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The absolute ages of meteorites have 
been determined by 207Pb/206Pb, 87Rb- 
87Sr, and 40K-40Ar methods to be 
about 4.5 X 109 years. Of these meth- 
ods, the 207Pb/206Pb method has an 
advantage in that it requires only that 
the isotopic ratio be measured in order 
that the age of the meteorites be deter- 
mined, on the assumption either that 
the initial Pb isotopic composition is 
known or that some meteorites are 
cogenetic. 

Significant progress has recently 
been made by Wasserburg and his co- 
workers (1, 2) in the Rb-Sr chronol- 
ogy of meteorites. Their precise mea- 
surements of Sr isotopic ratios and 
superior mineral separation techniques 
have effectively confirmed the time dif- 
ference in meteorite formation which 
was first found by Reynolds (3) from 
gas retention ages based on 129Xe de- 
rived from extinct 129I. Wasserburg's 
group obtained many excellent meteor- 
ite ages by means of internal iso- 
chrons. However, the Rb/Sr ratios are 
relatively low in most stone meteorites, 
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especially achondrites; thus only a 
small change in Sr isotopic composi- 
tion occurs during the lifetime of 
meteorites. This has sometimes made 
Rb-Sr chronology difficult. Further- 
more, the decay constant of 87Rb is 
largely dependent upon the accuracy 
with which the decay constant of U 
is known. 

Recent precise redeterminations of 
the decay constants of 2 8U and 235U 
(4) and 232Th (5) and of the abun- 
dance ratio of 238U to 235U (6) (the 
values are listed in footnote ? of Table 
2) and recent improved analytical 
techniques have encouraged us to carry 
out the radiometric study presented here 
of meteorites by the U-Th-Pb system. 
In the following discussion the re- 
ported ages, which were based on old 
U decay constants, are recalculated on 
the basis of the new decay constants, 
and the recalculated values are listed 
in parentheses for comparison. 

Patterson (7) analyzed several mete- 
orites for their Pb isotopic composition 
and obtained for the first time a pre- 
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cise age for the meteorites of 4.55 - 

0.07 X 10'O years (4.49 X 109 years). 
Because Pb in Pacific sediment fits the 
Pb array in the meteorites, he con- 
cluded that the earth formed contem- 
poraneously with meteorites 4.55 X 
109 years ago. Similar data on meteor- 
ites obtained later by many scientists 
(8-10) fell for the most part on an 
isochron like that which Patterson re- 
ported. However, Hamaguchi et al. 
(11) and Bate et al. (12) analyzed U 
and Th concentrations in stony mete- 
orites by neutron activation and re- 
ported that the U and Th contents are 
far lower than those estimated by 
Patterson to produce the observed Pb 
isotopic composition and Pb concen- 
tration. One might therefore suspect 
the 207Pb/206Pb age of meteorites from 
these results (13). The 207Pb/206Pb 
ages of the meteorites obtained in our 
study range from 4.56 to 4.64 X 109 
years (4.50 to 4.57 X 109 years by 
newly reported U decay constants) 
which are 10 to 90 X 106 years older 
than the age that Patterson reported. 
In this report, instead of discussing the 
mean age of the formation, we will 
discuss the time difference in the for- 
mation of meteorites which was ob- 
tained from the 207Pb/206Pb ratio, 

In the work reported here extensive 
precautions were taken to avoid possi- 
ble contamination of samples before 
and during the analyses. Small (10 to 

50 g) specimens of meteorites, ex- 
cept Allende (14), which were free of 
fusion crust, were washed for 1 minute 
in cold 2.5N HC1 by means of an ultra- 
sonic vibrator and were rinsed repeat- 
edly with water prior to pulverization 
in a boron carbide mortar. The analyti- 
cal procedures for silicates reported 
previously (15) consist of decomposi- 
tion by HC104-HF in a Teflon bomb 
and Pb separation by coprecipitation 
with Ba(N03)2 and anodic electro- 
deposition. Troilites were dissolved in 
a HCI-HNO3 mixture in a Teflon 
bomb, and Pb was separated by an 
anion-exchange (Br- form resin) tech- 
nique (16) and anodic electrodeposi- 
tion; U and Th were separated by an 
anion-exchange (NOa- form resin) 
method (15). The Pb isotopic ratios 
were measured by the phosphate-silica 
gel method (17) in a mass spectrom- 
eter equipped with a digital voltmeter 
and an on-line computer. A correction 
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and an on-line computer. A correction 
for the fractionation of + 0.1 percent 
per mass unit was applied to the raw 
ratios. The correction factor was ob- 
tained from replicate measurements on 
standard SRM-982 of the National 
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Time Differences in the Formation of Meteorites as 

Determined from the Ratio of Lead-207 to Lead-206 

Abstract. Measurements of the lead isotopic composition and the uranium, 
thorium, and lead concentrations in meteorites were made in order to obtain 
more precise radiometric ages of these members of the solar system. The newly 
determined value of the lead isotopic composition of Canyon Diablo troilite is 
as follows: 206Pb/20',Pb = 9.307, 207Pb/2-?Pb = 10.294, and 208Pb/l24Pb = 
29.476. The leads of Angra dos Reis, Sioux County, and Nuevo Laredo achon- 
drites are very radiogenic, the 206Pb/2?0tPb values are about 200, and the uranium- 
thorium-lead systems are nearly concordant. The ages of the meteorites as cal- 
culated from a single-stage 207Pb/206Pb isochron based on the newly determined 
primordial lead value and the newly reported 235U and 238U decay constants, are 
4.528 X 109 years for Sioux County and Nuevo Laredo and 4.555 X 109 years 
for Angra dos Reis. When calculated with the uranium decay constants used by 
Patterson, these ages are 4.593 X 109 years and 4.620 X 109 years, respectively, 
and are therefore 40 to 70 X 106 years older than the 4.55 X 109 years age 
Patterson reported. The age difference of 27 X 106 years between Angra dos 
Reis and the other two meteorites is compatible with the difference between the 
initial 87Sr/86Sr ratio of Angra dos Reis and that of seven basaltic achondrites 
observed by Papanastassiou and Wasserburg. The time difference is also compara- 
ble to that determined by 129I-129Xe chronology. The ages of ordinary chondrites 
(H5 and L6) range from 4.52 to 4.57 X 109 years, and, here too, time differ- 
ences in thee formation of the parent bodies or later metamorphic events are 
indicated. Carbonaceous chondrites (C2 and C3) appear to contain younger lead 
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Fig. 1. The -Pb/?'Pb versus ;Pb/0?'Pb evolution diagram for meteorites; 0, troilite; 
-, chondrite; &, achondrite; A's are the slopes for the '7Pb/`Pb isochron between 

the Canyon Diablo troilite and the individual meteorites. The nonradiogenic part is 
expanded in the insert. A line which intersects isochrons at the Canyon Diablo 
troilite illustrates a possible change in the initial Pb isotopic composition with in- 
creasing A, from 4.56 to 4.55 X 10? years before the present. The solid dot indicates 
Oversby's value (16) for Canyon Diablo troilite. 

Bureau of Standards. The mass frac- 
tionation data obtained during the last 
3 years ranged from - 0.07 to - 0.15 

percent for ionizing filaments operating 
at a temperature of 1280? ? 30?C. The 
variation may be due to small differ- 
ences in the operating temperature, and 
in the quantity and quality of silica gel 
used. The Pb blanks were 3 to 5 ng 
per 1-g sample, and the U and Th 
blanks were 0.02 and 0.06 ng per 1-g 
sample, respectively. 

The concentrations of U, Th, and 
Pb determined by isotope dilution in 
the study presented here are given in 
Table 1, along with previously deter- 
mined values from neutron activation 

analysis (11-13, 18-21). The U concen- 
trations in the chondrites range from 
10 to 19 parts per 109 (ppb) and are 
about 10 percent lower than the pre- 
viously reported values determined by 
activation analysis. Beardsley and Mo- 
doc are exceptions and exhibit values 

20 percent higher than those previ- 
ously reported. For achondrites, the 
U concentrations in Angra dos Reis 
and Nuevo Laredo agree with earlier 
results, whereas the concentration in 
Sioux County is 20 percent higher 
than earlier values (11, 13). Meteor- 
ites are demonstrably heterogeneous, 
and these small differences between 
the values obtained by isotope dilution 
and those obtained by neutron activa- 
tion analysis probably are due to sam- 
ple heterogeneity. 

The Th concentrations obtained in 
our study are in good agreement with 
the activation analysis data of Bate et 
al. (12) and Morgan and Lovering 
(20, 21). The Th/U ratios of chon- 
drites and achondrites range from 3.10 

(Modoc) to 4.29 (Angra dos Reis), 
and average 3.7; these values are in 

good agreement with Murthy and Pat- 
terson's (8) ratio estimated from the 
Pb isotopic composition. 

The Pb concentrations in carbona- 
ceous chondrites are about 1.5 parts 
per 106 and are 3 to 8 times higher 
than the Pb concentrations in achon- 
drites, whereas achondrites have 10 
times higher U concentrations than 
carbonaceous chondrites. The Pb con- 
centration in ordinary chondrites ranges 
from 75 to 250 ppb. 

The Pb isotopic compositions of the 
meteorites are shown in Table 2, and a 

plot of the 206Pb/204Pb ratio versus the 
207Pb/204Pb ratio is given in Fig. 1 
The 207pb/206Pb age of meteorites of 
4.55 ? 0.07 x 109 years (4.49 X 109 

years) obtained by Patterson (7) is large- 

Table 1. Uranium, thorium, and lead concentrations in meteorites (ppb); I.D., isotope dilution (this study); A.A., activation analysis. 

U Th Pb Th/U 
Sample Class - 

I.D. A.A. I.D. A.A. I.D. A.A. ID. A.A. 

Troilite, iron meteorites 
i6860 

Canyon Diablo Og <0.1 0.4 (13) <0.1 5100-7840 (13) 

Odessa Og 1.0 <0.1 4215 

Carbonaceous chondrites 

urry 2 10.7 15-28 (19) 39.3 1516 3.67 
Murray Ct2 10.9 11.3 (21) 39.8 45.4 (21) 1500 3.65 4.0 

Allende C3 15.3 16.2 (35) 62.2 1097 4.07 

Bronzite chondrites 

Beardsley H5 14.6 a ! 4. 510-17 (3) 47.7 ) 259 70 (3) 340 4.8-2.8 
10.3 (21) 36.3 (21) 3.5 

Plainview* H5 10.9 12.5 (19) 37.6 195 3.45 

Richardton H5 9.97 11.3 (ii) 38.0 (12) 3 3.36 
Richardton H5 9.9 10.7 (21) 29.6 (21) 2.8 

Hypersthene chondrites 

Modoc L6 19.(0 10.8 (11) 58.5 39.2 (12) 79,0 60 (13) 3.10 6. 
14 (13) 280 

Acliondrites 
Sioux County Eucrite 78.0 63.0 (18) 302.4 193 3.87 

Nuevo Lareo Eucrite 131.6 126 (11) 483.7 476 (12) 328 420 (13) 3.67 3.78 
Nuevo Laredo Eucrite 123.6 132, 139 (20) 475.9 459, 492 (20) 320 630 (13) 3 .5 

Angra dos Reis Angrite 02.8 198 (20) 869.6 967 (20) 541 4.29 4.8 
210.7 901.0 550 4.28 

* This sample is a find; all other samples in this table are falls. 
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Table 2. Lead isotopic composition 1land "'Pb/2"P '1h ages ol meteorites. 'The analytical blank was corrected. The errors are one standard devia- 
tion (one a). 

Sample Class 'PPb/ 4Pb opb/2 Pb Pb/Pb Bla (2'Pb/'.Pb) (X 0 ears) (X 10' years) 

Troilites, iron mteteorites 
Canyon Diablo Og 9.307 ? 0.003 10.294 ? 0.003 29.476 ? 0.009 <0.1 
Odessa Og 9.995 ? .004 10.691 ? .005 30.087 ? .016 0.1 

Carbonaceous chondrites 
Murray C2 9.806 ? .006 10.594 ? .007 29.939 ? .020 0.5 0.32 0.6012 4.511 + 0.042 
Allende C3 11.250 ? .003 11.451 ? .004 31.352 ? .011 0. 0.51 0.5953 4.496? .010 

Bronzite chondrites 
Beardsley H5 12.193 ? .033 12.106 ? .033 31.973 .086 1.4 2.8 0.6271 4.574 ? .012 
Plainview HS 13.682 ? .015 12.958 ? .015 33.447 ? .037 0.9 2.9 0.6089 4.529 ? .010 
Richardton 115 32.931 ? .325 24.575 ? .244 52.017 ? .521 4.5 12.7 0.6044 4.519 ? .0415 

Hypersthene chondrite 
Modoc L6 41.308 ? .411 29.788 ? .298 57.273 ? .575 2. 29.6 0.6092 4.530 ? .015 

Achondrites 
Sioux County Eucrite 195.34 ? 5.41 123.29 ? 3.45 201.78 ? 5.31 1.8 180 0.6074 4.526 ? .010 
Nuevo Laredo Eucrite 222.38 ? 1.07 140.05 ? .69 233.64 ? 1.06 0.8 203 0.6089 4.529 ? .005 
Angra dos Reis Angrite 214.62 ? 1.34 137.53 ? .86 254.64 ? 1.60 1.4 197 0.6197 4.555 ? .005 
* Corrected Pb blank divided by the total Pb in the sample. t Measured 23U/20"Pb (today's) ratios. t Radiogenic component after substraction 
of the primordial Pb. ? X of "tSU = 0.15525 X 10-" years-1, X of 23U = 0.98485 X 10-9 years-', X of 2'3Th = 0.049475 X 10-9 year-L, 2"U/":U = 137.88. 
Errors are the sum of each 2a of the mean in the "'"Pb/?Pb measurement between the individual sample and Canyon Diablo. 

ly constrained by nonradiogenic Pb in 
the troilite phase of Canyon Diablo and 
by the very radiogenic Pb in the Nuevo 
Laredo achondrite. Many later investi- 
gations conducted on troilite (8, 16, 
22, 23) have confirmed that the Pb 
in Canyon Diablo is the least radio- 
genic yet discovered. Because the troi- 
lite contains a substantial amount of 
Pb but not enough U and Th to mea- 
surably change the Pb isotopic compo- 
sition within - 4.5 X 109 years, the 
Pb of Canyon Diablo troilite has been 
considered to be the "primordial" Pb 
existing when the parent bodies of 
meteorites and the earth accreted. All 
the primary ages of solar bodies ob- 
tained by the 207Pb/206Pb method were 
calculated from this primordial Pb as 
the initial point. Oversby (16) mea- 
sured the Pb isotopic composition of 
the primordial Pb by a double-spike 
technique which she firmly claimed had 
an accuracy of 0.1 percent in the 
206Pb/ 204Pb ratio measurement and 
0.15 percent in the 207Pb/204Pb ratio 
measurement. However, our measure- 
ments made with the phosphate-silica 
gel method revealed that Oversby's 
values for the primordial Pb isotopic 
composition, which have been widely 
accepted in Pb isotope studies, are in 
error far beyond the stated uncertain- 
ties. Her double-spike technique appar- 
ently introduced too large a mass-frac- 
tionation correction, which might be 
due to computation error or related to 
blank correction (24), so that the re- 
ported ratios of larger masses became 
smaller and were off the Pb array in 
the meteorites (Fig. 1). Interestingly, 
Ostic's values (23) for the Pb isotopic 
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composition in the troilite of the 
Toluca iron meteorite, which presum- 
ably were measured by a PbS method 
in a solid-source mass spectrometer, 
are in good agreement with the Canyon 
Diablo troilite data presented here. 
((Cstic, however, did not report details 
of the mass fractionation correction.) 

The precision of our measurements 
for the isotopic composition of Canyon 
Diablo troilite (Table 2) is + 0.03 per- 
cent (ar) for 206Pb/204Pb, 207Pb/204b, 
and 208Pb/2?4Pb ratios. Our measure- 
ments of Canyon Diablo troilite 
showed the presence of slightly more 
U than was found in the measurement 
blank; however, the U does not affect 
the Pb isotopic ratio beyond the instru- 
mental measurement error stated above. 
The Pb blank, which influences pri- 
marily the accuracy of the isotopic 
ratio, was less than 0.05 percent of 
the total sample Pb. Our best values 
for the "primordial Pb isotopic com- 
position" are as follows: 206Pb/ 204Pb 
9.307 + 0.006, 207Pb/204Pb = 10.294 + 
0.006, and 208Pb/204Pb = 29.476 + 
0.018. 

The Pb isotopic composition of the 
Odessa troilite is more radiogenic than 
that of the Murray carbonaceous chon- 
drite (Fig. 1), even though the U con- 
centration is nearly as low as that for 
the Canyon Diablo troilite. We pre- 
sume that the radiogenic Pb of the 
Odessa troilite could have been intro- 
duced by terrestrial contamination, as 
Oversby concluded (16). 

The 206Pb/204Pb ratio of Nuevo 
Laredo was previously reported to be 
about 50 to 60 (7, 25); however, we 
suspected, on the basis of a comparison 

of the U/Pb ratios (13, 26) and the 
abundance of volatile elements (27) 
in lunar rocks and achondrites, that 
Pb in the achondrite might be more 
radiogenic. The observed Pb isotopic 
composition for three achondrites 
(Table 2)-Nuevo Laredo (eucrite), 
Sioux County (eucrite), and Angra dos 
Reis (angrite)-is far more radiogenic 
than the values previously reported, 
and the 206Pb/204Pb ratio is about 200, 
which very much resembles that of 
lunar rocks. If we assume a single-stage 
Pb development from the troilite Pb of 
Canyon Diablo as primordial Pb, the 
207Pb/206Pb ages of Nuevo Laredo and 
Sioux County are 4.529 and 4.526 X 
109 years, respectively, using the new 
U decay constants. The age obtained 
for Nuevo Laredo is about 0.05 X 109 
years older than the value previously 
reported by Patterson or the recom- 
puted values. However, it is close to 
the value of Silver and Duke (25), 
even though the radiogenic character is 
much different. 

The 207pb/206pb age of Angra dos 
Reis, 4.555 X 100 years, is distinguish- 
ably greater than the ages of the other 
two achondrites reported above. These 
results are consistent with those of 
Papanastassiou and Wasserburg (1, 28) 
that the initial 87Sr/86Sr ratio of Angra 
dos Reis, (87Sr/86Sr)ADOR, is distinctly 
smaller than that of seven basaltic 
achrondrites, (87Sr/86Sr)BAB. On the 
assumption that Angra dos Reis formed 
from a chondritic-type reservoir, Pa- 
panastassiou (28) concluded that the 
achondrite formed 14 X 106 years be- 
fore the other basaltic achondrites, 
whereas the data presented here indi- 
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cate that the time difference is about 
27 X 106 years. This age difference 
seems also to be in accord with the re- 
sults obtained by Hohenberg (29) that 
Angra dos Reis contains a large 244Pu- 
fission Xe component. 

In the initial 87Sr/86Sr method used 
by Papanastassiou in the interpretation 
of the age difference one of the re- 
quirements was the assumption of an 
elemental abundance ratio of Rb/Sr in 
the parent bodies of achondrites. In 
contrast, the principal requirement of 
the 207pb/206Pb method is that all 
meteorites must have contained the 
same primordial Pb, if the ages of the 
individual meteorites are compared; 
however, the ages of these achondrites 
are little affected by a small difference 
in the primordial Pb because Pb in 
achondrites is extremely radiogenic. 
For the age calculation, we assume a 
single-stage development in 207Pb/206Pb 
ratios from the primordial Pb after 
formation (or metamorphic events) of 
the parent bodies of meteorites, namely, 
that the U-Th-Pb system was a closed 

system in these parent bodies. In the 
absolute sense, however, the U-Th-Pb 

system is probably not a closed sys- 
tem, and the U/Pb and Th/Pb ratios 
in the parent bodies may have changed 
during early metamorphic events. A 
later event, collision which broke up 
the parent bodies to meteorities, may 
little affect the 207pb/206Pb ages if we 
consider the shorter cosmic-ray expo- 
sure ages of stone meteorites to be of 
the order of 107 years (30). Terrestrial 
contamination, if it occurred as the 
latest event, did not appreciably change 
the 207Pb/206Pb ratio, even though it 
affected the radiogenic character of the 
206Pb/204pb, 207pb/204Pb, and 208Pb/ 
204Pb ratios, because common terres- 
trial Pb has a 207Pb/206Pb ratio similar 
to those in meteorites. The U-Th-Pb 

systematics of the achondrites studied 
in the present investigation are almost 
concordant within the error of blank 
correction, and the assumption of the 
closed system may be held for age 
calculation. 

Class H5 bronzite chondrites show 
a significant variation in the Pb iso- 

topic composition. Leads of Beardsley 
and Plainview are less radiogenic and 
that of Richardton is more radiogenic 
than common terrestrial Pb. The data 
also indicate different ages of forma- 
tion or metamorphism. The U-Th-Pb 

system of Beardsley is almost con- 
cordant, and the 207Pb/206Pb age is 
4.574 X 109 years, on the basis of the 
new U decay constants. The Beardsley 
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age is the highest obtained in the investi- 
gation. Plainview (which is a "find"- 
the other meteorites used in this study 
are "falls") and Richardton have 
207Pb/206Pb ages of 4.529 and 4.519 X 
109 years, respectively. However, we 
were not able to show that the U-Th- 
Pb systematics of the meteorites are 
concordant. The Pb concentrations of 
Plainview and Richardton are 20 and 
40 percent, respectively, in excess of 
that produced from U and Th decay 
in the meteorites. On the other hand, 
our U value in these two meteorites is 
about 15 percent lower than that deter- 
mined by activation analysis. Because 
the U, Th, and Pb concentrations are 
extremely low, experimental error 
might have introduced the discordancy 
and we discuss them with some reser- 
vation until additional experiments 
have been carried out. However, as 
noted above, the terrestrial contamina- 
tion affects the 207pb/206Pb ages only 
slightly, and there appears to be an 
age difference between Beardsley and 
the two meteorites, Plainview and 
Richardton, if these had the same ini- 
tial Pb isotopic composition. Alter- 

natively, it could be interpreted that 
these bronzites are the same age, but 
that a later metamorphic event in- 
creased ,u (238U/204Pb; today's ratio= 
12.7) in Richardton as compared to 
Beardsley (the observed u = 2.8) to 

produce more radiogenic Pb, and so 
the age of Richardton referred to the 
initial Pb appears younger. Interest- 
ingly, Beardsley contains exceptionally 
high concentrations of Rb and K as 
compared to other chondrites in the H 

group (31), and Kaushal and Wetherill 
(32) observed a slightly apparent older 

age for Beardsley than for others in 
the group in their Rb-Sr chronological 
study, even though they considered 
that the apparent age difference was 
within the range of experimental error 
and therefore was not significant. 

Lead of a hypersthene chondrite 
(L6), Modoc, is more radiogenic than 
that of the bronzite chondrites but less 

radiogenic than the achondrites. The 

age of the L6 chondrites is similar to 
that of Nuevo Laredo and Sioux 

County. 
Some investigators (33) have sug- 

gested (but subsequently rejected the 
idea) that carbonaceous chondrites 
would be a close approximation of 

primordial matter, because of their 

high content of volatile elements, and 
that ordinary chondrites were derived 
from carbonaceous chondrites. Podo- 
sek and Lewis (34) concluded from 

their I-Xe chronology and the ex- 
tremely high 244Pu/23sU ratio that the 
white inclusions in Allende formed 
relatively earlier than most meteorites; 
however, the 207pb/ 206b ages of C2 
and C3 carbonaceous chondrites, Mur- 
ray (4.511 X 109 years) and Allende 
(4.496 X 109 years), appear to be 
younger than that of other meteorites 
studied in this report. The Pb isotopic 
composition of Murray obtained in 
this study is less radiogenic and the 
207Pb/206Pb age is younger than Mar- 
shall's values (10). The Pb in Murray 
is similar to that in Canyon Diablo, 
and the increments of 206Pb and 207Pb 
are small enough to introduce easily an 
error in the 207Pb/206Pb ratio. How- 
ever, the 207Pb/206Pb age of Allende 
is also young, and we do not believe 
that the younger age for carbonaceous 
chondrites was introduced by our 
measurement error. It can be argued 
that the initial Pb for the carbonaceous 
chondrites might be slightly different 
from the primordial Pb which was as- 
sumed to be a common initial Pb for 
all of the meteorites-moon-earth sys- 
tem. If the accretion of volatile-rich 
carbonaceous chondrites caused the in- 
crease in the U/Pb ratio in the nebula 
and other meteorites formed later from 
the nebula with the increased U/Pb 
ratio, the initial leads, then, are differ- 
ent between carbonaceous chondrites 
and others. The primary 207Pb/206pb 
ages of carbonaceous chondrites appear 
to be younger than the true ages, if the 
initial Pb for carbonaceous chondrites 
is more primitive than the primordial 
Pb reported here. In Fig. 1, an exam- 
ple of the initial Pb change (in 10 X 
106 years) is illustrated where the ,u 
(238U/204Pb, today's ratio) increased 
from 1 to 2 at 4.56 X 109 years ago 
(namely, 2.7 times the increase in the 
U/Pb ratio). However, this argument 
appears to be untenable because the tie 
line of data points of Murray and Al- 
lende falls on Canyon Diablo and in- 
dicates a common primordial Pb. Al- 
lende has been thought to be the least 

terrestrially contaminated meteorite. 
The U-Th-Pb systematics indicate that 
this meteorite contains 6 percent more 
Pb than the concordant value. Even 

though we use the slightly higher U 
concentration, which is obtained by 
activation analysis (35), in our mea- 
surements there is still 5 percent more 
Pb than the concordant value. Because 
the C2 chondrite, Murray, also con- 
tains 3 percent more Pb than the con- 
cordant value, the most plausible inter- 

pretation is that the black matrix, 
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which is enriched in volatile elements 
(27), accreted later than the other 
meteorites, even though the white in- 
clusions in the carbonaceous chondrites 
are older. 

We are presently investigating fur- 
ther the initial Pb problem by means 
of an internal isochron. However, the 
small initial Pb change discussed above 
hardly affected the ages of achondrites 
because these leads are very radiogenic 
and the time difference is significant. 

In conclusion, we observed clear 
evidence for a time difference either 
in the formation of meteorites or in 
metamorphic events. Averaging the 
ages of the same type of meteorites or 
of a class of meteorites may not have 
significance beyond enabling us to ob- 
tain a mean age of formation. The 
older ages reported here, 4.56X 109 
years for Angra dos Reis and 4.57 X 
109 years for Beardsley, coincide well 
with the moon's age. The moon's 
model age, originally reported from the 
Apollo 11 study and further docu- 
mented from subsequent missions as 
4.63 to 4.65 X lO years (26), is re- 
calculated to be 4.56 to 4.58 x 109 
years on the basis of new U decay 
constants. This mutual consistency in 
the age allows us to state the age of 
these members of the solar system as 
about 4.57 X 109 years. In the present 
investigation emphasis has been placed 
on obtaining the precise age measure- 
ment, which is of great significance in 
resolving small time differences, as well 
as on obtaining the primordial Pb 
isotopic composition which is the most 
fundamentally important parameter for 
Pb isotope research. 
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Fossil Parasitic Copepods from a Lower Cretaceous Fish 

Abstract. Well-preserved Lower Cretaceous fossil copepods related to the super- 
family Dichelesthioidea have been collected from the gill chamber of the ichthy- 
odectid fish Cladocyclus gardneri. The fossils provide conclusive evidence sup- 
porting recent theories that link caligid copepods, which are parasitic on fish, to 
the invertebrate-associated siphonostomes. This is the first discovery of fossil 
parasitic copepods, and they are by far the oldest copepods of any sort known. 

Fossil Parasitic Copepods from a Lower Cretaceous Fish 

Abstract. Well-preserved Lower Cretaceous fossil copepods related to the super- 
family Dichelesthioidea have been collected from the gill chamber of the ichthy- 
odectid fish Cladocyclus gardneri. The fossils provide conclusive evidence sup- 
porting recent theories that link caligid copepods, which are parasitic on fish, to 
the invertebrate-associated siphonostomes. This is the first discovery of fossil 
parasitic copepods, and they are by far the oldest copepods of any sort known. 

Copepod crustaceans, both free-living 
and parasitic, are abundant in marine 
and freshwater communities today. In 
spite of this ubiquity, and a taxonomic 
rank that implies an origin in Paleozoic 
times, copepods are extremely rare as 
fossils. A few fossils of free-living forms 
are recorded, the earliest from the mid- 
dle or upper Miocene (10 to 20 million 
years ago) (1). This is a report of the 
first discovery of fossil parasitic cope- 
pods, dating back approximately 100 
million years. 

The specimens reported here were 
found by one of us (C.P.) in the gill 
chambers of two skulls of the teleost 
fish Cladocyclus gardneri Agassiz (fam- 
ily Ichthyodectidae) during an acetic 

Copepod crustaceans, both free-living 
and parasitic, are abundant in marine 
and freshwater communities today. In 
spite of this ubiquity, and a taxonomic 
rank that implies an origin in Paleozoic 
times, copepods are extremely rare as 
fossils. A few fossils of free-living forms 
are recorded, the earliest from the mid- 
dle or upper Miocene (10 to 20 million 
years ago) (1). This is a report of the 
first discovery of fossil parasitic cope- 
pods, dating back approximately 100 
million years. 

The specimens reported here were 
found by one of us (C.P.) in the gill 
chambers of two skulls of the teleost 
fish Cladocyclus gardneri Agassiz (fam- 
ily Ichthyodectidae) during an acetic 

acid preparation of the fish by the trans- 
fer technique (2). These fish are from 
the Santana Formation, Serra do Ara- 
ripe, Ceara, Brazil, which is well known 
for abundant, uncrushed fish preserved 
in limestone nodules. The Santana For- 
mation is of Lower Cretaceous age, 
probably Aptian (3, 4). One skull 
yielded parts of three copepods, one of 
them almost complete; the other skull 
yielded fragments of two or three indi- 
viduals. The specimens were coated 
with platinum and examined with a 
Cambridge Stereoscan microscope. 

The fossil copepods are preserved in 
the round and are solid objects, not 
exoskeletons. They are composed of a 
substance identical in appearance to 
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