietary concentration of defensive com- 
pounds [tannins]" is based on two lines of 
evidence. First, he observed that caterpillars 
eating spring catkins remain as catkin 
morphs while those feeding on summer 
foliage of four Arizona oak species develop 
into twig-like morphs. He assumes that 
catkins are low in tannins relative to leaves 

two hosts of N. arizonaria, vary seasonally in 
tannin types and concentrations (4). New 
and ma&;e leaves differ in condensed tannin 
content (new, < 1% dry mass; mature, ~ 5 %  
dry mass) and hydrolyzable tannin content 
(new, 25% dry mass; mature, 10 to 12% dry 
mass), as well as in other phenolic com- 
pounds (4). Quebracho is mostly condensed 
tannins, yet it triggers the same response as 
new leaves with little condensed tannin. 

\-.- ,' 
6. E. Bernays, Ecol. Entomol. 6, 353 (1981). 
7. A. E. Hagerman, J. Chem. Ecol. 13, 437 (1987). 
8. R. F. Denno, in Variable Plants Herbivores in Natural 

and Managed Svstems. R. F. Denno and M. S. Mc- 
on the basis of citations (1, note 16) that do 
not deal explicitly with catkin phytochemis- 
try. We examined this assumption by analyz- 
ing tannin content of catkins of Quevcus 
emoiyi, one of the host plants of N. arizon- 
aria (2). Condensed tannin content of cat- 
kins is relatively low [three trees, 0.59% (+- 
0.05), 0.39% ( 2  0.01), 0.29% ( 2  0.10)] 
but comparable to that of mature leaves (2). 
Hydrolyzable tannin content, however, is 
relatively high [three trees, 15.08% ( e  
2.28), 18.50% (+- 0.82), 17.65% ( e  2.66) 
(Z)]. Clearly, low tannin content is not a 
common feature of catluns, weakening 
Greene's contention that dietary tannin level 
is the mechanism for the polymorphism. 

Second, Greene found that diets of cat- 
kins plus the tannin quebracho, of catkins 

Clure, E&. (Aiadekc Press, New York, 1983), pp. 
291-341. 

9. A. Meyer, Evolution 41, 1357 (1987). 
10. J. M. Scriber and F. Slansky, Jr., Ann. Rev. Entomol. 

26, 183 (1981); P. W. Price, Insect Ecology (Wiley, 
New York. ed. 2. 1984): W. T. Manson and T. M. 

Further, condensed tannins are unlikely to 
be the inducing factor since they are typical- 
ly bound indissolubly to plant tissues (5)  
and are too large to pass through the peri- 
trophic membrane of insects (6). Finally, 
Greene presents no evidence. and we are not 

Scriber. i n  ~utritional ~cbloev bf Injects. F. ~ l h s k v .  
Jr., and J.  G. Rodriguez, ~ds.'(Wiley( New YO&; 

1987), pp. 105-146. 
11. E. Bernays, Science 231, 495 (1986). 
12. We thank J. Howard and R. Roonev for comments. aware of any, for the existence of tannin 

"receptors" in insects. 
A more ~arsimonious ex~lanation for 
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Greene's results is that the twig morph is 
simply induced by a low protein diet. Low 
protein is a shared feature of the twig 
morph's natural and artificial diets. New and 
mature oak leaves are low in protein (for 
example, Q.  emoryi, 2 to 5% dry mass; Q.  

Response: Faeth and Hammon are correct 
in pointing out that the feeding experiments 
with Nemoria arizonavia (1) do not establish 
what differences between catkin and leaf 
diets are responsible for inducing the devel- 
opment of the two morphs. Polyphenolic 
compounds may trigger the development of 

arizonica, 2 to 6% dry mass). Adding que- 
bracho or ground leaves that contain pheno- 
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