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RADIOMETRIC DATING, GEOLOGIC TIME, AND THE AGE OF THE EARTH:
A REPLY TO "SCIENTIFIC" CREATIONISM

by
G. Brent Dalrymple, Ph.D.
U.S. Geological Survey
345 Middlefield Road
Menlo Park, CA 94025
INTRODUCTION
"Scientific" creationism, as represented by Morris (1974, 1977),
Kofahl and Segraves (1975), and others is a model for the creation and
history of the universe based on a literal interpretation of parts of the

book of Genesis. These authors claim that "scientific" creationism is a
legitimate scientific theory that explains extant scientific observations
about the history of the universe, the Earth, and living things as well as,
if not better than, the current theories and concepts of chemistry,
physics, biology, geology, and astronomy. Although clearly religious
apologetics and not a scientific theory, many of the major tenets of
"scientific" creationism can be tested as if they were rational scientific
hypotheses. Two of the principal geologic propositions of the creation
model are that the Earth is only about 6,000 to 10,000 years oid (Morris,
1974; Kofahl and Segraves, 1975; Slusher, 1980) and that nearly all of the
sedimentary rocks on the Earth were deposited in about one year during a
worldwide flood that occurred about 7,000 to 9,000 years ago1 (Morris and
Whitcomb, 1961; Morris, 1974; Kofahl and Seagraves, 1975). These two

"hypotheses" are contrary to a vast and consistent body of scientific data

and are demonstrably false.
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No worldwide divisions of the Precambrian have been devised, although
various local classifications exist. By definition, the Precambrian em-
braces the time between the origin of the earth and the beginning of
the Cambrian Period.
4550

Figure 1. Simplified geological time scale. The
relative order of the eras, periods, and epochs
was determined on the basis of stratigraphy and
paleontology. The time scale was independently
confirmed and quantified by radiometric dating.
After Harbaugh (1974). Ages are based on the new
IUGS decay constants.



The ages of the various rock formétions, the Earth, the Moon, and
meteorites have been measured using radiometric (also called isotopic)
dating techniques--- atomic clocks within the rocks themselves that, if
properly used, reveal the elapsed time since the rocks formed. There is
overwhelming scientific evidence that the oldest rocks on the Earth are 3.6
to 3.8 billon years old, that the oldest rocks on the Moon are 4.4 to 4.6
billion years old, that the oldest meteorites are 4.5 to 4.6 billion years
old, and that the Earth, the Moon, and meteorites all formed about 4.5 to
4.6 billion years ago. In addition, these same dating techniques have
conclusively verified and quantified the relative geologic time scale (Fig.
1), which was independently deduced by stratigraphers and paleontologists
on the basis of nearly two centuries of careful scientific observations of
the sequence of sedimentary rock units and fossils.

In defense of "scientific" creationism, Slusher (1973), Morris (1974),
and Kofahl and Segraves (1975) have argued that radiometric dating
techniques are unreliable and that the scientific data support their belief
in a very young Earth. The purpose of this paper is to explain the basic
principles of the major radiometric dating methods, to illustrate how they
are used to determine the ages of rocks, to show that they provide reliable
and consistent age data when properly applied, and to review briefly the
evidence for the age of the Earth and the solar system. I will also show
that the arguments used by the proponents of "scientific" creationism to
discredit radiometric dating are without scientific merit.

The topics covered herein are the subjects of volumes, and this paper
is not a comprehensive treatment. It is an explanation, written for the
intelligent layman, rather than a thorough review. I have, however,
included sufficient references to current texts and to the scientific

literature to enable readers to pursue any topic on which they desire
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additional information. If there is any point about which readers are
doubtful, I strongly urge that they plunge in and learn for themselves.
The evidence is &ll in libraries open to the public.

I have intentionally avoided the use of ﬁathematics and formulae in
favor of descriptive text except where absolutely necessary to illustrate
some of the fundamentals of radiocactivity and radiometric dating. Readers
should be aware, however, that the quantitative aspects of the various
radiometric dating techniques are expressed by formulae that can be
rigorously derived. The various mathematical expressions, their
derivations, and their rationale can be found in the references cited. I
have also not included any discussion about the way in which the various
measurements are made. These also are covered in other literature and are
apt not to be of sufficient interest to the average reader to warrant the
space required to describe them.

The advocates of "scientific" creationism frequently point to apparent
inconsistencies in radiometric dating results as evidence invalidating the
techniques (for example, Woodmorappe, 1979). This is akin to concluding
that all wristwatches do not work because the one on your arm does not keep
accurate time. In fact, the small number of "wrong" ages are nearly all
due to unrecognized geologic factors, to unintentional misapplication of
the techniques, or to technical difficulties. Also, some of the examples
cited by the proponents of "scientific" creationism are not anomalous but
instead are misrepresentations by the creation "scientists" of radiometric
dating techniques and the way in which they are used. Like any complex
procedure, radiometric dating does notv work all the time under all
circumstances. Each technique works only under a particular set of
geologic conditions. In addition, scientists are continually learning,

improving techniques, and sharpening methods of interpretation, and some of
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the "errors" are not errors at all but are simply results obtained in the
continuing effort to improve the methods and their application. There are,
to be sure, inconsistencies, errors, and results that are not understood,
but these are very few compared to the vast body of consistent and sensible
results that clearly indicate that the methods do work and that the
results, properly applied and carefully evaluated, can be trusted.

A favorite claim of creation "scientists" is that geologists have
somehow devised the geologic time-scale and an ancient age for the Earth in
order to provide adequate time for the biologists’' theory of evolution (for
example, Morris, 1974; Slusher, 1980). The idea that the theory of
evolution and the age of the Earth are the result of a conspiracy is
absurd. I have no reason whatsoever to want the age of the Earth to be any
more or less than it happens to be. I would take great delight in proving
that the Earth is only 10,000 years old if it were possible to do so. As
for the biologists, they are entirely on their own--they will have to make
do with whatever we geologists are able to discover about the age and
history of the Earth. If there is a conspiracy of "evolutionists”, neither

I nor my colleagues were invited to join.
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FUNDAMENTALS OF RADIOMETRIC DATING

Radiometric dating techniques are based on the decay of natural,
long-lived radioactive isotopes2 (the parent) of certain elements,
incorporated into a rock or mineral at the time of formation, into qther
stable isotopes (the daughter). To understand how these techniques work,
it is necessary to understand a bit about the process of radicactive decay.

Radioactive decay is a statistical process in which the number of
atoms that decay per unit of time is proportional to the number of atoms
present. While at first this statement may seem to defy logic, it really
does not. The probability that any given atom will decay within ény given
period of time is exactly the same for all atoms. Each atom decays
independently of all others, so the more there are, the more decays occur.
Radioactive decay is not the only natural process that works in this way.

There are many circumstances in nature where the rate of

2 The atoms of elements are composed of protons, neutrons, and electrons.
Protons are positively charged particles that reside in the atomic nucleus.
Electrons are negatively charged particles that orbit the nucleus. The
mass of an electron is only about 1/1840 that of a proton. Neutrons are
electrically neutral particles of about the same mass as a proton and also
reside in the nucleus. The chemical characteristics of an element and the
number of electrons in a neutral atom are determined by the number of
protons in the nucleus. If a proton is added or subtracted, then the atom
changes to that of another element. For example, if a proton is added to
the nucleus of a helium atom, then the atom becomes a lithium atom. Nearly
all elements may contain a variable number of neutrons. The addition or
subtraction of a neutron to or from the nucleus of an atom does not change
the element, but does change the atomic mass and may make the nucleus
unstable, causing it to become radioactive. By convention, the number of
neutrons plus protons are indicated by a left-hand superscript to the
elemental symbol. Thus hydrogen of mass two (one proton and one neutron)
is written "H. Atoms of an element with differing numPgrs ?§ neutro?z in
the nucleus are called isotopes of the element. Bus C, and C are
'§ot0pes of carbon. All Eontain six protons P C contalns six neutrons,

C seven neutrons, and C eight neutrons. C is unstable and
radioactive. A1 uclide 1§8any ato§3glth differing numbers of neutrons and
protons. Thus C, C, 0, and U are all nuclides. If an isotope or
nuclide occurs in nature, it is called a natural isotope. Isotopes created
in the laboratory are called artificial, although there is nothing
artificial about them at all.
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growth3 is directly related to the size of the growing quantity. The
growth of the world's population is one example---the more people there
are, the faster the population‘grows provided that the birth rate is
qonstant. In radiocactive decay, as the number of decaying atoms decreases,
the fewer parent atoms there are fo decay so the rate decreases
proportionately. This type of growth is sometimes called "organic growth"
because so many organic processes exhibit it.

If the rate of decay is proportional to the number of decaying atoms
present, then there should be some simple formula that can be used to
predict the number of radiocactive parent atoms left after any given amount
of time has elasped, and indeed there is. This basic radioactive decay

equation, which is also the basis for radiometric dating techniques, is
p,=p e~ A? (1)

where Po is the number of parent atoms at some starting time, Pt is the
number of parent atoms left after a time t has elasped, and A is the decay
constant, which is the probability that any given atom will decay in some
choosen period of time (i.e., year, minute, or second). The letter "e"
signifies the fundamental mathematical constant4 equal to 2.71828+.

The type of equation represented by equation (1) is called an exponential
equation because it contains the constant e raised to some power. All
types of organic growth, whether truly organic or physical, can be

described by exponential equations. Readers interested in the derivation

E Or decrease, which is simply negative growth.

4 e is one of the most important and interesting of mathematical constants,
having many fundamental and unique properties. For additional information
on this mathematical marvel, the reader is referred to an article by
Gardner (1961).
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of this formula, which is straightforward but requires a modest knowledge
of the calcuius, are referred to Dalrymple and Lanphere (1969), Faure
(1977), or nearly any text that deals with radioactivity or radiometric
dating.

Because radioactive decay is a statistical process, it is not possible
to tell exactly when any particular atom will decay. Also, if the number
of parent atoms is small, it is not possible to predict exactly how many
will decay in any given period of time. For large numbers of atoms,
however, the statistical uncertainty becomes vanishingly small and we can
predict with great accuracy, using equation (1), exactly how many will
decay in a particular period of time. Fortunately, the numbers of atoms in

5

even small amounts of natural substances are large” so the statistical
uncertainties of radioactive decay are of no practical concern.

A term familiar to most people is the half-life, t1/2. This is the
length of time required for exactly one~-half of the parent atoms
to decay. Once the decay constant is known (more on this later) the
half-life can be found from equation (1) by setting Pt=(1/2)Po and solving

for t. (Readers who are allergic to math may skip equations 2 through 5,

glance at 6, and read on).

(1/2) B, = B e” At1/2 (2)
1/2 = &= A 2 (3)
log, (1/2) = - Aty s (4)
log, 2 =At, /o (5)

log 2 0.693
t = ___9_ D mmwm—— (6)
1/2 A A
5 As1%ittle as 0.000001 gram of carbon, for example, still contains 5
x 10 atoms.
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This calculation also shows the simple and direct relation between the
decay constant and the half-life. Note also that the half-life is a
constant and is not related to the number of atoms present.

As it stands, equation (1) is not very useful for radiometric dating
because we cannot determine the original number of parent atoms, Po' There
is, however, an easy solution to this problem. In any closed system, the
sum of the number of parent atoms left, Pt’ and the number of daughter

atoms formed, D _, must equal the original number of parent atoms, Po'

%

P =P +D, (7)

If we now substitute P.+D_ for P_ into equation (1), then

~ - At
P =(P.+D,)e (8)
and
) At
Dt = Pt (e "1)0 (9)
This equation can be solved for ¢
D
1
t= -1- log, (--2= + 1), (10)
A e P,

which is the basic age equation and contains only quantities that can be
measured today in the laboratory.6

If the rock to be dated contained none of the daughter isofope at the
time of formation and the rock remained closed to gain or loss of parent
and daughter, then at any later time the age of the rock could be found
from equation (10) after measuring D, and P, in the laboratory. If the
rock incorporated some of the daughter isotope at the time of formation,

then we would have to subtract the amount of this initial daughter, Do’

log means logarithm to the base e. Values of log can be found in math
tables or computed with many of the modern pocket calculators.
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before we could calculate the correct age

=\—%— log  (-==-= +1), (11)

where Dt is now the total number of atoms of the daughter present.
Although at first glance it may seem that the requirement of knowing Do is
a formidable limitation to the accuracy of radiometric dating, for the
principal methods, the quantity D0 is either zero or negligible or is not
required in the age calculation.

Each radiometric dating method has its own special set of
requirements, but all have three requirements in common.

These are:

1. Radioactive decay must be constant and predictable.

2. The rate of decay must be known.

3. The analyses must be of sufficient quality to give

geologically meaningful results.

The last requirement can be disposed of easily. Modern analytical
methods and instruments are routinely capable of yielding measurements of
parent and daughter isotopes of much higher precision than is necessary for
most geologic problems. With regard to the sensitivity of ' 4¢
instrumentation, Slusher (1973, p.35) has stated:

"Now, the radioactivity of carbon-14 is very weak
and even with all its dubious assumptions the
method is not applicable to samples that supposedly
go back 10,000 to 15,000 years. In those intervals
of time the radiocactivity from the carbon-14 would
become so weak that it could not be measured with
the best of instruments. Claims have been made
that dating can be done back to from 40 to 70
thousand years, but it seems highly improbable that
instruments ?guld measure activity of the small

amounts of C that would be present in a sample
more than 15,000 years old."
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This statement was as untrue in 1973 as it is today. Modern counting
instruments, available for more than two decades, are capable of counting
the activity of the 14C in a sample as o0ld as 35,000 years in an ordinary
laboratory and as old as 50,000 years in laboratories constructed with
special shielding against cosmic radiation. New techniques using
accelerators and highly sensitive mass spectrometers, now in the
experimental stage, have pushed these limits back to 70,000 or 80,000 years

and may extend them beyond 100,000 years in the near future.

CONSTANCY OF RADIOACTIVE DECAY

Most radioactive decay involves the ejection of one or more sub-atomic
particles from the nucleus. Alpha (x) decay occurs when an alpha particle
(a helium nucleus), consisting of two protons and two neutrons, is ejected
from the nucleus of the parent isotope. Beta (p’) decay involves the
ejection of a 8 ~ particle (an electron) from the nucleus. Gamma (¥) rays
(very small bundles of energy) are the device by which an atom rids itself
of excess energy. Because these types of radioactive decay occur
spontaneously in the nucleus of an atom, the decay rates are, in essence,
unaffected by physical or chemical conditions. The reasons for this are
that the distances over which nuclear forces act are much smaller than the
distances between nuclei, and that the amounts of energy involved in
nuclear transformations are much greater than the amounts of energy
involved in normal chemical reactions or normal physical conditions. Put
another way, the "glue" holding the nucleus together is very effective and
the nucleus is very well insulated from the external world by the electron

cloud surrounding every atom. This combination of insulation of the
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nucleus and the strength of nuclear binding is the reason why scientists
must use powerful accelerators or atomic reactors to penetrate and induce
changes in the nuclei of atoms.

A great many experiments have been done in attempts to change
radioactive decay rates, but these have invariably failed to produce
significant changes. It has been found, for example, that decay constants
are the same at a temperature of 2000°C or at a temperature of -186°C, and
are the same in a vacuum or under a pressure of several thousand
atmospheres. Changes inot,ﬁ', and ¥ decay rates are theoretically
possible, but theory alsc predicts that such changes would be very small
(Emery, 1972) and would not affect dating methods.

There is a fourth type of decay that can be affected by physical and
chemical conditions, but only very slightly. This iype of decay is
electron capture (ec), in which an orbital electron falls into the nucleus
and a proton is converted into a neutron. Because this type of decay
involves a particle outside of the nucleus, the decay rate may be affected
by variations in the electron density near the nucleus of the atom. For
example, the decay constant of 7Be in the metal and in several beryllium
chemical compounds varies by as much as 0.07 percent (Emery,\{972). The
only isotope of geologic interest that undergoes decay by electron capture

is 4OK, which is the parent isotope in the K-Ar method. Measurements of

the decay rate of 4OK in different substances under a variety of conditions
indicate that varying the chemical and physical environment has no
detectable effect on its electron-capture decay constant.

Another type of decay for which small changes in rate have been

observed is internal conversion (IC). Internal conversion, however, is a

process whereby an atom goes from one energy state to a lower energy state.
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It does not involve any elemental transmutation and is, therefore, of
little interest with regard to geologic dating methods. Slusher (1976,
p.283) states that, "there is excellent laboratory evidence that external
influences can change the decay rates”, but the examples he cites are
either IC decays or ec decays in which the changes in rates are exceedingly

57

small. Slusher (1973) claims that the decay rate of Fe has been changed

57

by as much as 3% by electric fields, but this decay is an IC decay and Fe

remains 57Fe.

Note, however, that even a 3% change in the decay constants
of our radiometric clocks would still leave us with the inescapable
conclusion that the Earth is more than 4 billion years old.

Morris (1974) has claimed that free neutrons might change decay rates,
but it is clear from his arguments that he does not understand either
neutron reactions or radioactive decay. Neutron reactions do not change
decay rates but instead transmute one nuclide to another. The result of
the reaction depends on the properties of the target isotope and the energy
of the penetrating neutron. There are no neutron reactions that produce
the same result as either beta or alpha decay. A n,p reaction (neutron in,
proton out) produces the same change in the nucleus of an atom as electron
capture decay, but there are simply not enough free neutrons in nature to
affect any of the isotopes used in radiometric dating. If enough free
neutrons did exist, they would produce other measureable nuclear
transformations in common elements that would clearly indicate the
existence of such a process.

Morris (1974) also suggests that neutrinos might change decay rates,
citing a column by Jueneman (1972) in Industrial Research. The subtitle of
Jueneman's columns, which appear regularly, is, appropriately, "scientific
speculation”. He speculates that neutrinos released in a supernova

explosion might have "reset" all of the radiometric clocks. Jueneman
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describes a highly speculative hypothesis that accounts for radioactive
decay by interaction with neutrinos rather than by spontaneous decay, and
he notes that an event that temporarily increased the neutrino flux might
“reset" the clocks.

It is important to note that Jueneman did not propose that decay rates
would be changed, that he did not state how the clocks would be reset, and
that there is no evidence to support his speculation. Neutrinos are
particles with no charge and very small or possibly no rest mass and are
emitted during beta decay. Their existence was proposed by Pauli in 1931
to explain why beta particles are given off with a wide range of energies
from any one isotope, rather than with a constant energy. The "missing”
energy is carried off by the neutrino. Because they have no charge and
little or no mass, neutrinos do not react much with matter -- most pass
unimpeded right through the Earth -- and‘can be detected experimentally
only with great difficulty. It is highly unlikely that neutrinos could
have any effect on decay rates or produce nuclear transmutations in
sufficient quantity to have any significant effect on our radiometric
clocks.

Slusher (1976, p.283) states, "evolutionist geologists have long
ignored the evidence of variability in the radii of pleochroic haloes,
which shows that the decay rates are not constant and would, thus, deny
that some radioactive elements such as uranium could be clocks.” In a
review of the subject, however, Gentry (1973) concludes that the data from

7

pleochroic halo' studies are inconclusive on this point--the uncertainties

7 Pleochroic haloes are rings of discolored areas around radiocactive
inclusions in some minerals. The discoloration is caused by radiation
damage in the crystals by & particles. The radii of the rings are
proportional to the energies of the & particles.
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in the measurements and other factors are too great.

Thus, there are both theoretical and experimental reasons to
conclude that radioactive decay rates are constant within the range of
physical and chemical conditions affecting focks available to scientists.
There is also no evidence of any mysterious perturbing factors, such as
those invoked by Morris (1974). Confirmation of the constancy of decay
also comes from the large body of concordant radiometric age measurements
on the rocks themselves. Some examples of these data will be discussed

later.

DECAY CONSTANTS

The decay constants of the parent isofopes used in the principal

radiometric dating methods, including 2°°U, 220U, 22°m, 8Tgy, 40

14,

Th, K, and

, are all known to an accuracy of a few percent or better from

direct laboratory experiments. These experiments usually involve counting
the number of particles emitted per unit time from a known quantity of the
parent isotope. In the early days of radiometric dating, when techniques
were first being developed and laboratory instruments lacked the precision
and reliability of those now available, some of the constants were not well
known and had to be estimated by comparing results from two or more dating
methods. But all of the constants have been known to within 5-6 percent or
better for nearly three decades (see Aldrich and Wetherill, 1958; Wetherill
1966).

Because of its very long half-1ife (49 billion years), the 87

Rb decay
constant is difficult to measure in the laboratory, but recent experiments
by Davis and others (1977) seem to have solved that problem. The 87ryp

decay constant is still the least well known of the common decay constants,
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but the uncerfainty amounts t§ no more than two percent, probably less.
The decay constants for 4OK that were in use from about 1958 to 1976 were
known from physical laboratory experiments done in the 1950's (Aldrich and
Wetherill, 1958).

In 1976, the Subcommission on Geochronology of the International Union
of Geological Sciences (IUGS) evaluated the decay and abundance constants
of uranium, thorium, rubidium, strontium, and potassium and adopted a
uniform set of values based on the bes{ experimental data (Steiger and
Jiger, 1977). These values are now in use in most laboratories throughout
the world.

Some authors have criticized the reliability of radiometric dating by

87

claiming that some of the decay constants, particularly those for ~'Rb and

4°K, are not well known (Cook, 1966, 1968; Slusher, 1973; Morris, 1974),
but they fail %o qite the relevant literature on the subject. The fact is
that neither the decay nor abundance constants are a significant source of
error in any of the principal radiometric dating methods. Readers can
easily satisfy themselves on this point by reading the paper by Steiger and
J;ger (1977) and the references cited therein.

A final word about decay constants. By mutual agreement, most
laboratories use the same values so that ages produced by different
laboratories may be easily compared. Several times over the past three
decades there have been changes in these accepted values because of better
measurements. These changes have been made only when enough new data
became available to ensure fthat the change was worth the trouble. In some
instances, several values are in current use. For example, the journal
Radiocarbon, which catalogs nearly all 140 ages, still uses the pre-1962

half-life of 5568 + 30 years instead of the more accurate value of 5730 +

40 years so that all ages in the catalog are comparable. This is simply a
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convention of which scientists are aware, and ages are converted from one
half-life to another when necessary. Most papers published after about
1977 use the IUGS decay constants recommended in Steiger and Jager (1977)

238U 235, 232 87 40

for u, Th, Rb and "~"K; those published before may use
slightly different values. The examples used in this paper were not all
calculated with fthe same decay constants. I have not bothered to
recalculate all of the various examples because it is ftime-consuming and
unnecessary for the purposes of this paper. The resulting changes would
amount to only a few percent or less, depending on the particular examples

involved.

RADIOMETRIC DATING METHODS

There are a number of long-lived radiocactive isoftopes used in
radiometric dating, and a variety of ways in which they are used to
determine the ages of rocks, minerals, and organic materials. Some of the
isotopic parents, end-product daughters, and half-lives involved are given
in Table 1. Sometimes these decay schemes are used individually fto
determine an age (e.g., Rb-Sr) and sometimes in combinations (U-Th-Pb).
Each of the various decay schemes and dating methods has unique
characteristics that make it applicable to particular geologic situations.
For example, a method based on a parent isotope with a very long half-life,
such as 147Sm, is not very useful for measuring the age of a rock only a
few million years old because insufficient amounts of the daugnter isotope

accumulates in this short time. Likewise, the '

C method can only be used
to determine the age of certain types of young organic material and is
useless on old granites. Some methods work only on closed systems, whereas

others work on open systems.8 The point is that not all methods are

applicable to all rocks of all ages. One of fthe primary functions of the
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Table 1.

radiometric dating.

Principal parent and daughter isotopes used in

Half-1ife
(years)

- T - . T ———— - - T = T T - "

potassium-40 (4OK)
rubidium-87 (
carbon-14 (140)
uranium-235 (235U)

uranium-238 (2°%y)

thorium-232 (°22Th)
lutetium-176 (176Lu)
rhenium-187 (187Re)

samarium-147 (147Sm)

End-product (daughter)

isotope
argon-40 (40Ar)
strontium-87 (ZTsr)
nitrogen-14 (14N)
lead-207 (2%7pb)
lead-206 (2%°pb)
lead-208 (°%8pp)

nafnium-176 ('7°u£)

143

osmium-187 (

neodymium-143. ( "“Nd)
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4.
5.
7.
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73
04

4.47

1

1
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3.
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5
3
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X
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1010
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10°
10'0
10'0
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1011
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dating specialist (sometimes called a geochronologist) is to select the
applicable method for the particular problem to be solved, and to design
the experiment in such a way that there will be checks on the reliability
of the results. As we shall see, some of the methods have internal checks,
so that the data themselves provide good evidence of reliability or lack
thereof. Sometimes the relative sequence of rock units, as determined
independently by the geologist in the field, can be used to check the
dating results. PFrequently the dating is done on several samples of
different type from the same unit, or by more than one method. Most
scientists are very hesitant to trust a single age on a single sample as
being definitive.

This paper is too short to review and discuss all of the dating
methods in use. Instead, I will describe briefly only the four principal
methods. These are the K-Ar method (including the newer 40Ar/39Ar
technique), the Rb-Sr isochron method, the U-Pb concordia-discordia method,
and the 140 method. These four methods are the ones most commonly used by
scientists to determine the ages of rocks, Earth history, and ancient
cultural artifacts because they have the broadest range of applicability
and are very reliable when properly used. For additional information on
these methods or on methods not covered here, readers are referred to the
books listed below, which are probably the best available sources on the
Jsubjects listed. 1In particular, the book by Faure (1977) is current,
comprehensive, and covers in considerable detail nearly all of the methods

in use as well as the fundamentals. For lighter and easier

A closed system is one in which neither matter nor energy enters or
leaves. A system that is not closed is an open system. A "system" may be
of any size, including very small (like a mineral grain), or very large
(l1ike the entire universe). For radiometric dating the system, usually a
rock or some specific mineral grains, need only be closed to the parent and
daughter isotopes.
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reading, the book by Faul (1966) might be the best starting point.

Sﬁbject Reference

all methods Faure (1977), Faul (1966),

York and Farquhar (1972)
40, . ,39

K-Ar and Ar/77Ar Dalrymple and Lanphere (1969),
Jiger and Hunziker (1979)

Rb-Sr Faure and Powell (1972)

U-Th-Pb methods Doe (1970),

Jéger and Hunziker (1979)

Fission track dating Fleischer and others (1975),
Jiger and Hunziker (1979)

THE X-Ar METHOD
The K-Ar method is the most widely used radiometric dating technique

available to geologists. It is based on the radiocactivity of 4OK, which

undergoes dual decay by electron capture to 4OAr and by beta emission to

40 40

Ca. The ratio of “OK atoms that decay to *OAr to those that decay to

40Ca is 0.117, which is called the branching ratio. Because 40Ca is

practically ubiquitous in rocks and minerals and occurs in relatively large

amounts, it is usually not possible to correct for the 40

Ca initially
present (the initial daughter problem) and the Ca method is rarely
used for dating. 4OAr, however, is an inert gas that escapes easily from
rocks when they are heated, but is trapped within the crystal structures of
many minerals after a rock cools. Thus in principle, while a rock is

40Ar formed by the decay of 4OK escapes from the liquid. After

40

molten the
the rock has solidified and cooled, the radiogenic Ar is trapped within
the solid crystals like a bird in a cage and accumulates with the passage
of time. If the rock is heated or melted at some later time, then some or
all of the 4OAr may be released and the clock partially or totally reset.

In the process of analysis, a correction must be made for the
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9

atmospheric argon” present in most minerals and in the vacuum apparatus
used for the analyses. This correction is easily made by measuring the
amount of 36Ar present and, using the known isotopic composition of
atmospheric argon (40Ar/36Ar = 295.5), subtracting the appropriate amount

of 40Ar that is due to atmospheric contamination. What is left is the

40

radiogenic Ar. This correction can be made very accurately and has no
appreciable effect on the calculated age unless the atmospheric argon is a
very large proportion of the total argon in the analysis. The
geochronologist takes this factor into account when assigning experimental
errors to the calculated ages.

The K-Ar method has two requirements in addition to the general
requirements discussed earlier. First, there must be no argon other than
that of atmospheric composition trapped in the rock or mineral when it
forms. Second, the rock or mineral must not lose or gain either potassium
or argon from the time of its formation to the time of analysis. By many
experiments over the last three decades, geologists have learned which
types of rocks and minerals meet these requirements and which do not. The
K-Ar clock works primarily on igneous rocks, i.e., those that form from a
rock liquid such as lava and granite and have simple post-formation
histories. It does not work well on sediﬁentary rocks because these rocks
are composed of debris from older rocks. It does not work well on most
metamorphic rocks because this type of rock usually has a complex history,
often involving one or more heatings after initial formation. The method
does work on certain minerals that retain argon well, such as muscovite,
biotite, and volcanic feldspar, but it does not work on other minerals,

such as feldspar from granitic rocks, because they leak their argon even at

E Approximately 286 percent of the earth's atmosphere is argon, of which
99.6 percent is ' Ar.

(cad) 21 2/17/82



low temperaftures. The method works very well on subaerial lava flows, but
does not work on most submarine pillow basalts because they frequently trap
excess 4OAr when thgy solidify. One of the principal tasks of the
geochronologist is to select the type of material used for a dating
analysis. A great deal of effort goes into the sample selection, and the
choices are made before the analysis, not on the basis of the results.
Mistakes are sometimes made but are usually caught by the various checks
employed in the well-designed experiment.

The efficacy of the K-Ar method is best demonstrated by two examples

from the scientific literature.

Dating North American Land Mammal Ages

Paleontologists and stratigraphers divide geologic time into various
relative time scales based on distinctive groups of fossils, called faunas
or faunazones. There is one such scale for North American land mammals,
one for Pacific Coast foraminifers (small, one-celled animals that float in
the sea), etc. Bach period of relative time is given a name, usually
derived from some locality where the fossils occur. On the basis of
decades of careful investigations, vertebrate paleontologists have divided
the Cenozoic (see Fig. 1) into some 15-20 "North American Land Mammal
Ages". The relative sequence of these ages was known both from
stratigraphy and from the relative stage of evolution of the various
fossils, but the exact age in years and amount of time represented by each
Mammal Age could only be estimated (though pretty well as it turns out).

In the early 1960's, two geochronologists and two vertebrate
paleontologists at the University of California at Berkeley did an
experiment to determine whether the relative sequence of North American

Land Mammal Ages was correct and to quantify the scale. The results are
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Table 2. Summary of the K-Ar dates of the North American Land

Mammal Ages for the Cenogzoic.

others (1964).

old

Data from Evernden and

Data include ages on only those units
whose relative order was known before the dating

expeiément was done. The ages were calculated with the
K constants.

o — —— - —— — e T e T — - T — " T T T —

Land Mammal Age

(top youngest Range of K-Ar a
5 (miliion years

bottom oldest

Number of
samples dated

Irvingtonian
Blancan
Hemphillian
Claredonian
Barstovian
Hemingfordian
Arikareean
Orellan
Chadronian
Duchesnean
Uintan
Bridgerian
Wasatchian

Puercan

1.5 - 3.5
4.1 - 10.0
8.9 - 11.7
12.3 - 15.6
17.1
21.3 - 25.6
31.6 - 37.5
37.5
42.7 - 45.0
45.4 - 49.0
49.2
64.8
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summarized in Table 2, and their significance nicely expressed by the
authors in their classic paper (Evernden and others, 1964, p.166).

"0f all the samples dated that met the mineralogic
and geologic standards outlined above, not one has
given a date that is in serious conflict with the
associated vertebrate paleontologic data. On the
contrary, in almost very case, they have given
support to the proposed time-stratigraphic position
of faunal aggregates and mammal ages."”

and (p.145)
"The K/A ages and the Mammal Age designations are
in essentially perfect agreement, thus
substantiating the usefulness of the K/A technique
throughout the Tertiary and suporting the
conclusion that the defined Mammal Ages have frue
evolutionary significance.”

and (p.166)
"Vertebrate paleontologists have relied upon
'stage-of-evolution' as the criterion for
determining the chronologic relationships of
faunas. Before the establishment of physical
dates, evolutionary progression was the best method
for dating fossiliferous strata. The physical
dates presented in this paper (table 6) demonstrate
that temporal position of genera and species of

fossil mammals in their accepted phylogenies is

accurate at Mammal Age degree of refinement.”
Morris (1974) has cited the first sentence of the last quote out of context
as evidence that the relation between paleontologic dating and evolution
involves circular reasoning, but he clearly does not understand either the
purpose of the experiment or the significance of the results. The point is
that the results summarized in Table 2 could not have been obtained unless
both the Mammal Ages, which were indeed ordered partly on the basis of
evolutionary principles, and the K-Ar dating method were right! Readers
should note also that the more general Geologic Time Scale shown in Fig. 1
was confirmed and quantified by radiometric dating long after the
stratigraphers and paleontologists had concluded what the relative order

had to be. This is powerful proof of the correctness of the geologic

column, the phylogeny deduced from the fossil record, the vast amounts of
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time involved in Earth history, and radiometric dating methods.

Dating of the Hawaiian-Emperor Chain

The Hawaiian Islands lie at the southeast end of a long chain of more
than 100 volcanoes that stretches nearly 6000 kilometers across the floor
of the Pacific (Fig. 2) (Dalrymple and others, 1973). 1In 1963, J. T.
Wilson (1963%) proposed that the Hawaiian Islands chain was formed as the
floor of the Pacific moved over a stationary source of lava in the Earth's
mantle. According to Wilson, each volcano becomes extinct as it is carried
away from its lava source, leaving a trail of volcanoes on the sea floor.
Morgan (1972) extended this hypothesis to include the Emperor Seamounts,
and proposed that the bend in the chain of volcanoes was caused by a change
in direction of motion of the Pacific lithospheric plate. A corollary of
this "hot-spot” hypothesis, as it is now known, is that the age of the
volcanoes should increase as a functioh of distance from the active
volcanoes of Kilauea and Manua Loa on the Island of Hawaii. 1In an
experiment to test the hot-spot hypothesis, nearly 30 of the volcanoes in
the chain have now been dated by the K-Ar method and the newer 40Ar/39Ar
method (which is explained later). The results, summarized in recent
papers by Jackson and others (1980) and Dairympie and others (1980, 1981b),
are shown in Figure 3. As can be readily seen, the volcanoes do indeed
increase in age as a function of distance from Hawaii. Like the previous
example, the only reasonable conclucion that can be reached from these data
are that both the hot-spot hypothesis and the dating methods must be
correct. The data clearly show that the Hawaiian~ Emperor chain of
volcanoes has formed by processes related to plate tectonics over a period

of more than 65 million years.
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Discussion of Some Criticisms of K-Ar Dating
Slusher (1973), Morris (1974), and Kofahl and Segraves (1975) have
criticized the validity of the K-Ar dating method, - citing some examples of
"anomalous" ages from the literature. It is worth discussing a few of
their examples to illustrate how little validity their criticisms have.
1. The 1801 Flow from Hualalei Volcano
"Volcanic rocks produced by lava flows which
occurred in Hawaii in the years 1800-1801 were
dated by the potassium-argon method. Excess
argon produced apparent ages ranging from 160
million to 2.96 billion years.”
(Kofahl and Segraves, 1975, p.200)
"Similar modern rocks formed in 1801 near Hualalei,
Hawaii, were found to give potassium-argon ages
ranging from 160 million years to 3 billion years.”
(Morris, 1974, p.147)

These authors cite a study by Funkhouser and Naughton (1968) on xenolithic
inclusions in the 1801 flow from Hualalei Volcano on the Island of Hawaii.
The 1801 flow is an unusual flow because it carries very abundant

inclusions of rocks foreign to the lava. These inclusions, called
xenoliths (meaning foreign rocks), consist primarily of olivine, a
pale-green, iron-magnesium silicate mineral. They come from deep within
the mantle and were carried upward to the surface by the lava. 1In the
field, they look like large raisins in a pudding, and even occur in beds
piled one on top of the other, glued together by the lava. The study by
Funkhouser and Naughton (1968) was on the xenoliths, not on the lava. The
xenoliths, which vary in composition and range in size from single mineral
grains to rocks the size of basketballs, do indeed carry excess argon in
large amounts. Funkhouser and Naughton were quite careful to point out
that the apparent "ages" they measured were not geologically meaningful.

Quite simply, xenoliths are one of the types of rocks that cannot be dated

by K-Ar techniques. Funkhouser and Naughton were able to determine that
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the excess gas resides primarily in fluid bubbles in the minerals of the
xenoliths, where ;t cannot escape upon reaching the surface. Studies such
as the one by Funkhouser and Naughton (1968) are done to determine which
materials are suitable for dating and which are not, and to determine the
cause of soﬁetimes strange results. They are part of the continuing effort
to learn.

There have been two extensive K-Ar studies on historic lava flows
(Dalrymple, 1969; Krummenacher, 1970) that showed that excess argon is not
a serious problem for dating lava flows. An exception is the lava from the
1801 Hualalei flow, which is so badly contaminated by the xenoliths that it
is not possible to obtain a completely inclusion-free sample.

2. The Hawaiian basalts

"Still another study on Hawaiian basalts obtained
seven "ages" of these basalts ranging all the way
from zero years to 3.34 million years. The
authors, by an obviously unorthodox application of
statistical reasoning, felt justified in recording
the "age" of these basalts as 250,000 years."
(Morris, 1974, p.147)

The data to which Morris refers were published by Evernden and others
(1964), but include samples from different islands of different age! The
age of 3.34 million years is from the Napali Formation on the Island of
Kauai and is consistent with other ages on this formation (McDougall,
1964,1979). The approximate age of 250,000 years was the mean of the
results from the four samples from the Island of Hawaii. Contrary to
Morris' concerns, nothing is amiss with these data and the statistical
reasoning used by Evernden and his colleagues is perfectly rational and
orthodox.

3. The Kilanea Submarine Pillow Basalts

"Many of the rocks seem to have inherited ar*0 from

the magma from which the rocks were derived.
Volcanic rocks erupted into the ocean definitely
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inherit Ar4o a28 heiéum and thus when these are
dated by the K ~"~Ar "~ clock, old ages are obtained
for very recent flows. For example, lavas taken
from the ocean bottom off the island(sic) of Hawaii
on a submarine extension of the east rift zone of
Kilauea volcano gave an age of 22 million years,
but the actual flow happened less than 200 years
ago."

(Slusher, 1973, p.3!, and similar

statements by Morris, 1974)

Two studies independently discovered that the glassy margins of
submarine pillow basalts, so named because lava extruded under water forms
globular shapes resembling pillows, trap 40Ar dissolved in the melt before
it can escape (Dalrymple and Moore, 1968; Noble and Naughton, 1968). The
effect is most serious in the rims of the pillows and increases in severity
with water depth. The excess 40Ar approaches zero toward pillow interiors,

which cool more slowly and allow the 40

Ar to escape, and in water depths of
less than about 1000 meters because of the lessening of hydrostatic
pressure. The purpose of these two studies was fo determine, in a
controlled experiment. with samples of known age, the suitability of
submarine pillow basalts for dating, because it was suspected that such
samples might not be reliable. This sort of study is not unusual, as each
different type of mineral and rock has to be carefully tested before it can
be used for any of the radiometric dating techniques. In the case of the
submarine pillow basalts, the findings clearly indicated that these rocks
were not suitable for dating, and as a result they are not often used for
this purpose except in special circumstances and unless there is some
independent way of verifying the results.
4. "Excess" Argon in Lunar Rocks
"On the other hand, many lunar rocks contain such
large quantities of what is considered to be excess

argon that dating by K/Ar is not even reported"
(Kofahl and Segraves, 1975, p.200)
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The citation for this statement is to a paper by Turner (1970).
Turner made no such comment about excess argon in lunar rocks, and there
are no data in his paper on which such a conclusion can be based. The

statement by Kofahl and Segraves (1975) is unjustified.

tHE *Car/3%ar METHOD
The 40Ar/sgAr method is a form of K-Ar dating wherein the sample is
irradiated in an atomic reactor in order to convert a known fraction of the

39 39Ar. Instead of

K, which is the most abundant isotope of potassium, to
measuring the amount of potassium and argon in separate experiments by
different techniques, as in the conventional K-Ar method, it is then
possible to determine the exact ratio of daughter to parent by measuring

39

the ratio of 4oAr to Ar in one experiment. Corrections must be made for

’
atmospheric argon and for certain interfering argon isotopes produced by
unwanted neutron reactions with calcium and potassium, but these
corrections can be made quite precisely (for example, Brereton, 1970;
Dalrymple and Lanphere, 1971; Dalrymple and others, 1981a). When all of
the argon in a sample is analyzed in one experiment, this method generally
gives ages comparable to those determined with the conventional K-Ar
method.

If the irradiated sample is heated in increments to progressively
higher temperatures and the gas released at each heating is analyzed
separately, however, the results have some remarkable properties. Such
data are usually plotted in either an age-spectrum diagram (apparent age
as a function of the percent of 39Ar released; Fig. 4) or an isochron

diagram (40Ar/36Ar vs 39Ar/36Ar; Fig. SA), or both. An age-spectrum for an

undisturbed (closed system) sample is a flat line that gives the age of the
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rock. The ratios 4OAr/%Ar and 39Ar/36

Ar for such a sample will also plot
on a straight line, or isochron, whose slope gives the ratio 40Ar/39Ar and
hence the age, and whose intercept on the ordinate will be the atmospheric
ratio of 295.5. ﬁote that this latter treatment requires no assumptions
about the composition of the non-radiogenic (or atmospheric) argon. The
intercept independently gives that answer. Examples of such data are shown
in Fig. 4 (samples from site L21) and Fig. S5A.

Samples that have lost some of their argon and would give a
meaningless conventional K-Ar age, often still give a plateau and isochron
that record the true age of the rock with the higher'temperature gas
increments. Many lunar rocks have been reliably dated in this way (see,
for example, Turner, 1970). Samples that have been very open systems or
contain excess argon nearly always give age spectra that are not flat lines
and do not plot on an isochron. Examples of data from samples with known
excess 40Ar are shown in Fig. 4 (sites L3, L6, and L9) and Fig. 5B. Note
that both the age-spectrum and the isochron diagram for these samples
clearly show that something is wrong with the samples and that their "ages”
are not to be believed.

The 4OAr/BgAr technique is relatively new, and many of the age-spectra
from rocks with complex histories cannot yet be interpreted. But the
technique has the desirable feature of internal checks on sample and
technique reliability. Not only can the method give reliable ages for some
rocks that have not been entirely closed systems, the data themselves

40

reveal whether the sample has been badly disturbed or contains excess Ar.

This method has been used to date lunar rocks, meteorites, altered samples

of lava from seamounts, and some metamorphic rocks with complex

post-formation histories. As scientists confinue to learn more about the
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interpretation of complex age spectra, this technique becomes increasingly

useful.

Rb-Sr ISOCHRON METHOD

The Rb-Sr method is based on the radiocactivity of 87

87

Rb, which
undergoes simple beta decay to =~ Sr with a half-life of 48.8 billion years.
There are very few minerals in which rubidium is a major constituent, but
the chemistry of rubidium is similar to that of potassium and sodium, both
of which do form many common minerals, and rubidium occurs as a trace
element in most rocks. Because of the very long half-life of 87Rb, Rb-Sr
dating is used mostly on rocks older than about 50 to 100 million years.
This method is very useful on rocks with complex histories because the
daughter product, strontium, does not escape from minerals nearly as easily
as does argon. As a result, a sample can obey the closed-system
requirements for Rb-Sr dating over a wider range of geologic conditions
than can a sample for K-Ar dating.

Unlike argon, which escapes easily and entirely from most molten
rocks, strontium is present as a trace element in most minerals when they
form. Slusher (1973) and Morris (1974) have used this fact to claim that
the Rb-Sr method is, therefore, unreliable.

"Extraneous Strontium 87 can easily be incorporated
into Rubidium 87 minerals from the surrounding
rocks." (Morris, 1974, p.148)
"It seems utterly impossiblg. to determine the
initial concentration of Sr~ atoms"” and "There is
no really valég way of determining what the initial
amounts of Sr~' in rocks were."

(Siusher, 1973, p.32)

These criticisms are partly irrelevant and partly wrong. Simple Rb-Sr ages

can be calculated with equation (10) above for those minerals that are high
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in Rb and contain a negligible amount of initial strontium. In such
minerals, the age is insensitive to the initial strontium amount and
composition. For most rocks, however, initial strontium is present in
significant amounts, and dating is done with the isochron method, which
completely eliminates the problem of initial strontium.

In the Rb-Sr isochron method, several (3 or more) minerals from the
same rock or several cogenetic rocks with different rubidium and strontium
contents are analyzed and the data plotted on an isochron diagram (Fig. 6).

e 87Rb and 87Sr contents are normalized to the quantity of 868r, which is

Th
not a radiogenic daughter product. When a rock is first formed, say from a
magma, the 87Sr/868r ratios in all of the minerals will be the same
regardless of the rubidium or strontium contents of the minerals, so all of
the samples will plot on a horizontal line (a-b-c in Fig. 6). The
intercept of this line with the ordinate represents the isotopic

87Rb

composition of the initial strontium. From t@en on, as each atom of
decays to 87Sr, the points will follow the paths10 shown by the arrows. At
any time after formation, the points will lie along some line a'-b'-c'(Fig.
6), whose slope will be a function of the age of the rock. The intercept
of the line on the ordinate will give the isotopic composition of the
initial strontium present when the rock formed. ©Note that the intercepts
of line a-b-c and that of a'-b'-c' are identical, so that

the initial strontium composition can be determined from this

intercept regardless of the age of the rock.

Note that the Rb-Sr isochron method requires no knowledge or

assumptions about either the isotopic composition or the amount of the

These paths will be at an angle of 450 if the scales on the abscissa and
ordinate are the same.
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initial daughter---in fact, that is something learned from the method. The
rocks or minerals must have remained closed systems to rubidium and
strontium since formation, but if this condition is not true, then the data
will not plot on an isochron. Also, if either the initial isotopic
composition of strontium is not uniform or the samples analyzed are not
cogenetic, then the points will not fall on a straight line. As the reader
can easily see, the Rb-Sr isochron method is elegantly self-checking. If
the requirements of the method have been violated, the data clearly show it.

An example of a Rb-Sr isochron is shown in Figure 7, which includes
analyses of five separate phases from the meteorite Juvinas (Allegre and
others, 1975). The data form an isochron indicating an age for Juvinas of
4.60 + 0.07 billion years. This meteorite has also been dated by the Sm-Nd
isochron method, which works like the Rb-Sr isochron method, at 4.56 + 0.08
billion years (Lugmair, 1974).

In. summary, the Rb-Sr isochron dating method is very useful and
contains internal self-checking features that independently show whether or
not the resulfs are reliable. It is widely used by scientists to determine
the ages of rocks from the Moon and the Earth, and of meteorites. The
statement by Moore (1976, p.40) that "The method involving decay of
rubidium 87 into strontium 87 is considered so unreliable that it has been

discarded”, is simply untrue.

THE U-Pb CONCORDIA-DISCORDIA METHOD

235, 238

The various U-Th-Pb methods rely on the decays of U, U, and

232Th. These parent isotopes all undergo series decay involving several
intermediate radicactive daughter products before the stable lead daughter

(Table 1) is reached. Less than ten years after the discovery of
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radioactivity, Boltwood (1907) attempted to determine the ages of several
rocks by the decay of uranium to lead. Boltwood's ages, which were
chemical ages rather than isotopic ages, were not very accurate, however,
because his attempt was made before isotopes were discovered, before the
disintegration rate of uranium was known accurately, and before it was
known that lead was also the final decay product of thorium. Various
dating methods using the decays of uranium and thorium to lead have been
tried over the years. Some work well and some do not work at all.

Three simple, independent "age calculations can be made from the

238U to 206Pb, 235 207 232Th to 208Pb. In

U-Th~Pb decays: U to Pb, and
addition, an "age" based on the ratio of 207Pb/206Pb can be calculated,
since this ratio changes with ftime. If necessary, a correction can be made
for ?he initial lead in these systems using 204Pb as an index. If these
four age calculations agree, then the age represents the age of the rock.
Lead, however; is a volatile element and lead loss is frequently a problem.
As a result, the simple U-Th-Pb ages are often discordant. Because of lead

loss, it often happens that for a given mineral or rock the 232 238

235 207Pb/206

Th age <
e 20'7Pb /206

U

age < U age < Pb age. In these instances, th Pb age is
usually closest to the age of the rock, because it is the least sensitive
to lead loss.

The U-Pb concordia-discordia method circumvents the problem of lead
loss in discordant systems and provides internal checks on reliability.

238U and 235U decays and is used in minerals like

This method involves the
zircon, a common accessory mineral in igneous rocks, that contains uranium
but no or negligible initial lead. This latter requirement can be checked,

if necessary, by checking for the presence of 204Pb, which would indicate

the presence and amount of initial lead. In a closed, lead-free system, a

(cad) 34 2/17/82



L I O I I O B O
09— —
08— —
35
0.7
06— Concordia 3.0 ]
206pb .Q
EE T 25 —
04— 20 Discordia ]
03— —
15
0.2p1. -
0.1 p—
ol I bbb v by b b bv b by tv bty
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

207 Pb / 235 U

Figure 8. U-Pb concordia-discordia diagram showing
the evolution of a system that is 3.5 b.y. old and
experienced episodic lead loss 1.0 b.y. ago. See
text for explanation. After Faure (1977).

% Ma



Pb!OG/UZSO

07

cé6

(o]
w

o
»

03

0.2

\050

1500

1000,

2000

3500

2500

L 1

Figure 9.

-

1
10 [E) 20 25 30 35
pp2o7/ Y2

U-Pb concordia-discordia diagram for

nine samples of the 3.56=b.y.-o0ld Morton Gneiss,

Minnesota.

After Goldich and others (1970).

b



206Pb/238 2O7Pb/235

point representing the ratios U and U will plot on a
curved line known as concordia (Fig. 8). The location of the point on
concordia depends only on the age of the sample. If at some later date
(say 2.5 billion years after formation) the sample loses lead in an
episodic event, the point will move off of concordia along a straight line
toward the origin. At any time after the episodic lead loss, say 1.0
billion years, the point (Q in Figure 8) will lie on a chord to concordia
connecting the original age of the sample and the age of the lead loss
episode. This chord is called discordia. If we now consider what would
happen to several different samples, say different zircons, from the same
rock, each of which lost differing amounts of lead during the episode, we
find that at any time after the lead loss, say today, all of the points for
these samples will lie on discordia. The upper intercept of discordia with
concordia gives the original age of the rock, or 3.5 billion years in the
example shown in Figure 8. There are several models for the interpretation
of the lower intercept, but usually it indicates the age of the event that
caused the lead loss, or 1 billion years in Figure 8. Note that this
method is not only self-checking, but it also works on open systems. What
about uranium loss? Uranium is so refractory that uranium loss does not
seem to be a problem. If uranium was lost, however, the concordia-
discordia plot would indicate that also.

The U-Pb concordia-discordia method is one of the most powerful and
reliable dating methods available. It is especially resistant to heating
and metamorphic events and thus is extremely valuable in rocks with complex
histories. Quite often this method will be used in conjunction with the

K-Ar and the Rb-Sr isochron method to unravel the history of metamorphic

rocks, since each of these methods responds differently to metamorphism and
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heating. TFor example, the U-Pb discordia age might give the age of initial
formatioﬁ of the rock, whereas the K-Ar method, being especially sensitive
to argon loss by heating, might give the age of the latest heating event.
An example of a U-Pb discordia age is shown in Fig. 9. This example
shows an age of 3.56 billion years for the oldest rocks yet found in North
America, and an age of 1.85 billion years for the latest heating event
experienced by these rocks. The K-Ar ages on rocks and minerals from this
area in southwestern Minnesota also record the 1.85-billion-year heating
event, and the Rb-Sr isochron ages reflect a high-grade metamorphism that

occurred 2.65 billion years ago (Goldich and others, 1970).

DISCUSSION OF SOME CRITICISMS OF U~Th-Pb METHODS

Two examples will suffice to show that the criticisms of U-Th-Pb
methods by Slusher (1973), Morris (1974), and Kofahl and Segraves (1975)
are meaningless.

1. The Katanga Uranium Deposits:

Slusher (1973) and Morris (1974) both cite a book by Cook (1966)
in which Cook claims to have developed circumstantial evidence for the
conversion, in nature, of one lead isotope to another by free neutrons.
Cook's argument is that analyses of uranium ores from Katanga showed the

existence of 208Pb but no 232

208

Th parent or 204Pb common lead. Since the

Pb could not have come from in situ decay (no 232Th present) or be
common lead (no corresponding 204Pb present), it must have come from some
other source. In spite of sound evidence that there are many orders of
magnitude too few free neutrons in rocks, even in these uranium ores, Cook

reasoned that the 208

207

Pb must have been generated by n, ¥ reactions with

Pb. Cook then asks how any. type of U-Th-Pb isotopic dating can be
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trusted if free neutron reactions can transmute one lead isotope to
another? Cook cites a compilation by Faul (1954) for the Katanga data, and
Faul credits the analyses to Nier (1939).

The answer to this "mystery” is contained in Nier's paper. 2O4Pb is
not absent from the Katanga samples, as Cook and those who enthusiastically
endorse Cook's hypothesis claim, Nier simply did not measure it. In his
paper, Nier (1939, p.156) says:

"Actually, in 20 of the 2! samples investigated the
amount of common lead is so small that one need not

take account of the variations in its composit§8£.
In a2 number of samples where the abundance of Pb

was very low no attempt was made to measure the
amount of it as the determination would be of no
particular value."

Cook (1966) has misinterpreted Faul's compilation of data and Cook's
rigorous calculations are meaningless as they are based on data that do not
exist.

2. The Reunion "Discordance"

"A series of volcanic rocks from Reunion Island in
the Indian Ocean gives X/Ar ages rangingzégom 238
100,900 to,g,million years, whereas the Pb/<’%U
and Pb/“" 'Pb ages are from 2.2 to 4.4 billion
years. The factor of discordance between 'ages' is
as high as 14,000 in some samples."

(Kofahl and Segraves, 1975, p.201)

There are two things wrong with this argument. First, the lead data
they cite, which comes from a paper by Oversby (1972), are common lead
measurements done primarily to obtain information on the genesis of the
Reunion lavas and secondarily to obtain an estimate of the time that the
parent magma from which the lava was derived was separated from primitive
mantle material. These data cannof be used to calculate the age of the

lava flows and no knowledgable scientist would do so. Second, the U-Pb and

Pb-Pb lava "ages" cited by Kofahl and Segraves (1975) do not appear in
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Oversby's paper. The K-Ar ages are the correct ages of the Reunion lava
flows, whereas the U-Pb and Pb-Pb "ages" do not exist. We can only

speculate on where Kofahl and Segraves (1975) obtained their numbers.

RADIOCARBON METHOD
Radiocarbon (or 14C) dating is somewhat different from the other
radiometric dating techniques discussed so far because it is based on the

disappearance of the parent isotope by decay rather than the accumulation

of the daughter. The 14

plant matter. 14C has a half-life of 5730 + 40 yeérs, and the method is

C method is used on organic material, primarily

useful for dating material back to about 30,000 to 50,000 yea;s, depending
on how the particular laboratory is constructed and equipped. Because of
the limited range, the 14C method can provide no information about most of
geologic history, but it is extremely valuable for determining ages of very
young geologic events and of historic and prehistoric cultural artifacts.

14C is continuously produced in the upper atmosphere by a variety of
nuclear reactions, the most important by far being the reaction between
slow cosmic ray neutrons and 14N, the most common isotope of nitrogen.

14y _ 14

neutron + C + proton

140 is radiocactive and decays by beta decay back to 14N. The 140 produced
in the atmosphere combines chemically with oxygen to form CO and 002, which
is incorporated into plants by photosynthesis and into animals by
ingestion. As long as the organism lives and continues to incorporate

14

carbon compounds, the 'C content in the tissue remains at a constant level

because the incorporation of 14C is balanced by 14C decay. When tissue
growth stops, 14C absorption stops and the amount of 140 begins to decrease

4

because of continuing decay. In order to measure the t C age of a sample,
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the scientist determines the amount of 14

C left in the sample compared to
the amount of 14C in a standard modern sample of known age. The 140 age is
the age of cessation of tissue growth, which frequently coincides with the
death of the organism. In the case of ftree rings, a ring stops growing as
a new outer ring is formed.
There are several special requirements for the measurement of accurate
14C ages:
1. The sample must have remained a closed system to 14C after
death.
2. The 14C activity in living plant and animal tissues must be a
known constant that is independent of time and geographic

14,

location. This depends on a constant and uniform
inventory in the atmosphere and on uniform absorption by the

organisms.

The first requirement is simply a matter of intelligent sample
selection, but the second is a more complex matter.

It is known that the amount of 140 in plant and animal tissue does not
vary with the type of organism and that 140 is uniformly distributed around
the world by rapid atmospheric mixing. It is also known, however, that the
production of 140 in the upper atmosphere has not been constant with time.
This is primarily because of changes in the solar and cosmic ray proton
flux due to changing solar activity and fo magnetic field variations, both
of which affect the production of neutrons and hence the production of 140.
The effects of this temporal variation of 140 production have been
determined by dating tree rings from the Giant Sequoias and the Bristlecone

Pines, for which there exists a well-determined dendrochronology back to

(cad) 39 2/17/82



14

about 5400 B.C. '. The results of these studies (Fig. 10) show that @ °C

ages prior to about 400 B.C. are too young by as much as 700 years at 4500

B.C., or about 10 percent. These data now can be used to make reasonably

accurate corrections to 14C ages back to about 5400 B.C. when necessary.

The accuracy of the corrections have been confirmed by studies on Egyptian
artifacts of known age and on the annual layers (varves) found in some

1
lakes (Ralph and Michaels, 1974). What about 4C ages prior to 5400 B.C.?

The uncertainties in this age range are not yet well known, but the

14

existing data suggest that the atmospheric C content has varied by about

10 percent or a bit more above and below the nineteenth century value.

Thus the accuracy of 140 ages older than 5400 B.C. may have uncertainties
of + 10 percent, but probably not much more. An important thing to
remember is that the relative ages between samples are not affected by this
uncertainty, and this relative-age information is often more important to

scientists than is the absolufte age.

14

C dating has been used to determine ages and rates of late
Quaternary geologic events, such as the uplift and faulting along the
western coast of the United States and the most recent glaciations in

North America. It has also been used extensively to determine the

Supporters of "scientific" creationism frequently criticize
dendrochronology, arguing that two or more growth rings may occur in any
given year and that this precludes an accurate annual count (for example,
Morris, 1974). Their objections are fallacious. Not all trees growing in
all climates are suitable for tree ring dating. Certain species of
juniper, for example, are notorious for producing multiple rings.
Likewise, many woody trees in tropical climates can produce several growth
rings in one year. For these reasons, dendrochronoclogists use only about
three dozen genera of trees and only in particular geographic areas. In
addition, the annual counts are meticulously verified by crossdating using
ring matching in multiple radii, trees, and tree stands. Tree ring dating
is complicated but very reliable when properly done (Fritts, 1972, 1976).
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chronology of development and ihe migration patterns of eariy man. For
example, 14C dating and other methods have shown that Homo sapiens
(anatomically modern man) existed in Afriqa during the Middle Stone Age
more than 50,000 and probably some 80,000 to 90,000 years ago (Vogel and
Beaumont, 1972; Protsch, 1975). From Africa, Homo sapiens migrated to
other continents, arriving in BEurope, Asia, and Australia about 32,000 to
74,000 years ago. 140 dates on sites in southern California and in Central
and South America show that Homo sapiens arrived on the American continent
about 28,000 to 30,000 years ago from Asia via the Bering Strait, where a
land bridge was formed when sea level was lowered during a period of
glaciation (Protsch, 1979). Thus, 140 dating, in concert with other
techniques, has not only provided archeologists and anthropologists with a
chronology for the emergence of modern man, but has also proved invaluable
in efforts to trace the first migration of our ancestors to the continents

of the world.

THE AGE OF THE EARTH

Three basic approaches are used to determine the age of the Earth.
The first is to search for and date the oldest rocks exposed on the surface
of the Earth. Because these oldest rocks are metamorphic rocks with
earlier but now erased histories, the ages obtained in this way are minimum
ages for the Earth. Since the Earth formed as part of the solar system, a
second approach is to date extraterrestrial objects, i.e., meteorites and
samples from the Moon. Many of these samples have not had as intense
histories as the oldest Earth rocks, and they frequently record events

nearer and equal to the time of formation of the planets. The third
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approach, and the one that scientists think gives the most accurate age for
the Earth, planets, and solar system, is to determine model lead ages for
the Earth, Moon, and meteorites. This method is thought to represent the
time that lead isotopes were last homdgeneously distributed and thus the
time that the planetary bodies were segregated into discrete chemical
systems.

The results from these methods indicate that the Earth, meteorites,
Moon, and, by inference, the entire solar system are 4.5 to 4.6 billion
years old. Each of these methods and some of the evidence obtained by
their use will be reviewed briefly. ‘

But first a word about the formation of the Earth, the solar system,
and the universe with respect to the Earth's age. The formation of the
Earth was but one in a series of events in the formation and evolution of
the universe. There is now good evidence that the present universe began
with the explosion of a primordial ball of subatomic matter some 10 to 20
billion years ago (Schramm, 1974a,b; Gott and others, 1976). This "Big
Bang"” resulted in the formation of the lighter elements and threw matter
outward in all directions at high velocity. The universe is still
expanding from this initial event and the velocity of expansion can be
observed and measured by the red shift of 1light coming to Earth from
distant galaxies. It was from the matter expelled during this initial
cataclysmic event that the first galaxies, stars, and planets formed.

As stars go, the sun is rather ordinary and is neither old nor young.
Some stars were formed, ran their course, and died before the sun came into
being. Others are forming now, and doubtless still others will form in the

future. Present scientific evidence indicates that the Galaxy, in which
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the Sun is but one of billions of stars, began to condense about 12 + 2
billion years ago. - The dust and gas of the solar nebula separated from the
galactic interstellar medium about 4.7 billion-years ago (Wetherill, 1975).
Condensation and accretion of this nebular material over a period of about
150 million years led to the formation of the Sun and its planets,
including the BEarth.

A thorough discussion of the history of the universe is beyond the
scope of this paper. Readers who are interested in pursuing this
facinating subject further should see the recent summaries by Gott and
others (1976); Wetherill (1975); Schramm (1974a, b), or any of the numerous
popular texts available. The important point for the purposes of this
paper is that the formation of the solar system and the Earth was not an
instantaneous event but occurred over a finite period of time as the result
of processes set in motion when fthe universe formed. Thus it is more
correct to falk about formation intervals rather than discrete ages for the
solar system and Earth. Present evidence indicates, however, that these
intervals were rather short (100-200 million years) compared to the length
of time that has elapsed since the formation began some 4 to 5 billion
years ago. Thus, the ages of the Earth, the Moon, and meteorites measured
by different methods represent slightly different events, although the
differences in the ages are usually very small, and for the purpose of this
paper they will be treated as a single event. With this in mind, we shall

proceed to review the ecvidence for the age of the Earth.
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THE EARTH'S OLDEST ROCKS

A1l of the major continents contain a core of very old rocks fringed
by younger rocks. These cores, called Precambrian shields, are all that
remain of the Earth's oldest crust. The rocks in these shields are mostly
metamorfhic rocks, meaning that they have been changed from other rocks
into their present form by great heat and pressure beneath the surface.
Most have been through more than one such metamorphism and have had very
complex histories. Not all metamorphisms completely erase the radiometric
record of a rock's age, but on the other hand, many do. Thus the
radiometric ages obtained from these oldest rocks are not necessarily the
age of the first event in the history of the rock. In addition, many of
the oldest dated rocks intrude still older but undatable rocks. In all
cases, the ages provide only a minimum age for the Earth.

So far, rocks older than 3.0 billion years have been found in North
America, India, Russia, Greenland, Australia, and Africa. The oldest rocks
in North America, found in Minnesota, give a U-Pb discordia age of 3.56
billion years (Fig. 9). The oldest rocks yet found on the Earth are in
Greenland, South Africa and India. The Greenland samples have been
especially well studied. The Amitsoq gneisses in western Greenland, for
example, give a Rb-Sr isochron age of 3.70 + 0.14 billion years, a
207py/204py, - 206py/204py jsochron age of 3.80 + 0.12 billion years
(Moorbath and others, 1975), a U-Pb discordia age on zircons of 3.65 + 0.05
billion years, a Th-Pb discordia age on zircons of 3.65 + 0.08 billion
years (Baadsgaard, 1973), and a Lu-Hf isochron age of 3.55 + 0.22 billion
years (Pettingill and others, 1981; Pettingill and Patchett, 1981).

Whole-rock samples from the Sand River Gneisses in Limpopo Valley,
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South Africa, have been dated by the Rb-Sr isochron method at 3.79 + 0.06
billion years (Barton and others, 1978). These samples are from rocks that
contain xenoliths of still older but as yet undatable rocks. Recently,
Basu and others (1981) have reported a nine-sample Sm-Nd isochron age of
3.78 + 0.11 billion years for rocks in eastern India. |

Studies of the oldest rocks from the Precambrian shields show that the
Earth is older than 3.8 billion years. The geology of these oldest rocks
shows that there was a substantial period of time in the history of the
Earth before 3.8 billion years ago for which there now exists no datable
geologic record. There are several possible reasons for the apparent
absence of this earliest record. One is that during that period of Earth's
history not only was the first continental crust forming, it was also being
vigorously recycled and regenerated. A second is that the Moon, and by
inference the Earth, was subjected to intense bombardment of large
meteorites from the time of its initial formation %o about 3.8 billion
years ago. This Bombardment occurred because the planets were still
sweeping up material in their orbital paths. A third explanation may be
that the record of Earth's early history exists but simply has not yet been
found. The correct reason for the lack of data may well be some
combination of the above. Whatever the reasons, if we are to learn more
about Earth's history prior to 3.8 billion years ago, we must examine the
evidence obtained from other, older sources, particularly the mefeorites

and the Moon.
THE AGES OF METEORITES

There are two basic fypes of meteorites, stones and irons; other fypes

are intermediate in composition between the two. Stone meteorites are
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composed primarily of the silicate minerals olivine and pyroxene, while
iron meteorites consist primarily of nickel-iron alloy. Stones frequenfly
contain small amounts of nickel-iron, and irons often include small amounts
of silicate minerals. Once thought to be the remains of a shattered
planet, meteorifes probably originated from some 20 to 70 different parent
bodies the size of large asteroids. Some of the meteorites are samples of
parent bodies that were apparently large enough to undergo partial melting
and differentiation that produced different rock types. Others, primarily
the stones called chondrites, seem to represent rocks essentially unchanged
since condensation from the solar nebula. The orbits of meteorites show
that they are part of the solar system, probably samples of the asteroids,
and thus their age is relevant to the age of the earth.

Like most things in nature, meteorites are not simple objects. This
is especially true of those that have undergone differentiation, heating,
and gollisions with other bodies in space. In order to determine the age
of the solar system and the Earth, we must search for the oldest,
least~disturbed meteorites.

A histogram of K-Ar ages of some stone meteorites is shown in Figure
11. There are now many more data than shown in the figure, but the general
distribution of ages has not changed appreciably. The ages range from
about 400 million years to nearly 5 billion years, with a large
concentration at 4.4 to 4.6 billion years. The younger ages reflect
heating and collision events, to which the K-Ar method is particularly
susceptible, while the older ages record events near and equal to the time
of meteorite formation. Many meteorites have now been dated by the
40Ar/39Ar age~spectrum method. This method confirms the general

distribution of ages shown in the figure and also shows that many of the
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meteorites were heated subsequent to their formation. The metal phases in
iron meteorites cannot be reliably dated with the K-Ar method because of
the nearly negligible potassium content and cosmic ray effects. However,
silicate inclusions in several iron meteorites have been dated by K-Ar at
4.5 + 0.2 billion years (Bogard and others, 1968).

Some of the most precise ages for meteorites have been obtained by the
Rb-Sr isochron method. Some of the ages, from a summary by Faure (1977)
are given in Table 3. The isochron for the meteorite Juvinas is shown in
Figure 7. Some iron meteorites with small silicate inclusions have algo
been dated by the Rb-Sr isochron method, and the results show that the
least-disturbed irons are the same age (4.6 billion years) as the
least-disturbed stones.

Meteorites have also been aated by the Sm-Nd isochron method.
Jacobsen and Wasserburg (1980), for example, have shown that 10 chondrites
and the achondrite Juvinas all fall on an isochron with an age of 4.60
billion years.

The results of radiometric dating on meteorites clearly show that
these objects formed about 4.6 billion years ago. Since astrophysical
considerations require that the formation of the planets and meteorites by
condensation from the solar nebula was essentially simultaneous, we can
infer with considerable certainty that the age of the most primitive
meteorites also is the age of formation of the Earth. Even if we wishedvto
deny this inference, we would still be forced to conclude that meteorites,

which must at least post-date the formation of the solar system and the

universe, are 4.6 billion years old.
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Table 3. Summary of some Rb-Sr isochron ages of meteorites. From a
compilation by Faure (1977).

——— ———— - " T~ - . - T a0 - o > o S S o T o . T~ - o — - T T - "~ — o T o0 Tt W G

Age
Material Method (billion years)
Juvinas (achondrite) Mineral isochron 4.60 + 0.07
Allende (carbonaceous Mixed isochron ) 4.5-4.7
chondrite)
Colomera Mineral isochron 4.61 + 0.04
(silicate inclusion,
iron meteorite)
Enstatite chondrites Whole-rock isochron 4.54 + 0.13
Enstatite chondrites Mineral isochron 4.56 + 0.15
Carbonaceous Whole-rock isochron 4.69 *+ 0.4
chondrites
Amphoterite chondrites Whole-rock isochron 4.56 + 0.15
Bronzite chondrites Whole-rock isochron 4.69 + 0.14
Hypersthene chondrites Whole-rock isochron 4.48 + 0.14
Kr#henberg (amphoterite) Mineral isochron 4.70 + 0.01
Norton County (achondrite) Mineral isochron 4.7 + 0.1

Note: All ages are based on a value of 1.39 x 10—11y—1 for the decay

87Rb. -1 -1

" constant of The current value of 1.42 x 10 yr has the

effect of lowering the ages slightly.
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MODEL LEAD AGE OF METEORITES AND THE EARTH

The generally accepted age of the Earth is based on a simple but
elegant model for the evolution of lead isotopes. This model was developed
independently by Houtermans (1946) and Holmes (1946) and first applied to
meteorites and the Earth by Clair Patterson, now of the California
Institute of Technology, in 1953. In a classic paper, Patterson (1956)
reasoned that if the isotopic composition of lead was uniform in the
planetary bodies and meteorites at the time of formation, and if these
bodies contained differing amounts of uranium, then the lead isotopic
composition of these bodies should lie on a straight line isochron when the
ratio 207Pb/204Pb is plotted against 206Pb/204Pb (Fig. 12). The lower end
of the isochron in the figure represents the lead composition in a phase of
iron meteorites (troilite, or iron sulfide) that contains no uranium. This
point represents the initial lead composition of the solar system.

The lead compositions of iron meteorites and the lead compositions of
stone meteorites form an isochron with an age of 4.55 billion years (Fig.
12). VNote that this method, like the other isochron methods, is
self-checking. Modern Earth leads, as represented by the lead composition
in some very young, non-uranium-bearing minerals, also fall close to the
meteoritic isochron12, which is what we would expect if the Earth and
meteorites formed at the same time. The leads in lunar rocks have much
higher values than those in terrestrial rocks and meteorites. They fall
out of the field of Figure 12, but they do lie very close to the extension

of the meteoritic isochron, and therefore have a similar age.

While modern Earth leads lie near the meteoritic isochron, many do not
lie exactly on it. This evidently is because many have had complex, or
multi-stage histories (for example, Stacey and Kramers, 1975).
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If the Earth, Moon, and meteorites were not genetically related and
the same age, there would be no reason for their lead compositions to lie
along the same isochron. This is convincing evidence that the planetary
bodies, including the Earth, all formed about 4.55 billion years ago. It
is interesting to note that Patterson's original estimate of the age of the
Earth has changed very little over the past three decades. In a recent
reevaluation Tera (1980) concluded that the age of the Earth was about 4.54
billion years. Tera also summarized several other lead models for the
Earth's age; they all fall within the range 4.43 to 4.59 billion years.
Thus, while there is still some debate about the exact age of the Earth and
solar system, scientists are quibbling only about the first one or two
tenths of a billion years. The age of the Earth is known to within about

one part in 45, or about two percent.

AGES OF LUNAR ROCKS y

The Apollo missions for the first time gave scientists the exciting
opportunity to study samples from another planet. While all samples give
important information about the history of the Moon, for data on the age of
formation of the Moon we must again look at the oldest rocks.

The surface of the Moon can be divided into the lunar highlands and
the lunar maria. The highlands are mountainous upland areas that still
preserve some aspects of the original impact morphology of the earliest
Moon. The maria, or "seas", are younger, lowland areas that were flooded
by lava after impact by asteroid-size bodies. The Apollo missions returned
samples from both highlands and maria.

Because of the severe impact history of the early Moon and the

consequent heating and metamorphism of lunar samples, the conventional K-Ar
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method is not very useful in'the study of lunar rock formation as it tends
to record the latest heating and impact events rather than original rock
ages. The ages of lunar rocks are known primarily from 4OAr/39Ar
age-spectrum and Rb-Sr isochron dating. Some of these ages are shown in
Table 4. As can be seen from the table, the rocks from each landing site
give similar ages by both methods, which cannot be a coincidence but must
reflect the true ages of the rocks within the analytical uncertainties.
This table, however, presents only data prior to 1974, and since that time
older rocks have been analyzed.

Figure 13 is a histogram of 138 4'OAI'/39A1' age-spectrum ages of
highland rocks. There is a strong mode at about 4.0 billion years and the
ages range nearly to 4.5 billion years. The oldest ages, however, have
been measured by the Rb/Sr isochron method on samples from the Apollo 17
site. These include mineral isochron ages of 4.55 + 0.1 billion years,
4.60 + 0.1 billion years, 4.49 billion years, and 4.43 + 0.05 billion years
for four different rock types. 1In addition, 40Ar/39Ar age spectrum
analyses from the Apollo 16 site have now shown two rocks with ages of 4.47
and 4.42 billion years (see summary by Kirstem, 1979), and Sm-Nd isochron
ages of 4.23 + 0.05 billion years and 4.34 + 0.05 billion years have been
found for two Apollo 17 samples (Carlson and Lugmair, 1981).

Radiometric ages on lunar rocks and model lead ages on meteorites,
Barth, and Moon, show that the initial formation of the Moon took place 4.5
to 4.6 billion years ago. There are, to be sure, some uncertainties about
the exact chronology and events that led to the Moon we now see, but there
is little doubt about when the Moon formed or about the age of the major
volcanic events that produced the igneous rocks at the various Apolio

sites. Kofahl and Segraves (1975) have claimed that the age of the Moon is
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TABLE 4: Summary of some radiometric ages of lunar basalis.
From compilation by Head (1976)

o - T s T T > o S T < . S L e ) T . e o T L e T S T s e T T . S T e . D " . - -

Age
billion Rock Sample
Location years Type Number Method
Apollo 14 - highlands 3.96 Al basalt 14053 §8-8r39
%.95 Al basalt 14053 Ar--“Ar
3.95 Al basalt 14321 Rb-Sr
Apollo 17 - highlands %.83 High-Ti basalt 75055 Rb-Sr
%.82 High-Ti basalt 70035 28-Sr39
3.76 High-Ti basalt 75055 40Ar_39Ar
3.74 High-Ti basalt 75083 Ar-““Ar
A 40, . 39
pollo 11- mare 3.82 Low-K basalt 10062 Ar--“Ar
3.71 Low-K basalt 10044 Rb-Sr
3.63 Low-K basalt 10058 Rb-Sr
%.68 High~K basalt 10071 Rb-Sr
3.63 High-K basalt 10057 Rb-Sr
3.61 High-K basalt 10024 Rb-Sr
3.59 High-K basalt 10017 EB-SI‘39
3.56 High-K basalt 10022 A
Luna 16 - highlands 3,45 Al basalt B-1 405, 3%
3.42 Al basalt B-1 Rb-Sr
Apollo 15 - highlands 3.44 Quartz basalt 15682 Rb-Sr
3.40 Quartz basalt 15085 Rb-Sr
3.35 Quartz basalt 15117 Rb-Sr
%.3% Quartz basalt 15076 Rb-Sr
3,32 Olivine basalt 15555 EB-Sr39
3.31 Olivine basalt 15555 Ar~"“Ar
3.26 Quartz basalt 15065 Rb-Sr
Apollo 12 - mare 3.36 Olivine basalt 12002 Rb-Sr
3.3%0 Olivine basalt 12063 Rb-Sr
3.30 Olivine basalt 12040 28-8r39
3.27 Quartz basalt 12051 Ar Ar
3.26 Quartz basalt 12051 EB-STB9
3.24 Olivine basalt 12002 40Ar-39Ar
3.24 Quartz basalt 12065 Ar-"“Ar
3.18 Quartz basalt 12064 Rb-Sr
2,16 Quartz basalt 12065 Rb-Sr
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not known.

"As one reads the research reports and the lunar
conference reports concerning moon rocks, the
impression is gained that the collection of a great
mass of facts has resulted in the raising of more
questions than have been answered. It would seem
that one unanswered question is the age of the
moon. "

(Kofahl and Segraves, 1975, p.203)

Although some of the details of early lunar chronology are still
uncertain, the uncertainty in the age of the Moon is at most about two
percent and the doubts expressed by Kofahl and Segraves need not be
taken seriously.

Finally, a brief word about the Moon rocks and the origin of the Moon.
Morris (1974, p.31) makes the following statement:

"Finally, the moon landings have permitted man
actually to study the composition and structure of
the materials from at least one extra-terrestrial
body. Enough has been found now to permit the firm
conclusion that the earth and its moon are of
vastly different structure and therefore could not
have the same celestial evolutionary 'ancestor'.
'"To the surprise of scientists, the chemical makeup
of the moon rocks is distinctly different from that
of rocks on earth. This difference implies that
the moon formed under different conditions,...and
means that any theory on the origin of the planets
now will have to,create the earth and the moon in
different ways.'

This is an extremely important scientific discovery
and by all means should be emphasized in the
classroom. The moon and the earth have different
structures and therefore different origins!"

The footnote reference is to an article by Bishop (1972).

In the first place, the similarities between Moon rocks and Earth
rocks are much greater than the differences. Most igneous Moon rocks are
basalt, which is a volcanic rock that is also the most common rock in the
Barth's crust. Basalt makes up the sea floors and the Hawaiian Islands,
for example. The other types of Moon rocks also have terrestrial

counterparts. There are some interesting chemical differences between
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Earth rocks and Moon rocks, but these differences are simply in some of the
detailed proportions of the major and minor elements.

In the second place, scientists did not expect the Earth and the Moon
to be exactly alike. They are different planets, of different size, and
condensed from the solar nebula as individual bodies. The conclusion by
Morris that because there are differences the two could not have originated
from the same celestial ancestor is illogical and wrong. Condensation of
the various bodies from the solar nebula would be expected to produce
considerable differences between the Sun and the planets, as indeed there
are.

I was in the Lunar Receiving Laboratory when the first box of rocks
returned by the Apollo 11 mission was opened and the rocks examined. My
colleagues and I were amazed, not because the rocks were greatly different
than we expected them to be, but because there before us were the first
samples collected from another planet. I do not recall anyone being
surprised that £he lunar rocks were basalts. On the contrary, we were all

delighted, for basalts were what we had predicted them to be.

DISCUSSION OF SOME NON-CLOCKS
Decay of the Earth's Magnetic Field
Barnes (1973) has claimed to have proved that the Earth can be no more
than 10,000 years old.

"Applying the reasonable premise that this planet
never had a magnetic field as great as that of a
magnetic star, one can note from Table 2 that the
origin of the earth's magnetic field had to be more
recent than 8000 B.C. That is to say, the origin
of the earth's magnetic field was less than 10,000
years ago. Just how much more recent than 10,000
years cannot be determined from present scientific
knowledge. If one assumes that the initial value

(cad) 54 2/17/82



of the earth's magnetic field were about an order-
of-magnitude less than that of a magnetic star the
origin wogld have been about six or seven thousand
years ago
(Barnes, 1973, p.25)
Similar statements are made by Morris (1974), Slusher (1973), and Kofahl
and Segraves (1975), who cite Barnes as their source.

Barnes' argument goes like this. The strength of the Earth's dipole
moment has been decreasing linearly since magnetic field measurements were
begun in the early 1800s. The decrease amounts to about 7 percent between
1835 and 1965. Following a hypothesis he erroneously attributes to Sir
Horace Lamb, Barnes claims that the magnetic field has been decaying
exponentially since the creation of the Barth and calculates that the
half-life of the decay is 1400 years. He then extrapolates the decay of
the field backward in time until he arrives at the value of a magnetic
star, and uses that time (8000 B.C.) to arrive at an upper 1limit for the
age of the Earth. Barnes' elegant calculations and his conclusions are
’flawed by false initial assumptions and an overly simplified view of
magnetic field behavior.

To a first approximation, the Earth's field is that of a dipole13 with
the lines of flux emerging at the poles. On the average, over periods of
100,000 to 1,000,000 years, the magnetic poles coincide with the Earth's
rotational poles. The magnetic poles slowly move, however, and at any
given time the magneftic poles usually differ from the rotational poles by
several degrees. Today, for example, the north magnetic pole is located
not at the north geographic pole, but at latitude 77.3o N., longitude
101.8° w. 1In 1831, when Commander James C. Ross found and claimed the

north magnetic pole for Great Britain, the pole was located at 70.1° N.,

A dipole is simply a magnet with one north and one south pole. A simple
bar magnet is one type of dipole.
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96.8O W. Thus the north magnetic pole has moved about 800 kilometers in
the past 150 years.

The shape of the dipole field is not ideal, but is highly distorted by
irregularities superimposed on the dipole field. These irregularities,
collectively called the non-dipole field, are thought to be caused by eddy
currents in the liquid core at the Earth's core/mantle boundary. Like the
dipole field, the non-dipole field is slowly and constantly changing. The
combination of dipole and non-dipole field moftion is called secular
variation and is the reason that a compass does not point exactly north.
The Earth's field we actually observe at any spot on the Earth is the sum
of the dipole and the non-dipole fields.

As if this strange behavior were not complicated enough, the earth's
dipole field does other remarkable things. For example, it occassionally
reverses polarity so that the north pole becomes the south pole and vice
versa (Cox and others, 1967). Paleomagnetic measurements on lava flows
have shown that these polarity reversals have occurred at irregular but
frequent intervals (Fig. 14). The field also changes intensity or
strength, but not in the way Barnes claims.

A careful analysis of the Earth's field by McDonald and Gunst (1968)
showed that the decrease in the dipole moment over the past 50 years has
been balanced by a corresponding increase in the non-dipole component of
the field, so that the total energy of the field external to Earth's core
has been constant. Over the past 120 years, the non-dipole energy increase
has not been quite sufficient to balance the dipole decrease, so the total
energy appears to have been decreasing at an average annual rate of about
0.01 percent (Verosub and Cox, 1971), which is much less than the figure

used by Barnes. Is this short-term decrease permanent as Barnes claims?
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Figure 14. Geomagnetic reversal time scale for

the late Cenozoic. Shaded areas indicate normal
polarity, unshaded reversed polarity. The scale was
determined by K~Ar dating of subaerial lava flows and
confirmed by studies on deep=sea cores and sea floor
magnetic anomalies. After Mankinen and Dalrymple
(1979). The ages are based on the new IUGS constants.
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No. There is conclusive evidence, for example, that the Earth's field
temporarily decays during polarity reversals, which have been frequent
during geoclogic history. Paleomagnetic measurements of the magnetic record
in rocks have shown that the Earth's dipole moment over the past 8000 years
or so has not been continually decaying, but instead has been fluctuating
(Fig. 15). How much of this fluctuation is balanced by the non-dipole
field and how much is a fluctuation in the total magnetic field energy is
not known, but it is clear that the field does not behave as Barnes claims.

The magnetic record in rocks also shows that the Earth's field during
Precambrian time was within abouf 50 percent or so of its present strength
(McElhinny, 1973). These observations are consistent with theoretical
considerations, showing that the Earth's field is probably generated by a
self-exciting, fluid dynamo in the Earth's liquid-metal core, with the
necessary energy coming from either radiocactive heat within the Earth, from
gravitational energy, or both. Some time in the far-distant future, the
magnetic field of the Earth may begin to decrease permanently as the
Earth's available energy is used up, but the Earth is not quite ready to
give up her field just yet.

The Earth cannot be dated by its magnetic field, and Barnes'

calculations are meaningless, as is his maximum age for the Earth.

Cooling of the Earth
Barnes (1974) summarizes and supports the arguments developed first in
1862 by Sir William Thomson (Lord Kelvin), who calculated that the Earth
could be no less than 20 million and no more than 400 million years old
(Thomson, 1862b). Kelvin's calculations were based on the presumption that

the Earth was cooling from an initial white-hot molten state, and his
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calculations determined how long it would take for the observed geothermal
gradient to reach its present configuration. Kelvin also calculated that
the Sun was probably no more than 100 million years old, and almost
certainly no more than 500 million years old (Thomson, 1862a). These upper
limits for the age of the Sun were based on his estimate of the available
supply of gravitational energy, which, he concluded, would not last many
millions of years longer. Nuclear reactions, which we now know are
responsible for the Sun's fires, were unknown in Kelvin's time.

Kelvin and several noted geologists feuded over the age of the Earth
for more than 35 years, because the geologists, basing their estimates on
the rates of observable processes, felt strongly that Kelvin's estimates
were much too low. The feud came to a culmination in 1899 when Science
published an address by Lord Kelvin to the Victoria Institute titled "The
Age of the Earth as an Abode Fitted for Life" (Kelvin, 1899). In this
address, Kelvin renewed his attack on the geologists' concept of the length
of geologic time, and cited an upper 1limit of 24 million years, calculated
by the geologist Clarence King' ¢ (1893). The same year, the American
geologist T. C. Chamberlin replied to Kelvin's address, and criticized
Kelvin thus:

"The facinating impressiveness of rigorous
mathematical analysis, with its atmosphere of
precision of elegance, should not blind us to the
defects of the premises that condition the whole
process. There is, perhaps, no beguilement more
insidious and dangerous than an elaborate and
elegant mathematical process built upon unfortified

premises”
(Chamberlin, 1899, p.830)

'4 Barnes (1974) errs when he attributes the 24 million year figure to
Kelvin. Kelvin agreed with the number, but King first published this
particular calculation. Xing was the first Director of the United States
Geological Survey.
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Chamberlin atttacked Kelvin's assumption of a white-hot liquid Earth, which
Kelvin had described as a "very sure assumption", by adding:

"I beg leave to challenge the certitude of this

assumption of a white-hot liquid earth, current as

it is among geologists alike with astronomers and

physicists. Though but an understudent of physics,

I venture to challenge it on the basis of physical

laws and physical antecedents"
Chamberlin then showed that Kelvin's assumptions were not necessarily so
certain, and noted that Kelvin's model took no account of the "latent and
occluded energies of an atomic or ultra-atomic nature". This last
statement was especially prophetic, for although the phenomenon of
radioactivity had been discovered by Henri Becquerel three years earlier,
the nature of radiocactivity, the isolation of radium, the measurements of
the amount of energy released in radioactive transmutations, the discovery
of isotopes, and a realistic atomic theory were all in the future.

The dispute between Kelvin and the geologists was resolved in 1903
when Rutherford and Soddy (1903) first determined the amount of heat
generated by radioactive decay. Rutherford and Soddy readily appreciated
the significance of their discovery for cosmological hypotheses.

"It [the energy from radioactive decay] must be
taken into account in cosmical physics. The
maintenance of solar energy, for example, no longer
presents any fundamental difficulty if the internal
energy of the component elements is considered to
be available, i.e., if processes of sub-atomic
change are going on.”

(Rutherford and Soddy, 1903, p.591)

Subsequent measurements of the amount of radioactive uranium, thorium,
and potassium in the Earth and in meteorites have shown that all of the

heat flowing from the interior of the Earth outward can easily be accounted

for by radioactive decay.
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Barnes (1974, p-3), in championing Kelvin's calculations 5, states:

"Some scientists claim that radioactivity in the
earth would alter this 1limit upward, but none has
given any clear analysis of how much it would alter
Kelvin's value. Kelvin was well aware of
radiocactivity, as is demonstrated by the fact that
he wrote several papers on it. That did not appear
to him to alter the problem at all. He was working
from an actual measured thermal flux gradient and a
knowledge of thermal conductivity of the crustal
rocks and was still confident that he had shown
that the earth's age does not exceed 24 million
years."

The first statement is simply untrue. There is a considerable
literature on the subject of the thermal state and history of the Earth.
Most beginning geology textbooks treat the subject. The remainder of
Barnes' paragraph also is wrong. Kelvin's last published remarks on the
age of the Earth from his cooling calculations were in 1899, four years
before Rutherford and Soddy published their findings of the energy
available from radiocactive decay. While it is true that
Kelvin published several papers on radioactivity, these papers were
unrelated to his age of the Earth calculations. Barnes implies that Kelvin
considered the matter and concluded that it was unimportant. In fact,
Kelvin privately admitted that his hypothesis regarding the age of the
Earth had been disproved by the discovery of the enormous amount of energy
available from within the atom (Burchfield, 1975), although he never
recanted. Kelvin apparently realized that he had lost the argument and
simply gave up, turning his energies to other matters until his death in

1907.

It is curious that Barnes endorses Kelvin's calculations and conclusions
so enthusiastically. Kelvin thought fthat the Earth was millions of years
old.
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The pre-twentieth century history of the various attempts by
scientists and philosphers to estimate the age of the Earth is a
facinating subject that readers may wish to explore in more detail (Faul,
1978; Albritton, 1981). Probably no estimate caused more controversy than
Kelvin's, and his role in this debate, which lasted for nearly half a
century, is the subject of a recent monograph (Burchfield, 1975).

Kelvin's calculations are interesting from a historical point of view,

but for nearly all of this century they have been known to be wrong.

Other Non-Methods

Morris (1974, 1977), Barnes (1974), Kofahl and Segraves (1975), and
Nevins (1973) discuss a variety of "age of the Earth" calculations that
give greatly inconsistent results. Morris (1977) presents a list of 70
such "ages". The methods range from the time to accumulate the sediments
now in the ocean basins of the world (30 million years), through the influ#
of meteoritic dust from space (too small to measure) and the influx of
magma from the mantle to form crust (500 million years), to the influx of
aluminum into the oceans (100 years). From these various values, Morris
concludes:

"The most obvious characteristic of the values
listed in the table is their extreme variability--
all the way from 100 years to 500,000,000 years.
This variability, of course, simply reflects the
errors in the fundamental uniformitarian
assumptions. Nevertheless, all things considered,
it seems that those ages on the low end of the
spectrum are likely to be more accurate than those
on the high end. This conclusion follows from the
obvious fact that: (1) they are less likely to have
been affected by initial concentrations or
positions other than "zero"; (2) the assumption
that the system was a "closed system"” is more
likely to be valid for a short time than for a long
time; (3) the assumption that the process rate was
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constant is also more likely to be valid for a
short time than for a long time. Thus, it is
concluded that the weight of all the scientific
evidence favors the view that the earth is quite
young, far too young for life and-man to have
arisen by an evolutionary process. The origin of
all things by special creation--already
necessitated by many other scientific
considerations-- is therefore also indicated by
chronometric data"

(Morris, 1977, p.53-54)

The problem with these 70 "ages" of the Earth is that they are all
based on either false initial assumptions or have too many unknown
variables for a reliable solution, or both. Nearly all of these methods
have been aired in the scientific literature and found so worthless that
scientists do not use them for determining the age of the Earth.

An inspection of the reference list provided by Morris (1977) shows
that most of the calculations were done and published by Morris and his
colleagues. Those that are attributed to scientific journals most often do
not appéar there. TFor example, Morris lists, as number 33, an "indicated
age of Earth" of 100,000 years from "formation of carbon-14 on meteorites”.
He references a paper by Boeckl (1972). Boeckl's paper, however, was about
tektites16, not meteorites, and he was attempting to establish a cosmic ray
exposure age for these objects. To do so, he assumed a terrestrial age for

the fektites of 10,000 years in order to do his calculations. Boeckl did

not calculate an age for the Earth, nor did he produce any data that can be
used to do so. Morris (1977) even has the number wrong.
As another example, consider Morris' (1977) number 43, "accumulation

of calcareous ooze on sea floor". He lists an "indicated age of earth" of

8 .

Tektites are small globules of glass whose origin has been the subject
of much debate, but is now thought to be dus to meteoritic impact on the
Barth.

(cad) 62 2/17/82



5 million years, and references a paper by Ewing and others (1964)17. The
paper by Ewing and his colleagues describes a study of the sediment
distribution on the mid-Atlantic Ridge. They found that the sediment there
was quite thin and concluded that at the present rate of sedimentation, the
sediment could have accumulated in about 2 to 5 million years. This short
time was puzzling to them because the ocean basins were then thought to be
very old -- their paper was published before the theory of plate tectonics
and sea-floor spreading was formulated, tested, and confirmed. We now know
that the mid-ocean ridges are very young and still active. 1In fact, their
age is zero at the ridge crests. The 2 to 5 million years calculated by
Ewing and his co-workers is about right for the part of the ridge surveyed
by them. Note that Ewing and his colleagues did not calculate an age for
the Earth nor did they produce or describe any data with which such a
calculation can be made.

These "age of the Earth" calculations summarized and discussed by
Morris (1974, 1977), Kofahl and Segraves (1975), Barnes (1974), and Nevins
(1973) are red herrings. None of the 70 methods listed by Morris (1974)
can be used to calculate an age for the Earth and the values are worthless.
Neither can these values be used to discredit the legitimate age of the

Earth found by radiometric methods.

CONCLUSIONS
Radiometric dating methods provide a reliable means of determining the

ages of critical points in geologic and planetary history, including the

7 Morris cites the Bulletin of the Geophysical Society of America,~but
there is no such organization. It is The Geological Society of America.)
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age of the Earth, the Moon, the meteorites, and the solar system. That the
age of the Earth is about 4.5 to 4.6 billion years is virtually beyond
question, as it is supported by a variety of independently determined
scientific evidence. Scientists are continually refining this age, but it
is highly unlikely that it will change in the future by~more than a percent
or two. In the past, the age of the Earth has been the subject of much
dispute, but the past few decades has seen the development of new
techniques not previously available. There is virtually no dispute among
knowledgeable scientists about the antiquity of the Earth and her siéter
planets.

Radiometric dating has independently confirmed and quantified the
various g;ologic and paleontologic time scales (Fig. 1, Table 2, for
example). These time scales originally were constructed on the basis of
stratigraphic and faunal succession before the development of modern
isotopic dating techniques. Radiometric dating has allowed scientists to
assign ages aﬁd to establish the lengths of the various eras, periods,
epochs, and fossil ages, but the relative order of these geologic time
units, as determined over the past two centuries by stratigraphers and
paleontologists without the benefit of isotopic dating, has remained
unchanged. This is powerful proof that both the dating techniques and the
paleontologic and stratigraphic principles on which the time scales were
originally based are sound.

The geologic corollaries of "scientific" creationism---namely, that
the Earth is no more than 10,000 years o0ld and that the sedimentary rocks
of the geologic column were deposited within about a year during a
worldwide flood 7000 years ago---are demonstrably wrong. There is no
scientific evidence to support these tenets and no scientific grounds for

seriously considering "scientific" creationism, as described by Morris
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(1974, 1977), and by Kofahl and Segraves (1975), as a valid scientific
theory. There is conclusive scientific evidence that the Earth was formed
4.5 to 4.6 billion years ago along with the rest of the planets of the
golar system. There is also no doubt that the rocks now exposed on the
surface of the Earth or accessible to scientists by drilling were deposited
and emplaced over the geologic epochs starting in the earliest Precambrian
more than 3.8 billion years ago. To accept, or even take seriously the
tenets of "scientific" creationism requires the total abandonment of the
results of two centuries of scientific investigations and of the principles

of objectivity and rationality that are fundamental to science.
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