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TABLE 3.2
Natural Abundances of the Isotopes Used in Radiometric Dating

Isotope Abundance (%) Isotope Abundance (%)
¥K 93.26 B Ay 0.337
K 0.0117 _ BAr 0.063
K 6.73 WAr 99.60
8Rb 72.17 Bigr 0.56
%Rb 27.83 Bey 9.87

87gp 7.04
‘ 8Bgyr 82.53

MSm 3.0 M2Nd 27.3
H7Sm 14.9 HNd . 123
Hom 11.2 N 23.8
49%Sm 13.8 5 Nd 8.3
P08 m 7.4 HeNd 17.1
1526 m 26.8 H8Nd 5.7
13 m 22.9 PONd 5.6
e BT 97.4 I Hf 0.17
W u 2.6 o 5 5.2

177 4t 18.5
178 1 f 27.2
179 1f 13.8
O f 35.1
55Re 37.40 b 5 0.02
7Re 62.6 % 05 1.6
%7 0s 1.6
18 0s 13.3
189 0s 16.1
" 0s 26.4
9205 41.0
"’"“Th 100.0 2 pp 1.4
=P 25.2

b 0.0057 S 71.7
2 ] 0.72 25 pp 51.7
28 1 99.27

NOTE: Abundances are for the Earth’s crust except for argon, which is for the atmosphere.
The isotopic abundances for those elements that include a daughter isotope vary because of
decay of the corresponding parent isotope. The 1sotope pairs used in radiometric dating are

indicated by arrows.
sOURCES: Lederer, Holland, and Perlman, 1967; Faure, 1986.
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Fig. 3.12. " Ar/* Ar age spectrum

for the meteorite Menow, which

lost 25% of its Ar at about 2.5 Ga. The temperature at which each gas increment was
released:is shown in degrees Celsius. (After Turner, Enright, and Cadogan, 1978.)
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SINGLE SAMPLE POTASSIUM-ARGON
AGES USING THE OMEGATRON

R. L. CRASTY and J. G. MITCHELL

Department of Geodesy and Geophysics,
University of Cambridge, England

Received 13 April 1966 -

The principal experimental limitations of the
potassium-argon method of age determination by
conventional mass spectrometry are: (i) weight
of sample required, (ii) mass discrimination
effects, (iii) inaccuracies of potassium determi-
nation by flame photometry at low concentra-
tlons, (iv) inaccuracies arising from the potas-
sium and argon measurements being made upon
different portions of the bulk sample. Some of
the advantages of the Omegatron method have
already been reported [1]. Experiments showed
that under normal operating conditions the in-
strument was free from mass discrimination
effects and that the problem of sample weight
used in argon determinations could be resolved,
but as long as the potassium content is measured
by flame photometry, the difficulty of separating
it large sample still exists. A solution to this
latter problem and to that of overcoming inaccu-
racies introduced by inhomogeneity within the
bulk sample has been suggested by Merrigue [2].

39Ar is produced when a sample containing

Kis irradiated by fast neutrons. 40Ar is pres-
ent in the sample due to the natural decay of the
[sotope 40K,

For a sample of age ¢:

407y = 40g(el/7 1) | (1)

where 40k 4071 Genote the amounts of the iso-
lopes at present and T = 1/total decay constant
for 40K. The amount of 39Ar produced when this
sample is irradiated is given hy:

Ar = 39 [ o(8) o) dE (@)

Where (&) denotes the neutron flux at energy E
nd o(E) the cross-section of 39K for such neu-
trong, The integration is performed over all in-
Cident neutyron energies. It follows that:

(7 1)

404,739, .. _ 40y, /39 e
Ar/99Ay = 40gy KIME)U(E)({E.

(3)

~

Let
J=1 [o(E) o(B) dE ,

where T is the relative abundance of the potas-
sium isotopes 39k/40K. J ig then a measure of
the neutron absorption; it is a constant at a given
point in the can in which the sample is irradiat-
ed. Since from egs. (3) and (4):

o BTy
204,739,

it can be found from measurements on samples
of known age. This argument assumes that no
argon isotope is destroyed or produced in appre-
ciable quantity by any other process during the
irradiation. A study of the extensive literature
suggests that this condition is satisfied.

Samples of known potassium-argon ages, en-
closed within quartz phials, were arranged with
a cadmium-shielded reactor can and irradiated
with a total integrated flux of about 1019 neutrons
per em2. The conditions were such that there
was a neutron flux gradient over the length of the
can. The relative abundances of the isotopes
40Ar, 39Ar and 36Ar were afterwards deter-
mined using a standard argon extraction line in
conjunction with the Omegatron. The quantity 7
was calculated for each sample (correction hav-
ing been made for the atmospheric contamination
using the 36Ar abundance). The results are
shown in table 1.

In fig. 1 the values of J are shown plotted
against sample position in the can. As would be
expected from the known reactor characteris-
tics, a continuous variation in J is obtained. The
value of J at any point in the can may be inter-
polated from this curve. Thus, the inclusion of
samples of unknown age into such a calibrated
can and the subsequent measurement of their
40Ar/39Ar ratios enables their ages to be deter-
mined.

This method of potassium-argon age determi-




R.L.CRASTY and J. G. MITCHELL

Table 1

vV /M = volume of radiogenic 40Ar per g (mm3 at N.T.P.). Age = pot-
assium-argon age in million years as determined by conventional
methods in this laboratory. Decay constants used: Ag = 0.584 X 10-10
yr-1, )\}3= 4,72 % 1010 yp-1,

]

Position | o e | v/ | Age | 40Ar/39Ar | J

Sample :
P in can

10.19 0.0284 | 81.3 1.65
Blank Phial - - - nil
Muscovite 10,25 0.1906 | 492 8.86
Biotite 8.65 0.1615 | 436 7.44
Muscovite 10,25 0.1906 | 492 8.19
Muscovite 10,19 0.0284 | 81.3 1.11

Muscovite

Tig. 1. Variation of J with position in reactor can. The
can was 23 cm long, the units of position in the figurg
are approximately 3 cm.

nation has the following advantages: (i) the sam-
ple weight is orders of magnitude smaller than
that required for a complete determination by =
conventional methods; (ii) a knowledge of the
precise weight of the sample is not required a
(iii) inhomogeneities in the distribution of pota
sium within the sample are of no consequence.

D

T
The authors would like to acknowledge t
arrangement of irradiation facilities by Mr.D.
Brown of A, W. R. E., Aldermaston.

Position in can
[
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Fig. 3.9. (a) Plot of 3Rb vs ¥ Sr for three minerals, P, Q, and R, from a hypothetical
rock of zero age. (b) Because of the decay of ¥ Rb, points P, Q, and R move along trajec-
tories of decreasing ¥ Rb and increasing ¥Sr to P’, Q', and R’ after passage of time t'.
The amount of movement is proportional to the Rb content of the minerals, but this
type of plot gives no information about the age of the rock. (c) The same data at t = 0
but normalized to 5r. (d) After time ' has passed, the points still fall on a line, an
isochron, whose slope is a function of age. (e) Complete resetting of the Rb—5r clock at
time t'' moves the points to a new “zero-age” isochron. The composition of the total
rock is indicated by x. (f) Partial resetting, in this example due to loss of % Sr, results in

the points scattering.
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sity of Witwatersrand, South Africa, who applied it to Rb—Sr data and
suggested that it could be used for U-Pb data as well (Nicolaysen,
1961). It is now a widely used geochronological tool, applicable in one
form oranother to all of the decay schemes used for radiometric dating.

The isochron method has two significant advantages over the
simple accumulation clock. First, it circumvents the problem of the
amount of the initial daughter. That information need not be known-—
it is one of the answers provided by the method. Second, the method
is self-checking, providing the user with information about the degree
to which the sample has behaved as a closed system.

As the name implies, an isochron is a line of equal time. It is ob-
tained by analyzing several minerals from the same rock, or several
rocks that formed from the same source at the same time but with dif-
fering amounts of the parent and daughter elements. On a simple
graph, the amount of the parent isotope is plotted on the abscissa (x
axis) and the amount of the daughter isotope is plotted on the ordi-
nate (y axis), both values being normalized to (divided by) the amount
of a nonradiogenic isotope of the same element as the daughter. If the
samples have been closed systems since they formed, the points will
fall on a line whose slope is a function of the age of the rock. The in-
tercept of the line on the abscissa gives a measure of the initial daugh-
ter. At the moment, this description of the isochron may seem a bit
cryptic, but the method is really quite simple, as the next few para-
graphs will make clear.

The trick to the isochron diagram is the normalization of both
parent and daughter isotopes to a third isotope of the daughter ele-
ment. To see exactly what normalization does and how the isochron
works, let us first consider what happens when the data are not nor-
malized and consist solely of the amounts of the parent and daughter
isotopes, using the Rb—Sr decay scheme to illustrate.

Suppose that we separate three minerals, P, Q, and R, from
newly formed rock (f = 0), determine their contents of ¥Rb and ¥5r,
and plot this information on a graph. For simplicity, imagine that the
results can be expressed in small numbers of atoms. Mineral P is low
in both Rb and Sr, mineral Q is low in Rb and high in Sr, and mineral
R is high in Rb and low in Sr, so the graph looks like Figure 3.9a. At
t = 0, the positions of the points on this graph depend only on the
amounts of Rb and Sr in the minerals, i.e. they depend on the chemi-
cal composition of the minerals. If we reanalyze these minerals after
letting them sit for some length of time, until their age is t', the points
on our graph will have moved because of the decay of “Rb to ¥5r. In
each sample, the decay of one atom of ¥Rb results in an increase of
exactly one atom of ¥Sr, and so the points will have moved along tra-
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jectories of 45 toward decreasing ¥ Rb and increasing ¥ Sr (Fig. 3.9b).
Since the number of atoms of Rb that decay in any given period of
time is proportional to the number present, the distance the points
move along the trajectories is a direct function of their “Rb content.
Thus, if P decreases by one atom of “Rb, it will increase by one atom
of “Sr and end up at P’. Point Q will move two units to Q' because it
has twice the *Rb content of P. Point R has seven times as much ¥Rb
as P so it will move seven times farther along its trajectory.

What information does a diagram like that in Figures 3.9a and
3.9b provide? Not much. If we had all six of the values shown in Fig-
ure 3.9b then we could calculate an age for the rock because we would
know how far each point had moved along its trajectory, and that dis-
tance is a function of time. The fact is, however, that because we can-
not determine P, 3, and R, only P, ', and R', we have no way of
calculating the age, '. In short, we would be stymied by the initial
daughter problem. :

Let us see what happens when these same hypothetical data are
normalized. Normalization converts the isotopic data into ratios by
measuring the amounts of the parent and daughter isotopes relative
to that of another stable isotope of the daughter element, in this case
St. Any of the available Sr isotopes could be used (Table 3.2), but
there is some advantage in using an isotope as close as possible to the
daughter in both mass and natural abundance, and by convention
*5r is universally used for normalization. For simplicity, let us as-
sume that for every two atoms of ¥Sr in sample P there is one atom of
*Sr. From Figure 3.9 we can see that there are two atoms of ¥Rb in
sample P, so both ratios ¥ Sr/*Sr and ¥ Rb/*Sr for sample P are equal
to 2. If the ratio ¥Sr/*Sr is 2 for sample P, then it must also be 2 for
samples Q and R, so the data plot on a straight, horizontal line with
¥Sr/*Sr equal to 2 for all values of ¥Rb/*Sr (Fig. 3.9¢). The value of
7Sr/*Sr when ¥Rb/®Sr is zero, i.e. the intersection of the line on
the ordinate, is the initial isotopic ratio of ¥Sr to *Sr in the rock—in
this case 2.

Why are the Sr isotopic ratios the same even though the Rb and
St contents of the minerals vary? The reason is that when a rock
forms, all of the isotopes of any given element in the rock are homog-
enized. Consider, for example, the formation of a new rock by melt-
ing of an old rock. When the old rock is melted, all of the constituents,
isotopes and elements, are thoroughly mixed by convection of the
liquid and diffusion of the atoms throughout the melt. As the new
rock begins to solidify, the minerals crystallize according to definite
chemical rules that are governed by the composition, temperature,
and pressure of the melt. Some minerals form early and extract from
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the liquid those elements that constitute their crystals. This early crys-
tallization changes the elemental composition of the remaining liquid,
which leads to the formation of other minerals of different composi-
tion. Mineral species that form early in the process tend to incorpo-
rate more St than Rb, whereas those that form late tend to be high in
Rb and low in Sr. Even though the relative amounts of Rb and Sr vary
from mineral to mineral, however, the chemical processes of crystalli-
zation do not fractionate isotopes of the same element, so the isotopic
composition of the Sr and Rb is the same in all of the minerals. This
means that for a rock whose age is zero, the ratios of *”Sr to *Sr in all
of the minerals will be identical, whereas the ratios of ¥ Rb to *Sr will
vary from one mineral species to another.

As our hypothetical rock ages, the isotopic compositions of the
samples P, (3, and R will move along their respective trajectories as
before (Fig. 3.9d). Each decay of an atom of ¥Rb results in the addi-
tion of an atom of ¥5r, so as the ratio ¥ Rb/*Sr decreases there is a
corresponding increase in ¥ Sr/*5r, and the magnitude of change for
any given period of time is a function of the Rb content, or in this case
of the ratio ¥Rb/*Sr. With our normalized data, however, the points
P', ', and R" will always fall on a straight line whose slope is a direct
function of the age of the rock, i.e. the older the rock, the steeper the
slope of the line. Furthermore, this line will always intersect the ordi-
nate at the value of the initial isotopic composition of Sr. This must be
so because ¥ Rb is zero at this intersection, so there can be no increase
in ¥Sr over time. Thus, the isochron method gives both the age and
the initial amount of daughter isotope in a rock solely from its current
isotopic composition.

The equation for the isochron diagram is based on a simple
modification of Equation 3.5. For the Rb—Sr system Equation 3.5 is

¥Sr = (VSr), + (M — 1)"Rb (3.14)

where ¥5r and ¥Rb are the total amounts at time f and (¥ Sr), is the
amount of initial ¥ Sr at t = 0. We can normalize the isotopic values in
this equation by dividing all terms by the constant *Sr:

3781. 8781. B?Rb
= + (e —1 ;
58k (“Sr)0 (e ) B S 8.15) 5

This is the equation of a straight line of the form

y="b+mx (3.16)

where the initial Sr ratio is the intercept, b, on the y axis at a value, x,
of ¥Rb/*Sr = 0, and the term (e* — 1) is the slope, .
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When Equation 3.15 is solved for f and the appropriate value is
used for the decay constant, we have

#or  (Tor

®5r By
BTRb
S&Sr

t =7.042 X 10" log, i1 (3.17)

First, note the similarity of this equation to Equation 3.10. It is simply
the Rb-S5r age equation with the isotope values expressed as ratios
and a term for the initial ¥ Sr added.

Second, note what happens if we rearrange Equation 3.15

slightly.
= (=)
665 365
e —1= -% = slope (3.18)

®Sr

Now look again at equations 3.10 and 3.17 and Figure 3.9d. It should
be obvious that the slope of the isochron is simply the net change in
the ratio ¥ Sr/¥Rb over time f. It may also be apparent that the tangent -
of the angle 8 between the sloping isochron at { = ' and the horizon-
tal isochron at t = 0 is equal to ¥S5r/¥Rb, so that another way to ex-
press the relationship between age and slope is

t = 7.042 X 10 log, (tan 0 + 1) (3.19)

Next, let’s see what happens to the isochron when the Rb-5r
clock is reset. Suppose that the rock is completely melted and allowed
to recrystallize at some time 1", just shortly after #' (Fig. 3.9e). Melting
will rehomogenize the Sr isotopes, and the new minerals will once
again share the same initial ratio of *Sr to *Sr, but that ratio will be
higher than it was at t = 0 because of the decay of ¥ Rb from time t = 0
to t = t". Graphically, it is as if the isochron pivots about the isotopic
composition of the total rock (point x in Figure 3.9e) and becomes
horizontal again. The remelting and recrystallization have completely
reset the Rb—5Sr clock. A later age measurement will reflect the most
recent time of recrystallization and “initial” Sr isotopic composition—
the previous “age” and initial composition have been erased.

If the rock is not heated sufficiently to rehomogenize the Sr iso-
topes completely but enough so that Sr or Rb is allowed to move
about, then the clock may not be completely reset. In such a disturbed
system, there are a variety of things that can happen to the isotopic
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composition of and within the rock. Either Sr or Rb isotopes, or both,
may move in or out of the system, or the isotopes may simply be re-
distributed among the different minerals within the system. In such
instances the results are unpredictable in detail, but the isotopic ratios
for a system that has been disturbed almost invariably do not fall on
any sort of isochron.

To see why, consider an oversimplified example that involves
only the loss of ¥Sr from our hypothetical rock (Fig. 3.9f). Mineral R
is high in Rb and low in Sr because a Rb atom is chemically and physi-
cally more compatible with the particular chemistry and crystal struc-
ture of that mineral than is a Sr atom. This means that a ¥Sr atom re-
sulting from the decay of ¥Rb may find itself at a location within the
crystal at which it is less firmly bound than either the original ¥ Rb
atom or a ¥Sr atom incorporated into the crystal when it formed.
When the crystal is reheated, therefore, radiogenic ¥Sr atoms may be
lost more easily than either *Sr or “Rb atoms. The same will not nec-
essarily be true for mineral P, in which Sr is a more natural constitu-
ent. The ease with which radiogenic ¥Sr is lost from minerals P, (),
and R will be a function of many factors, such as chemical composi-
tion, crystal structure, and crystal defects, most of which are not di-
rectly related to the ratio ¥Rb/*Sr. Thus the movement of the com-
positions from P’, Q, and R’ to ", (', and R"” will not be an exact
function of YRb/*Srand so P”, Q", and R” will not fall on a line except
by a highly unlikely coincidence.

If we analyze the three minerals in our hypothetical rock and
obtain data P’, Q’, and R”, we cannot determine exactly which iso-
topes have moved, where they have gone, or what amounts were in-
volved. The data do, however, give us some very valuable informa-
tion—they clearly reveal that the rock has been disturbed since it was
formed, that the conditions of a closed system have been violated,
that the Rb—Sr clock was partially reset at some unknown time, and
that the age of the rock cannot be found from these particular data.

The effects of an incomplete resetting or disturbance are usually
much more complicated than the simple example shown in Figure
3.91. Isotopes may enter the system as well as leave, and there may be
exchange of ¥Rb, ¥Sr, and *Sr between different minerals. These
complications make it even less likely that the ratios will coinciden-
tally fall on a straight line or isochron. For all practical purposes, the
only way to move the isotopic compositions of samples from one iso-
chron to another is by either radioactive decay through time or com-
plete isotopic rehomogenization. Points that fall on an isochron, there-
fore, can confidently be interpreted as indicating the time of last
isotopic homogenization, i.e. formation or reformation of the rock.
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Thus, the isochron method is self-checking, providing not only the
prospect of an age but also a statement on its validity.

An example of a valid Rb-Sr isochron is shown in Figure 3.10a
in which data for the chondrite meteorite Tieschitz are plotted. Com-
pare this isochron with the scattered data for the dikes and sills of the
Precambrian Pahrump Group (Fig. 3.10b). For Tieschitz we can con-
fidently conclude that its age is 4.52 Ga; for the data to fall on an iso-
chron for any reason other than decay of ¥ Rb within a closed system
over time would be a highly improbable coincidence. For the Pahrump
dikes and sills, however, we can only conclude that the samples are of
different ages," have not remained closed systems since their forma-
tion, or both. There is no way to determine the age of the rocks from
these data, but neither do we face the prospect of calculating a Rb—Sr
age that is incorrect and misleading. If we had made only a single
analysis of any of the samples in Figure 3.10b our conclusions might
have been quite different. It would have been necessary to make some
estimate of the initial Sr composition and then calculate a simple ac-
cumulation age (sometimes called a model age) for the sample. The
chances are great that the calculated age would have been incorrect,
but, more seriously, we would have no way of knowing if it was.
Thus, the isochron method, while more work because it requires mul-
tiple analyses, is worth the effort because it is self-checking.

The simple isochron can be used for virtually any of the decay
schemes in Table 3.1. In practice, it is used extensively for the Sm-Nd,
Lu-HI, and Re-Os systems in exactly the way in which it is used for
Rb-5r dating, the only difference being the ratios expressed on the
ordinate and abscissa (Table 3.3). The mathematics (Equations 3.14
through 3.19) are also identical, requiring only the substitutions of
the proper isotope ratios (Table 3.2) and constants (Table 3.1). For the
U-Pb and K- Ar systems, slightly different diagrams are used for rea-
sons that we will examine.

The ® Ar/* Ar Age Spectrum and Isochron

The *Ar/” Ar method is a form of K-Ar dating in which the
sample is irradiated with fast nentrons™ in an atomic reactor to convert
a fraction of the ¥K, which is the most common isotope of K (Table
3.2), to ® Ar. The reaction of a fast neutron with a *K nucleus results
in the addition of a neutron and the ejection of a proton, which

12. Whenever data are plotted on an isochron diagram, the initial assumption is
that the samples (minerals or rocks) are of the same age and thus members of the same
system. If this is not true, then the data will not fall on an isochron.

13. “Fast” neutrons are more energetic than “slow” neutrons. The terms are not
precise ones, but energies above 0.02 MeV usually qualify neutrons as fast.
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Fig. 3.10. (a) A mineral and whole-rock Rb-5Sr isochron for the chondrite meteorite
Tieschitz. (After Minster and Allégre, 1979a.) (b) Plot of Rb-Sr data for samples from
igneous dikes and sills that intrude the Pahrump Group of the Panamint Mountains,
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Natural Abundances of the Isotopes Used in Radiometric Dating

Isotope Abundance (%) [sotope Abundance (%)
YK 93.26 *Ar 0.337
g 0.0117 N Ar 0.063
e 6.73 M Ar 99.60
“Rb 7217 Mgy 0.56
Rb 27.83 o or 9.87

8 Gy 7.04
sy 82.53
"Sm 3.0 H2Nd 27.3
Sm 14.9 "INd 12.3
"% m 11.2 M Nd 23.8
95 m 13.8 "Nd 8.3
PSm 7.4 HoNd 17.1
e m 26.8 " Nd 5.7
1S m 22.9 SO 5.6
71 97.4 A Hf 0.17
75Lu 2.6 6 Hf 5.2
7 Hf 18.5
178 Hf 27.2
YOHf 13.8
180 35.1
'Re 37.40 " 0s 0.02
$Re : 62.6 8 0g 1.6
e 1.6
b 20 13.3
%905 16.1
" Os 26.4
"= 0s 41.0
*Th 100.0 i pp 1.4
=06 P, 25.2

=iy 0.0057 W ph 21.7

i 0.72 208 p 51.7

U 99.27

NOTE: Abundances are for the Earth’s crust except for argon, which is for the atmosphere.
The isotopic abundances for those clements that include a daughter isotope vary because of
decay of the corresponding parent isotope. The isotope pairs used in radiometric dating are
indicated by arrows, ‘

SOURCES: Lederer, Holland, and Perlman, 1967; Faure, 1986.
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Fig. 4.14. Rb-5r isochron diagram for samples of the Amitsoq gnelsses at Isua. (After
Moorbath et al., 1977a.)
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(A) Accretion of a planetesimal 4.6 billion years ago. (B) Differentiation of interior to form iron core or meta-
morphosed rock 4.4 to 4.6 billion years ago.

(D) Deflection into inner solar system 1.0 to 0.1 billion,
years ago. '

(") Impact on Earth today.

(E) Further collisions less that 0.1 billion years ago.

Figure 3.15

i ; The evolution of asteroids as meteorite p
The events that led to the delivery of fragments o
planets are emphasized.

arent bodies is summarized in this diagram.
f the asteroids to Earth and other inner
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Figure 4-2. Evolution of strontium isotope composition in minerals
of differing rubidium contents: The light lines on this diagram show the
evolution with time (billions of years) of the 87Sr and #Rb in meteorites. The
measurements on mineral grains separated from chondritic meteorites tell
us two things. First, they tell us that there were 700 ¥Sr atoms for each 1000
86Sr atoms in the strontium present in the solar nebula. Second, they tell us
that these meteorites formed very close to 4.56 billion years ago. The former
is derived from the intercept of the straight line that passes through the
measured values. The latter is derived from the slope of the line passing
through these points. Each grain followed a time trend parallel to that for
the arrow shown on the diagram. At the time the solar system formed all
the grains had compositions falling along the line marked zero, i.e., they had
a range of 8Rb to 865r ratios, but all had 700 #Sr atoms per 1000 86Sr atoms.
With time each grain increased in #Sr content (and decreased in 87Rb con-
tent). This increase was in proportion to its 87Rb content.
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Fi¢. 6.12. Lu-Hf isochron for 13 eucrites (filled circles). The open circles are data for
the antarctic eucrite ALHA77302, which do not fall on the isochron defined by the

0.12

other eucrites. The age was calculated by using the experimentally determined value

for the half-life of 7°Lu (Table 3.1). (After Patchett and Tatsumoto, 1980, with addi-

tional data from Tatsumoto, Unruh, and Patchett, 1981.)
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' i diagram (opposite),
Fig. 5.1. The near side of the Moon, photograph (above) and diagran
shéowing some of the principal named features and the locations of the six Apkolllod(Alz
and three Luna (L) landing sites from which samples were returned to Earth. "ll; Sb ar _
smooth areas are 'maria; the brighter rugged areas are terrae (highlands). (Llc_ ser

vatory Photograph L-9, reproduced with permission.)



1-?.;?

Fig. 5.5. Geologist Harrison H, Schmidt, the only scientist to land on the Moon, exam-
ines the large boulder at Station 6 near the Apollo 17 landing site in the Taurus—Littrow
Valley. The complex breccia boulder rolled downhill from the adjacent highlands. The
ubiquitous lunar regolith, which is composed of comminuted rock, glass, and rock
fragments, is the product of repeated meteorite impacts and radiation. None of the
rocks visible in the photograph are “in place” where they originally formed. Note the
numerous small craters in the regolith. (NASA photograph AS517-140-21497.)
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Fig. 5.18. Rb-Sr isochron for lunar dunite 72417. Open circles, chips of whole rock;
filled circles, symplectites; square, olivine. All data were used in the isochron fit. (After
Papanastassiou and Wasserburg, 1975.) ‘

4



Now —

Phanerozoic

time; many

dated events

Proterozoic

and Archagan

time; few

dated events
o
o
(18]
v
|
(e}
@
>
Y
o

L» o

{ o
0
E
Q
o
<

6_-

Y

0.570: Beginning

[ of Cambrian Period

3.8-3.9: Supracrustal
rocks; Greenland
and Canada

4.54: Last time Solar
System Pb isotopes
homogenous

4.5-4.6: Oldest
meteorites and
Moon rocks

Age ( billions of years ago )

18 —

L

A

"

20—

—d
==

8.6-15.7:

First heavy

elements
in Galaxy

,

14-18:

Globular
cluster

stars

1-20:
> Big
Bang

_J

Fig. 1.2. Linear time scale of some important and datable events in the history of the
Earth, the Solar System, the Galaxy, and the universe. The bases for the ages are dis-
cussed in chapters 4 through 8.
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Figure 4-1. Evolution of the isotopic compositions of Sr and Rb in
chondrites: The boxes in each of the six groupings on this diagram repre-
sent the naturally existing isotopes of elements strontium and rubidium. They
are arranged as they would be on a chart of the nuclides. In the upper left
grouping are shown the relative (to 1000 atoms of #55r) amounts of these
nuclides found today in a typical chondritic meteorite. Using the half-life
of 87Rb (49 billion years), it is possible to calculate the amount of 87Rb in this
chondritic meteorite 1, 2, 3, 4, and 5 billion years ago. Since one 87Sr atom
was produced for each 87Rb atom that decayed, it is also possible to calculate
how many #Sr atoms were present at each of these times. Since the remaining
four isotopes are not radioactive and are not produced by the radiodecay of
any other nuclide, their amounts do not change with time. The purpose of
this exercise is to show that if the age of meteorites is in the range from 1
billion years to even 10 billion years, no more than about 15 percent of their
87Sr atoms can have come from radiodecay. Most of the 87Sr must have been
there when the meteorite formed!
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Fig. 5.1. The near side of the Moon, photograph (above) and diagram (opposite),
showing some of the principal named features and the locations of the six Apollo (A)
and three Luna (L) landing sites from which samples were returned to Earth. The dark
smooth areas are ‘maria; the brighter rugged areas are terrae (highlands). (Lick Obser-
vatory Photograph L-9, reproduced with permission.)



(A) Stage I. Formation of Moon by accretion (about
4.55 billion years ago) created densely cratered terrain
over the entire surface of the Moon. The outer layers of
the Moon may have been completely molten before this
surface was shaped.

(B) Stage II. The formation of multiring basins
(Imbrium Basin formed 3.9 billion years ago) is attributed
to the impact of asteroid-sized bodies. The infall of these
meteoritic bodies may represent the final stages of accre-
tion. Remnants of this cratered surface are preserved in
the lunar highlands.

(C) Stage III. Extrusion of the mare basalts (from
about 4 billion to perhaps 2.5 billion years ago) was a
n ‘estation of a major thermal event in lunar history,
wiuch occurred when the lithosphere was still relatively
thin. Lava flows filled many of the multiring basins on the
Moon’s near side and in some areas they covered parts of
the highlands that lack obvious multiring structures.

(D) Stage IV. Relatively light meteorite bombard-
ment (from 3.2 billion years ago to the present) formed
some craters with bright rays, but the rate of cratering
has been greatly reduced. The lunar landscape has
changed little during the last 3 billion years.
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Apollo 17
181 (30 samples)

=
53 P O (2 S R

3.4 35 36 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4 45 46
147

Apollo 16
107 (29 samples)

T T

2l BN |

1A IHF%%:.igfzf,fiiilf:'}.l no

34 35 36 38 39 40 41 42 43 44 45 4%

‘q Luna 20
N2
N (4 samples) | .Hj | | | | _an a |

34 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4 45 46

i 4 Apollo 15
21 (4 samples)
0 T T T T T T T T T @_ T 1
3.4 35 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6
14- ]
27  Sleh - O ©Ar/SAr
104 (18 samples) - Rb— Sr
nlnn
N 8] Ban 00 Sm-Nd
6 7 T = U-Pb
R
41 B ]
2 alnZn70a07%
O T T |—l !‘[W 37K : [_] m T T T T 1

3.4 3.5 3.6 3.7 3.8 39 4.0 41 42 43 4.4 45 4,6
Radiometric age (Ga)

Fig. 5.12. Data on 260 radiometric age measurements on 85 samples from the lunar
highlands. The ages included have analytical uncertainties of 0.1 Ga or less at the 95%
level of confidence (two standard deviations).
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