
Table 1. Potassium and argon data. Abbreviations: r, radiogenic; p, primordial. 

Weekeroo Station sample Nuclide 
Content ( X 1012 atom/g) Ratio x 

W eight Ratio___ __ ___ __ __10g yr) 
No. (g) Ar40 K41 (Ar40 : K40P) 

K-I 1.4032 30.3 + 1.9 1540 ? 70 9.6 ? 1.7 8.5 + 0.2, - 0.4 
K-2 1.3260 8.0 ? 0.8 215 + 20 15.4 ? 3.1 9.3 ? 0.4 
B-1 1.1880 17.2 ? 2.3 2370 ? 200 3.4 + 0.7 6.5 + 0.4 - 

G-1 1.1653 22.8 + 1.7 410 ? 30 26.8 + 4.5 10.4 + 0.3, - 0.4 

Table 2. Mass-spectrometric data. 

Weekeroo Data [x 10-8 (standard) cm3/g] 
Station 
sample He3 He4 Ne-" Ne22 Arm Ari 

K-92 480 1610 5.24 5.73 17.2 27.2 
K-94 482 1560 5.25 5.71 17.8 28.4 
K-98 462 1560 5.13 5.40 17.1 26.8 
B-94 498 1660 5.79 6.12 19.1 30.4 

exception that the meteorite samples 
were dissolved in HNO3 rather than 
melted. Helium gas was bubbled 
through the dissolving solution and, 
together with carrier and meteoritic 
argon, was swept through a vacuum 
line. The argon was trapped on char- 
coal at liquid-nitrogen temperatures, 
purified over hot titanium, and pumped 
directly into a Geiger counter. The 
1 .8-hour Ar4l activity was followed 
down to background. Potassium was 
precipitated from the final solution, to- 
gether with carrier, chemically puri- 
fied, and counted as the tetraphenyl 
boron. The 12.4-hour K42 activity was 
followed down to background. Typical 
counting rates for both K42 and Ar4l 
were tens of counts per minute; back- 
ground was 7 to 15 count/min. Be- 
fore irradiation the samples were light- 
ly etched to remove surface contami- 
nation; loss of potassium during this 
etching, shown to have been less than 
15 percent, will be discussed in detail 
in a later publication. The data ap- 
pear in Table 1. 

Small samples were cut from those 
on which these measurements were 
made and were analyzed separately, for 
the cosmogenic (c) rare gases, by 
mass spectrometry according to well- 
established procedures. Table 2 shows 
no apparent anomalies; thus from 
these data we can calculate the amounts 
of cosmogenic Ar 40, KC40, and KC41 
utilizing the production ratios deter- 
mined earlier (6): Ar.40, 1.5 X 1012 
atom/g; KC40, 11 X 1012, and KC41. 6.4 
X 1.012. Then, by correcting the raw 
data of Table 1 for cosmogenic Ar40 and 
(41- and for cosmoradiogenic Ar40 (from 

the decay of cosmogenic K40), and by 
assuming the terrestrial K40:K41 ratio 
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for primordial potassium (7), potas- 
sium:argon ages can be calculated 
(Table 1). 

The ages found by us are typical 
of the great ages found for most iron 
meteorites. From these, in conjunction 
with the strontium :rubidium data of 
Wasserburg et al. (4) on silicate inclu- 
sions in this meteorite, we conclude 
that the potassium:argon dating tech- 
nique as applied to iron meteorites gives 
unreliable results. One may derive ad 
hoc possible explanations of the discord 
between the silicate and iron-phase 
ages, such as shock emplacement of 
these inclusions within the metal ma- 
trix without disturbing the potassium: 
argon ratios in the metal, but we feel 
that such mechanisms are unlikely. 
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Radiation of Hemocyanin: 
Inactivation and Reactivation of 
Oxygen-Carrying Capacity 

Abstract. Oxygen-carrying capac- 
ity of hemocyanin from Limulus and 
Busycotypus (Busycon) decreases with 
increasing radiation, giving initial yield 
values for G(-02) of 1.1 and 1.0, 
respectively. High radiation doses re- 
generate this capacity of Busycotypus 
hemocyanin. These effects are attribut- 
ed largely to the dual nature of hydro- 
gen peroxide, which, at low concentra- 
tions, oxidizes protein-bound copper 
and at high concentrations, that is, at 
high doses, reduces oxidized copper. 
The ability of hemocyanin to decom- 
pose hydrogen peroxide is relatively 
unaffected by irradiation, which sug- 
gests that copper atoms at the active 
sites are not all equivalent. The cata- 
lase-like activity of Busycotypus hemo- 
cyanin can be simulated by amino acid 
chelates of copper, including arginine, 
histidine, and glycine. 

Hemocyanin is a nonheme oxygen- 
carrying copper protein found in the 
hemrolymph of terrestrial and marine 
invertebrates (1, 2). It reacts reversibly 
with molecular oxygen at relatively high 
partial pressures and releases oxygen 
to tissues where the partial pressure is 
low. One molecule of oxygen combines 
stoichiometrically with two atoms of 
copper in hemocyanin, and it appears 
that the active site involves a pair of 
copper ions bridged by an oxygen mole- 
cule (3). Deoxygenated hemocyanin 
contains copper only in the cuprous 
state, while oxygenated hemocyanin 
contains cupric ions in what might 
be described as a state favoring rapid 
electron transfer (1, 3). Because of the 
very important and special role of oxy- 
gen in radiobiological damage and pro- 
tection (4, 5), hemocyanin serves as a 
useful model for studying the effects 
of ionizing radiation on oxygenation re- 
actions (6), particularly in view of the 
suggestion (7) that a contributory 
mechanism of radiobiological damage 
involves interference with the ability 
of copper-containing oxidases to inter- 
act with molecular oxygen. Presumably, 
radiation-induced oxidation of protein- 
bound copper to the cupric state leads 
to inhibition of oxygenation reactions 
and energy utilization. 

Early investigators (8-i10), who stud- 
ied the actions of ionizing radiation 
on hemocyanin used, as criteria of 
radiation damage, rupture of the cop- 
per-protein bond or dissociation of pro- 
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tein molecules or aggregates. A more 
physiological, sensitive, and quantitative 
criterion is the capacity of irradiated 
hemocyanin to combine reversibly with 
molecular oxygen, as measured by 
changes in the optical absorption peak, 
at 340 m1A, of oxygenated hemocyanin. 
The peak disappears upon deoxygena- 
tion or destruction of oxygen-carrying 
ability, as for example, by hydrogen 
peroxide (11), organic peroxides (6), and 
ionizing radiation (6). 

We made a more detailed study of 
the effects of ionizing radiation on 
hemocyanin derived from two differ- 
ent species, Limulus (the horseshoe or 
king crab) and Busycotypus (Busycon, 
the channeled whelk). A significant ob- 
stervation reported here is that oxygena- 
tion capacity lost by irradiation is re- 
gained by additional increments of radi- 
ation in the case of hemocyanin from 
Busycotypus but not of that from 
Limulus. 

We used hemocyanin as it exists 
naturally in serum (12). Dilutions were 
made with 0.05M potassium dihydro- 
gen phosphate buffer, pH 7.00, and the 
hemocyanin solutions were centrifuged 
to remove clotted material. Copper 
analyses were made by atomic absorp- 
tion spectrophotometry; the radiation 
source was cobalt-60 gamma rays that 
delivered about 15,000 rad/min. Radi- 
ation doses were measured with a fer- 
rous sulfate dosimeter, based on a 
value of 15.5 for G(Fe3+) (13). 

Oxygen-saturated solutions of hemo- 
cyanin were irradiated at 251C in 4-ml 
glass vials sealed with Teflon-lined 
screw caps. After irradiation oxygen- 
ated solutions were transferred to silica 
cell cuvettes (path length, 1 cm) capped 
with sleeve-type rubber stoppers with 
an indented area in the center so that 
syringe needles for passage of oxygen 
or oxygen-free helium [02 < 0.001 per- 
cent by volume (<0.3 molar part per 
million] could be inserted. To check 
occurrence of oxygen depletion dur- 
ing irradiation, optical densities were 
measured shortly after irradiation and 
again after oxygenation. If none 
occurred, these two measurements 
should agree, as they invariably did. 
Hemocyanin was subsequently deoxy- 
genated by bubbling from 350 to 600 
cim3 of helium, at rates of 60 to 100 
cm3 per minute, through the solution 
until complete deoxygenation occurred 
as measured by the deoxygenated okp- 
tic~al density, (OD) d' a period of less 
than 6 minutes. The solution was kept 
in the deoxyge-nated state for a given 
time, then reoxygenated, and the oxy- 
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Fig. 1. Changes in optical densities of 
hemocyanin from Limulus after irradiation 
at 25?C with cobalt-60 gamma rays at a 
dose rate of 15,000 rad/min. Solutions 
consisted of Limulus hemolymph diluted 
with 0.05M potassium dihydrogen phos- 
phate buffer (pH 7.00) and saturated 
with oxygen; a 3.92 X 10-5M concentra- 
tion of copper was present. Hemocyanin 
was deoxygenated 10 minutes after irradia- 
tion and was allowed to remain in the de- 
oxygenated state for 1 hour before reoxy- 
genation, at which time the optical 
densities were measured at 340 m/u. Sub- 
sequent deoxygenation provided the final 
deoxygenated optical densities. Open cir- 
cles, oxygenated state; closed circles, de- 
oxygenated state. 

genated optical density, (OD)., was 
measured. Subsequent measurements 
were made until the (OD). reached 
a constant value. The (OD). of 
hemocyanin from Limulus attained 
a constant value immediately after 
oxygenation. With irradiated hemo- 
cyanin from Busycotypus, the time 
required for the (OD). to reach 
a stable maximum value increased with 
increasing radiation, for example, a 
dose of less than 8000 rads required 
less than 1 minute; approximately 
13,000 to 20,000, 1 hour; 20,000 to 
27,000, 1 to 2 hours; and 3 to 4 hours 
for doses above 34,000 rads. 

Oxygenated hemocyanin in Limulus 
hemolymph was diluted with phosphate 
buffer to give an (OD), of about 0.5 
and was subjected to different doses 
of cobalt-60 gamma irradiation. No ef- 
fect of ionizing irradiation was detected 
as long as the hemocyanin remained 
in the oxygenated state (6). Upon de- 
oxygenation of the irradiated hemo- 
cyanin, followed by oxygenation, ra- 
diolytic products, primarily in the medi- 
um, attack the deoxygenated state of 
the hemocyanin, as shown by a decrease 
in (OD),,. The amount of radiation 
damage depends on the time the irradi- 
ated hem~ocyanin remains in the oxy- 
genated state (designated as oxygenated 
reaction time, o.r.t.) before a deoxygen- 
ation and reoxygenation cycle, and in 
the dseoxygenated state (designated as 
deoxygenated reaction time, d.r.t.) be- 
for~e reoxygenation. However, for the 

dilute solutions that we used, the radia- 
tion effects were not influenced for 
o.r.t.'s in the time intervals employed. 
Data presented in this report were ob- 
tained at a constant 10-minute o.r.t., 
regardless of the length of the subse- 
quent d.r.t. 

In Fig. 1 data for a 1-hour d.r.t. 
(a period beyond which no further de- 
creases in oxygen capacity occur) show 
that the (OD). drops rapidly with in- 
creasing radiation and, in fact, more 
than 90 percent of the entire oxygen 
capacity is lost above 35,000 rads. 
From the slope of A (OD), as the 
radiation dose approaches zero, we 
obtained an initial yield value of 1.1 
for G(-02), that is, about 1.1 /mole 
of oxygen capacity are lost per 1000 
rads (14). The G(-02) values are 
not affected by changes in d.r.t. No sig- 
nificant variation in (OD)d occurs in 
the range of radiation doses that we 
used. Irradiation carried out with x- 
rays [280 kv (peak)] at a dose rate of 
1600 rad/min and at total doses be- 
low 15,000 rads gives results in close 
agreement with those obtained with co- 
balt-60 gamma rays at a dose rate 
nearly ten times higher. 

Experiments with Busycotypus were 
similar to those with Limulus. A re- 
markable response of hemocyanin 
from Busycotypus to irradiation is that, 
above radiation doses of 13,000 to 16,- 
000 rads, the oxygen capacity begins 
to recover and above about 70,000 rads 
the oxygen capacity is nearly equiva- 
lent to the unirradiated hemocyanin. 
Results for d.r.t.'s of 15 minutes, 30 
minutes, and 1 hour are shown in Fig. 
2. Regardless of the d.r.t., the initial 
yield values for G(-02) are 1.0, or 
nearly equal to that of Limulus. How- 
ever, the maximum loss in oxygen ca- 
pacity increases with increasing d.r.t. 
for the first hour, after which little 
change occurs. The (OD). for the 2- 
hour d.r.t. is only 10 percent less than 
that of the 1-hour d.r.t. The (OD)d at 
doses of more than 15,000 rads tends 
to be slightly higher than that of un- 
irradiated control samples and may be 
due partly to the oxidizing action of 
residual peroxides. 

Qualitatively, and in the dilute solu- 
tions we used, the effects of irradia- 
tion on the oxygenation reactions of 
hemocyanin are due largely to the ac- 
tion of radiolytic 11202. We carried out 
a series of experiments in which 
known and varying amounts of H202 
were added to solutions of hemocy- 
anin. This radiomimetic action, includ- 
ing the reactivation of Busycotypus 
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hemocyanin, parallel the reactions de- 
scribed by Felsenfeld and Printz (11). 

We measured, by the triiodide meth- 
od of Ghormley (15), the amount of 
H-102 formed radiolytically in phos- 
phate buffer saturated with oxygen. 
The results obtained are in good agree- 
ment with those reported by Baxen- 
dale (16) in neutral aerated water. 
Some typical values of H202, in micro- 
moles per liter, produced radiolytical- 
ly in our buffer solutions are: 18 at 
10 krad, 26 at 15, 58 at 40, and 86 
at 70 krad. In the deoxygenated buffer, 
H202 was less than 1 mole/ liter 
and could not be detected, even at 
doses as high 10O rads. The reactiva- 
tion of hemocyanin from Busycotypus 
is not apparent until the molar concen- 
tration of radiolytic H202 exceeds that 
of the protein-bound copper, that is, 
the minimum in the curves shown in 
Fig. 2 occurs at about 13,000 rads 
where the molar ratio of H202 to coP- 
per is approximately unity. As ex- 
pected, when the concentration of 
hernocyanin is doubled, the minimum 
occurs at about 25,000 rads. In these 
relatively dilute solutions of irradiated 
hemocyanin, the formation of H202 
is, within 20 percent, the same as in 
irradiated buffer. 

In the dilute solutions we used, the 
radiation-induced decrease in oxygen 
capacity is most readily explained as 
being caused -largely by the oxidation 
of protein-bound copper by radiolytic 
H202. However, additional oxidizing 
action is probably produced by the 
hydroxyl radical and by hydroper- 
oxides, ROOH, and organic peroxides, 
ROOR', formed from the interaction 
of IOOH with small organic molecules 
in the serum (17), and by' the usual 
radiolytic reactions occurring in the 
presence of organic solutes and oxy- 
gen (7, pp. 76-77; 16). 

The reactivation 'of Busycotypus he- 
mocyanin illustrates a sometimes unap- 
preciated dual nature of H202, namely, 
that it is also a reducing agent (18, 
p. 355). The energetics of the copper- 
HO0 system, among others, have been 
described in some detail by Uri (19). 
In fact, at high concentrations of H202 
and Cu + +, that is, high concentra- 
tions of oxidized or attacked hemo- 
cyanin, the reduction of Cu+ + to Cu+ 
predominates over the oxidizing action 
of H202. Consequently, the radiation 
reactivation of Busycotypus hemocya- 
nin, at the concentrations employed, is 
brought about by the reduction of Cu+ ? 

to Cu?+. There is chemical evidence 
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Fig. 2. Changes in optical densities of 
hemocyanin from Busycotypus with dif- 
ferent deoxygenated reaction times after 
irradiation at 250C with cobalt-60 gamma 
rays. All experimental conditions are the 
same as those described in Fig. 1; a 3.55 
x 10-'M concentration of copper was pres- 
ent. In order to facilitate direct compari- 
son, the optical densities for the oxy- 
genated hemocyanin were normalized to 
0.500 for the unirradiated hemocyanin 
and 0.200 for the deoxygenated hemo- 
cyanin. The actual optical densities were 
all within 10 percent of the normalized 
values. Deoxygenated reaction time: open 
circles, 15 minutes; open triangles, 30 
minutes; and closed circles, 60 minutes. 

for such a reducing action on hemo- 
cyanin from Busycotypus by H202 and 
by other reducing agents (11). The 
presence of cupric ion in H202-treated 
hemocyanin or in aged hemocyanin has 
been demonstrated by electron spin 
resonance (20, 21); however, upon 
treatment with excess H202, cysteine, 
or hydroxylamine, the cupric ion signal 
disappears (21) as the hemocyanin is 
reactivated. 

Some of the redox reactions that 
involve the protein-bound copper can 
be deduced, if we consider that we 
are dealing with a neutral, oxygenated, 
aqueous medium containing organic 
solutes. From both the radiation chem- 
ical (16) and metal-peroxide reactions 
(19, 22), these redox reactions (where 
P is protein) include: 

1) Oxidation (inactivation) 

P-Cue + H202 = P-Cu++ + OH + OH- 
P-Cu+ + OH - P-Cu++ + OH- 

2) Reduction (reactivation) 

P-Cu++ + H202 = P-Cu+ + HO2 + H` 
P-Cu++ + HO2 - P-Cu+ + H+ + 02 

P-Cu++ + ea - P-Cu+ 

The reducing reactions take place 
more readily in neutral than in acid 
media. Reduction by HO2 radical to 
yield 02 is the result of the dissocia- 
tion of HO2 to yield H + and ?2- 

Tlhe latter species, also formed by 
the action of the hydrated electronic 
(e-aq) own H202, reacts rapidly with 

P-Cu+ + to yield Or?. Analogous re- 
dox reactions involving organic and 
hydroperoxides such as ROOR' and 
ROOH also take place and appear to 
increase in importance relative to 
HOOH as the concentration of hemo- 
cyanin increases. Lack of reduction 
or reactivation of Limulus hemocyanin 
has been demonstrated by the use of 
11202 and reducing agents such as fer- 
rocyanide or ascorbic acid (11). The 
differences probably lie in the location 
or accessibility of the active sites with- 
in the protein structure. If it is simply 
a question of conformational or activa- 
tion energy considerations, then a radia- 
tion reactivation of Limnulus might be 
effected at higher temperatures or in 
a different chemical environment, such 
as in the presence of urea which causes 
an unfolding of protein structure. 

It is possible to differentiate the ef- 
fects of H22O from ROOR' and ROOH 
inasmuch as hemocyanin from Busy- 
cotypus possesses a far greater ability 
than that from Linulus to decompose 
H202 (2, 11), but not organic peroxides. 
When relatively high concentrations 
of irradiated solutions of Busycotypus 
hemocyanin remain in the oxygenated, 
that is, radiation-resistant, state for pro- 
tracted periods (more than 1 hour) be- 
fore deoxygenation, the subsequent loss 
in oxygen capacity, observed upon de- 
oxygenation and reoxygenation, de- 
creases in proportion to the time 
elapsed before deoxygenation. 

Irradiation, at least to 50,000 rads, 
while affecting the oxygenation reac- 
lion, does not seem to affect the cata- 
lase-like activity of Busycotypus hemo- 
cyanin, measured as the evolution of 
oxygen from added H202 by Warburg 
manometric -techniques. Effects of ire 
radiation on the catalase-like activity 
of Limulus hemocyanin at pH 7 were 
not investigated because its very low 
activity precludes accurate measure- 
ments. These observations suggest that 
not all of the copper atoms at the ac- 
tive sites are equivalent and that they 
may, in fact, be bound to entirely dif- 
ferent amino acid residues. 

It has been reported (2, 23) that the 
ability of homocyanin to decompose 
H202 may be due to its arginine con- 
tent because it was claimed that, 
among all amino acids tested, only 
arginine gave a complex with copper 
that decomposes H202. We found that 
other copper complexes of amino acids, 
including histidine and glyc~ine, and re- 
lated compounds decompose H202. 
However, the catalytic function de- 
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ends, for example, on pH and on the 
molar ratio of the amino acid to copper. 
Thus, at pH 7 and a fixed copper con- 
centration (5 X 10-4M), arginine, 
histidine, and histamine at molar ratios 
of 0.5:1, 1:1, 2:1, and 3:1 relative 
to copper, possess a marked catalytic 
action. However, at a molar ratio of 
4:1, histidine no longer is catalytically 
active but histamine and arginine are. 
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Fossil Actinomycetes in Middle Precambrian Glacial Varves 

Abstract. Fossil actinomycetes and other bacteria have been found in sulfide 
minerals from "varved" argillites in the middle Precambrian Cobalt Series of 
Canada. The fossils consist of branched and unbranched nonseptate hyphae 
and chains of rod-shaped cells. The presence of actinomycetes is consistent with 
the theory that the argillites are lacustrine desposits. 

The Gowganda Formation of the 
middle Precambrian Cobalt Series in 
southern Ontario and Quebec consists 
largely of tillites and "varved" argillites. 
The argillites are probably glacial lake 
deposits, as indicated by their numer- 
ous erratic pebbles and boulders and 
by their rhythmic stratification (1). 

The dark gray to bluish coloration 
of the argillites suggests microbial ac- 
tivity under anaerobic conditions. Ad- 
ditional evidence for this was sought 
in argillite samples collected in Town- 
ship 169 and Wells Township, Ontario, 
where the sediments are gently folded 

and practically unmetamorphosed. In 
these rocks were found (i) a lens of 
erratic sand grains intermingled with 
and encrusted by chalcopyrite crystals; 
(ii) a small rosette of pyrite crystals 
surrounded by concentric zones of py- 
rite; and (iii) a lens of sand-sized pyrite 
crystals surrounded by a yellow-brown 
zone containing smaller, disseminated 
pyrite crystals; the yellowish pigment is 
probably limonite formed by oxidation 
of very fine-grained pyrite. In the ab- 
sence of evidence for hydrothermal 
deposition, such clusters of sulfide crys- 
tals in dark argillaceous sediments may 
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Fig 1 Hyphae of actinomycete from sulfide crystal (germanium shadowed carbon~~~~~~~~~~~~~Giuiani 
replica of cut and polished section) (x 25,300)~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ... ... 
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