
supported by the data. Other possible re- 
sponses to the 10 January earthquake 
may be found in 1972 for Fig. 1, b, f, 
and n. 

The third highest energy total for the 
world occurred in 1969. The largest 
earthquake in the world for that year and 
the earthquake responsible for most of 
the 1969 total occurred off the western 
coast of Spain on 28 February and had a 
body wave magnitude of 7.3 (the unusual 
epicenter of this earthquake is not lo- 
cated within any of the 17 regions investi- 
gated). High totals are also found in 1969 
for the northern Mid-Atlantic Ridge (Fig. 
lb), Africa (Fig. le), and the West Indies 
(Fig. lp). Since the largest earthquakes 
in 1969 for all of these regions occurred 
after 28 February, and since totals for 
ridge systems are generally higher in 
1969 than in 1968, we must again con- 
clude that the second inference is best 
supported by the data. We note that the 
most obvious responses occur on ridge 
systems in close proximity to the magni- 
tude 7.3 earthquake (the northern Mid- 
Atlantic Ridge and Africa). The other 
suggested response (the West Indies) al- 
so occurs in a region close to this epicen- 
ter. 

The times of occurrence and epicen- 
tral locations of the triggering earth- 
quakes and the triggered earthquakes 
mentioned in this report imply stress 
propagation rates on the order of.103 to 
104 km/year. Although no specific rate 
appears with conspicuous frequency for 
the events investigated here, there is evi- 
dence for global triggering at specific 
rates in the range 103 to 104 km/year (8). 

Chinnery and Landers (1) have pro- 
posed the existence of worldwide fluc- 
tuating stress fields which normally trig- 
ger earthquakes only in areas where the 
ambient stress is very close to that 
needed for failure. They also suggested 
that the stresses may occasionally be 

quite large, resulting in widespread trig- 
gering of large events. Anderson (5, 6) 
has proposed that after great decoupling 
earthquakes, plate motions might be ex- 
pected to accelerate and trigger earth- 

quakes in adjacent portions of the arc at 
rates on the order of 102 km/year. These 
hypotheses have been mentioned as pos- 
sible explanations for unusual periods of 
global seismic activity. Combining these 
hypotheses with the limited observations 
presented here results in an inter- 
pretation which could be considered as a 
refinement of an earlier interpretation (2, 
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sible explanations for unusual periods of 
global seismic activity. Combining these 
hypotheses with the limited observations 
presented here results in an inter- 
pretation which could be considered as a 
refinement of an earlier interpretation (2, 
3) and as an extension of the proposals of 
Chinnery and Landers and of Anderson. 
In this proposed interpretation, major 
earthquakes are viewed as an immediate 
cause of fluctuating stress fields which 
propagate at rates as high as 104 km/year, 
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Fig. 2. Yearly seismic energy totals for ridge 
systems (Fig. 1, a through e) and for the 
world. The dashed line superimposed on the 
ridge system totals represents yearly energy 
totals for the world based on International 
Seismological Centre data. Arrows indicate 
energy totals which are off the plots. For 
more details see (9). 
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tios in a number of unequilibrated chon- 
drites have been reported (1, 2). These 
isotopes were the only ones measured by 
the neutron activation technique used. 
The Hg was extracted from irradiated 
samples of stepwise heating. The isotopi- 
cally anomalous fractions represent only 
a very few of the total number of frac- 
tions collected in repeated experiments 
on any particular meteorite. Thus most 

aliquants contain only material with 
"normal" Hg-that is, Hg with terrestri- 
al isotopic ratios-or have undergone 
mixing such that any anomalous Hg is 
masked because of its low relative con- 
centration. Since experimental proce- 
dures could not account for the isotopic 
variations, it was necessary to suggest a 
nucleogenetic origin (1). 
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lous fractions themselves in terms of 
their interrelations, their relation to oth- 
er fractions released during heating, and 
some possible implications of these rela- 
tions. We attempt to recognize trends 
that will suggest the conditions under 
which the anomalous isotope was 
formed and how it became incorporated 
into material sampled by the solar nebu- 
la. The results have cosmological impli- 
cations, which are discussed. 

When the data are examined, it is 
noted that a number of anomalous Hg 
isotopic ratios appear to recur. The num- 
ber of cases with a particular anomalous 
ratio decreases with increasing magni- 
tude of the anomaly. The ratios are ar- 
ranged in groups in Table 1 to reflect this 
tendency. The standard deviations in the 
means of the groups containing the most 
entries (groups 1 and 2, containing seven 
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terms of the mode of production and ejection of the anomalous isotope from a stellar 
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Table 1. Isotopically anomalous Hg ratios in fractions released from meteorites in stepwise heating experiments; the ratio in normal fractions is 
taken as 1.00. The ratios are arranged in columns 3 to 7 to reflect the tendency to group in a progressive manner. The total Hg concentration in the 
samples and the Hg content in the anomalous and the adjacent fractions are given in columns 8 to 11 in parts per billion (ppb). The release 
temperatures of the anomalous fractions are given in parentheses. Samples in irradiations 18 to 20 are reported in (1) and those in 47 to 55 in (2). 
Fractions were collected in 1-hour intervals except where indicated (a to f): a, 17 hours; b, 126 hours; c, 89 hours; d, 2 hours; e, 3 hours; f, 93 
hours; and g, 46 hours. 

(Hg concentration from 202Hg)/ Hg (ppb) released in anomalous and 
Sample (Hg concentration from 196Hg) Total adjacent temperature steps 
irradi- Meteorite sample Hg 
ation Group Group Group Group Group (ppb) Be- Anomalous After 

1 2 3 4 5 fore (?C) 

54 Murchison bulk 1.18 ? 0.07 > 48 5.47 4.96(600) 1.67 
54 Allende matrix 1.17 ? 0.05 32 1.4* 0.14(1200) 

1.52 ? 0.09 1.94 1.4(600) 0.14* 
53 Allende matrix 1.49 ? 0.12 57 2.44 0.79(600) 0.3* 

2.33 ? 0.48 0.79* 0.3(1200) 
52 Allende matrix 1.45 ? 0.11 5.8 0.04 1.45(1200) 
55 Allende matrix 

< 74/gm 1.17 ? 0.09 241 2.0 2.2(600) 2.5 
55 Allende chondrules 1.27 ? 0.09 34 4.3 20(250) 5.6* 

1.20 ? 0.06 20* 5.6a(250) 0.46 
47 Allegan chondrules 1.19 ? 0.04 389 107 130(600) 37 

1.40 ? 0.04t 28 25b(250) 16 
18 Allegan chondrules 22.8 ? 3.4 1,500 71c 1,120d(300) 4e 
18 Orgueil-1 1.25 ? 0.01 16,000 2,700f 209(1200) 
20 Orgueil-2 1.37 ? 0.07 2,500 670g 39(1200) 
20 Hallingeberg 2.28 ? 0.28 470 11.5 2.2(1200) 
19 Tieschitz 1.39 ? 0.06 7,200 56 580(250) 200 

6.1 ? 0.4 92 39(600) 40 
Averages 1.20 ? 0.03 1.44 ? 0.05 2.30 6.1 22.8 

*Also an anomalous fraction. tExample of the large initial release of Hg during the first hour of heating at 250?C: first hour, 28 ppb; second hour, 5 ppb; and third 
hour, 2 ppb; altogether eight fractions were collected in 127 hours (2). 

and six entries, respectively) are less 
than 5 percent. Most samples have a 
202Hg/196Hg ratio (R) between 1.17 and 
1.52. These samples were tested to deter- 
mine whether they constituted a uniform 
distribution. The Pearson goodness of fit 
test indicated that they do not at a .05 sig- 
nificance level. The nonparametric Wil- 
coxon (Mann-Whitney) (3) test of wheth- 
er the two apparent groups are part of 
the same distribution indicated that they 
are not with a significance level of 
< .001. Accepting that these data fall in- 
to two groups, the t-test for the differ- 
ence between two means gave a large dif- 
ference, hence a very low probability of 
overlap (significance level < .001). 

The discrete ratios (R) and the number 
of samples (N) with each ratio are: 
1.20 + 0.03(7), 1.44 ? 0.05(6), 2.30(2), 
6.1(1), and 22.8(1). When the ratio in nor- 
mal fractions, taken to be 1.00, is sub- 
tracted from these, the values of 
A = (R - 1) for the groups are: 0.20, 
0.44, 1.30, 5.1, and 22. This is a progres- 
sion which can be generated, using 0.20 
as base, by 0.20 x N!. 

In order to determine whether the oc- 
currence of the anomalous ratios in such 
an ordered manner is significant we must 
examine the Hg release data. 

Samples were generally collected at 
100? or 130?, 150? or 175?, 250? or 300?, 
450?, 600?, and 1200?C. The temperature 
step during which the anomalous frac- 
tion was released is indicated for each en- 
try in Table 1. This fraction usually ap- 
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peared at one of three temperatures: 
250?, 600?, or 1200?C; some samples re- 
leased anomalous Hg at two of these tem- 
peratures. Bulk samples usually released 
anomalous Hg at the higher temper- 
atures; chondrule samples tended to re- 
lease anomalous Hg at the lower temper- 
atures. The low-temperature release may 
be due to posttrapping effects such as de- 
vitrification of the glass in chondrules. 
There is no relation between the temper- 
ature of collection and the magnitude of 
the isotopic anomaly, when present. 

To evaluate possible dilution (inter- 
step contamination) effects, not only the 
isotope ratio in the adjacent fractions but 
also the concentrations of Hg released 
are examined. The concentrations in the 
anomalous fraction and in the "before" 
and "after" fractions are listed in Table 
1, columns 9 to 11. Three cases are 
apparent. 

1) The most unambiguous case is 
that in which either the before or the 
anomalous fraction was held at a given 
temperature for times greater than 1 hour 
(indicated in Table 1), especially where 
more than one sample was collected dur- 
ing this protracted heating. Allende chon- 
drules (irradiation 55), Allegan chon- 
drules (irradiation 47), Tieschitz at 
250?C, and Orgueil-1 and Orgueil-2 at 
1200?C fall in this category. 

2) The second most definitive situa- 
tion is when the before fraction con- 
tains less Hg than the anomalous frac- 
tion, so that an Hg residual from the 

before temperature step will have only 
a small effect, for example, Allende 
matrix (irradiation 52). 

3) When the Hg concentration in the 
before fraction is equal or greater than 
that in the anomalous fraction, only a 
small dilution of the latter is expected, 
since experience shows that the largest 
release is during the first hour of heat- 
ing. See the data for Allegan chon- 
drules (irradiation 47) in Table 1. One 
may also resort to circular reasoning 
and argue that since all the data are 
consistent with the systematics noted 
earlier-that is, belong to one or anoth- 
er of the ratio groups-then dilution ef- 
fects have been negligible. 

We noted that the anomalous ratios 
are not correlated with temperature; it 
can be seen that they are not correlated 
with concentration or fraction of total Hg 
either. 

These quantized ratios impose the fol- 
lowing constraints on the source of the 
anomalous Hg: (i) the Hg reservoir sam- 
pled by each group was discrete but re- 
lated to that sampled by other groups; (ii) 
the phase or phases that incorporated the 
anomalous fractions were unique in that 
similar material did not incorporate the 
usually dominant normal Hg; and (iii) 
random mixing did not occur between 
Hg atoms in sites with different isotope 
ratios. The inference is that the sources 
and conditions were different for the in- 
corporation of the anomalous and nor- 
mal Hg. It appears that the anomalous 
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Hg itself, including that in chondrules, 
was trapped exclusively at high temper- 
atures (> 600?C). 

We interpret these observations as fol- 
lows. 

1) If a single source (star) produced all 
the Hg then we have sampled this source 
either at various stages in its evolution 
(one stage in which normal Hg was syn- 
thesized, another in which anomalous 
Hg was being or had been synthesized) 
or at a stage in which neutron-rich iso- 
topes were synthesized, followed by syn- 
thesis of neutron-deficient 196Hg. The 
source was periodically sampled, possi- 
bly by ejection. Each ejection sampled a 
different substage in the process that was 
related to a relative underproduction of 
196Hg or overproduction of 202Hg. 

2) If multiple sources (stars) are in- 
voked, only two types are allowed. One 
object or class of objects produced nor- 
mal Hg; the other had to be a single ob- 
ject in order to produce anomalous Hg in 
a progressively varying manner. 

3) Anomalous Hg produced by a 

single event in a star became mixed in a 

quantized way with normal Hg from the 
same or some other star. 

In case 3 a mechanism must be in- 
vented to provide batchwise and corre- 
lated mixing of normal and anomalous 
Hg and then fix each mixture in a carrier 
to the exclusion of most of the normal 
Hg in the system. In contrast, cases 1 
and 2 allow mechanisms for the produc- 
tion and trapping of the anomalous com- 
ponent but may present problems in the 
identification of the sources. We have 
not found ways of achieving case 3, but 

propose models for cases 1 and 2. In 
these cases the periodicity of the Hg iso- 
tope ratios may be interpreted as time- 
related. A process occurred which in- 
volved a periodic ejection of material 
that was decaying or being generated in 
the source. Each 202Hg/196Hg group, 
then, sampled the source at specific 
times determined by the source, and the 
material sampled was at a different stage 
of evolution-destruction (decay) or pro- 
duction-in the source. In a cooling gas 
cloud, for example, we might expect a 
number of trapping sites to become avail- 
able. Since the major-element composi- 
tions of a star probably do not change 
greatly each time a stellar envelope de- 
velops and is ejected, the type of trap- 
ping site should be repeated. 

We may examine two possible process- 
es. 

1) A process that produced 202Pb had 
occurred and terminated before the star 
began to explosively eject material. The 
202Pb decayed to 202Hg with a half-life of 

3 x 105 years. This process is in- 
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Table 2. Concentrations of Hg released at 
250?C based on the mass 196 and mass 202 iso- 
topes. Asterisks indicate that the samples 
were anomalous; extraction times are given in 
parentheses. 

Irradiation 

Hg (ppb) 21-1 21-2 47* 18* 
(66 (18 (126 (2 
hr) hr) hr) hr) 

From mass 196 75 256 46 50 
From mass 202 75 256 53 1120 

triguing since it permits assigning a time 
scale to a phase of stellar evolution. 
Since the ratio 202Hg/'96Hg = 22.8 in- 
dicates that there is - 95 percent 202Hg 
in the sample (considering only 196Hg 
and 202Hg), the time from the end of 
202Pb production to the initiation of puls- 
ing is - 2.2 x 104 years. The assump- 
tion is that the 202Pb that gave rise to the 
apparent excess in 202Hg was equally ef- 
ficiently trapped, but in different sites 
than Hg, each time it was ejected from 
the star. The time between pulses de- 
creased in steps: 6.97 x 105 -> 6.00 x 
105 -> 4.76 x 105 -- 3 x 105 years (4). 
Thus, in - 2.1 x 106 years the 202Pb 
would have decayed to a level below 
our sensitivity. It should be noted that 
the 202Hg resulting from 202Pb decay 
in the source would be masked by nor- 
mal Hg and also trapped as Hg and thus 
would not be detectable. 

2) A process began in which 196Hg pro- 
duction started. This had to be at the ter- 
mination of a rapid (r) or slow (s) neutron 
capture process which produced 202Hg 
and other neutron-rich Hg isotopes and 
the beginning of a proton (p) process to 
produce '96Hg. The source of the 196Hg 

had to be isolated from the source of nor- 
mal Hg, otherwise the expected abun- 
dant normal Hg would have masked the 
Hg depleted in mass 196. As '96Hg was 
being produced in the star, each pulse 
ejected Hg with an increasing com- 
plement of 196Hg until the relative con- 
centration of 196Hg approached that 
found in normal Hg. The process must 
have ceased about this time since we 
have not observed a sample with excess 
196Hg. 

Results of some experimental studies 
of meteorites are pertinent to the case 
202pb- 202Hg. There are two types of 
possibly negative and two types of possi- 
bly supportive evidence. 

Preliminary mass spectrometric data 
on Hg volatilized from Allegan chon- 
drules in a manifold in a 100-inch mass 
spectrometer by Stevens (5) indicates 
normal heavy isotopic abundances and 
depleted 196Hg. This result must be con- 
firmed. 

The isotopic composition of TI in mete- 
orites measured (with greater precision 
than our Hg ratios) by Anders and Ste- 
vens (6) and by Ostic et al. (7) is normal. 
Thallium-205 has a possible parent in 
205Pb (half-life, 3 x 107 years). The usu- 
ally accepted mode for making 205Pb is 
the s-process. However, if 202Pb was 
made, then presumably 205Pb could 
have been produced by some of the 
same types of nuclear reactions. Failure 
to detect an effect could occur if dilu- 
tion by normal Tl masked any isotopic 
variations, or it simply could be due to 
sampling. 

The experimental support for the 
anomaly being in the mass-202 isotope is 
found in the four sets of Allegan chon- 
drule samples we have measured. Two 
Allegan chondrule samples released 
anomalous Hg; the other two showed no 
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pretation similar to that proposed for 
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highly depleted 0. Regardless of the nu- 
clear process, there must have been very 
little mixing of the materials ejected at 
different times (4, 14). These materials 
did not exchange isotopically with more 
abundant normal material, either before 
the formation of the solar nebula, in the 
solar nebula, or in the meteorite parent 
body. The Hg data indicate that only a 
low-temperature (< 100?C) history is ac- 
ceptable for much of this matter. Sugges- 
tions for proton types of processes have 
been made by Heymann and Dziczka- 
niec (13) and by Turkevich (15). In our 
model these reactions would occur in a 
presolar nebula source. 

Finally, the Hg results may be consid- 
ered, to some extent, to be consistent 
with the proposal by Clayton (16) that 
anomalous Xe or its progenitor was 
trapped in circumstellar grains associat- 
ed with explosive stars. We go beyond 
this proposal in requiring that the star 
eject material periodically. 

STANKA JOVANOVIC 
GEORGE W. REED, JR. 

Chemistry Division, Argonne National 
Laboratory, Argonne, Illinois 60439 
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Binding of [14C]Parathion in Soil: A Reassessment 
of Pesticide Persistence 

Abstract. A steady decrease of extractable ['4C]parathion residues in soils over a 
1-month incubation period was accompanied by an increase of unextractable, bound 
14C-labeled residues, resulting finally in total recoveries of extracted plus bound resi- 
dues of 80 to 87 percent of the applied radiocarbon. Soils containing bound residues 
were nontoxic to fruit flies. Binding of "4C-labeled residues was related to the activity 
of soil microorganisms; soil sterilization resulted in a reduction of binding by 58 to 84 
percent. Under flooded (anaerobic) conditions, the binding of compounds labeled 
with 14C doubled, and parathion was reduced to aminoparathion. Reinoculation of 
sterilized flooded soilfully reinstated the binding capacity. ['4C]Aminoparathion was 
preferentially bound to soil, since its binding within 2 hours was 30 times greater than 
that of [ 4C]parathion. Because of the existence of formerly "unseen," unextracta- 
ble residues, the concept of "persistent" and "nonpersistent" pesticide residues 
might have to be reconsidered. 
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Difficult problems have emerged re- 
garding the ultimate fate of synthetic 
chemicals for agricultural pest control. 
Before 1962 both analytical methodology 
and knowledge about the metabolism of 
many pesticides were limited, so that 
analyses for these compounds were pri- 
marily for the applied "parent" com- 
pound. In addition, only easily extracted 
residues were detected. Accordingly, 
typical depletion curves for several 
chlorinated hydrocarbon insecticides in 
soils were published by this laboratory, 
showing the "persistence," "disap- 
pearance," or "loss" of the pesticides 
(1, 2). The relatively short persistence of 
parathion residues under both laboratory 
and field conditions was described a few 
years later (3). When the fate of pesticide 
residues was described, the vague terms 
"disappearance" or "volatilization" 
were widely used, but they do not in- 
clude the formation of unextractable 
bound residues. The introduction of ra- 
diolabeled pesticides for experimental 
use made it possible to obtain a "bal- 
ance" and to account for the fate of the 
applied radiocarbon. The use of com- 
bustion or strong hydrolytic techniques 
with the extracted soils revealed that 
unextracted or bound residues could be 
released and detected, as for example, 
with the herbicide propanil (4) and the in- 
secticide dyfonate (5). The problem of 
the bound residues, however, is com- 
plicated since present methods for their 
release (combustion, hydrolysis) also re- 
sult in the destruction of their identity. 

Earlier we investigated the persistence 
of the organophosphorus insecticide, 
parathion, in a loam soil (3); we now re- 
port a study conducted with the same 
soil and an additional sandy soil, using 
parathion (O,O-diethyl O-p-nitrophenyl 
phosphorothioate) labeled with 14C ei- 
ther in the aromatic ring or in the ethoxy 
group. In this way, we intended to 
quantitatively ascertain the fate of 
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[14C]parathion in an attempt to clarify 
some questions pertaining to the mecha- 
nism of its binding to soils. 

Preliminary studies were carried out 
with samples of a sandy soil collected pe- 
riodically from a Wisconsin cranberry 
bog where parathion is used extensively, 
and the soil is periodically flooded and 
drained. In the laboratory, soil samples 
were treated with parathion labeled 
with 14C in the ring ([phenyl-14C]para- 
thion) at a concentration of 1 to 2 
parts per million (ppm) and incubated 
under moist conditions at 23?C in the 
dark. After 14 days the soil was extract- 
ed three times by a routine method with 
a mixture of benzene, methanol, and ace- 
tone (1 : 1: 1). A portion was then exam- 
ined for the presence of unextractable or 
bound '4C-labeled residues by burning it 
to 14COz in a Packard model 305 Tri-Carb 
sample oxidizer (6). Up to 60 percent of 
the originally applied radiocarbon (in the 
form of [14C]parathion) was recovered in 
the form of bound residues. In an at- 
tempt to release the bound residues, sam- 
ples of these soils were further extracted 
by using various solvent mixtures that 
ranged in polarity from benzene to wa- 
ter. The total 14C recovered by six addi- 
tional extractions amounted to only 2.4 
percent of the applied radiocarbon, while 
56.5 percent still remained in the soil in 
unextractable bound residues. Autoclav- 
ing and subsequent extraction of this soil 
with a mixture of benzene, methanol, 
and acetone (I: 1: 1) and then with eth- 
yl acetate resulted in an additional re- 
lease of only 1.2 percent of the applied ra- 
diocarbon. 

After these preliminary findings, de- 
tailed experiments were carried out with 
a sandy soil from a cranberry bog [com- 
position in percentages: organic matter, 
1.3; sand, 98; silt, 2: and clay, 0 (pH 
7.2)] and Plano silt loam soil [composi- 
tion in percentages: organic matter 4.7; 
sand, 5; silt, 71; and clay, 24 (pH 6.0)]. 
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