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How Old Is It? How Do We Know?
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Part Three: Thermochronometry,
Cosmogenic Isotopes, and
Theological Implications

Davis A. Young

This final installment of the three-part series examines U-Th/He and fission-track dating,
so-called thermochronometric methods that provide cooling times from which uplift and
erosion chronologies can be constructed. Also discussed is a range of methods based on the
decay of cosmogenically produced isotopes such as 1°Be, 14C, 20Al, and 36Cl that provide
insight into the ages of sediments, glaciers, organic materials, and erosion surfaces.
The article concludes with a brief reflection on the theological implications of an Earth

that is billions of years old.

Thermochronometry

In Part Two we noted that **K-*°Ar data may
provide an indication of how long it has
been since a given body of igneous rock
cooled below the closure temperatures of
various minerals. If we know that the clo-
sure temperature for Ar retention in biotite
is around 325°C and around 475°C for horn-
blende, it is possible to estimate the depths
at which a given biotite- or hornblende-
bearing rock attained these temperatures.
For example, if the geothermal gradient, the
rate at which temperature increases with
depth, is determined to be 30°C per kilome-
ter, then a rock body would attain a temper-
ature of 325°C at a depth of approximately
11 kilometers, whereas a temperature of
475°C would be reached at a depth of
approximately 16 kilometers. The K-Ar cool-
ing age for hornblende will normally be
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older than the cooling age for biotite from
the same rock, and from those ages one can
calculate the approximate rate of uplift from
16 to 11 kilometers for the rock body in
question.

The “Ar/¥Ar method also provides
insight into the cooling ages of biotite and
hornblende and the uplift history of the
rocks in which they are contained, but space
limitations prevent further discussion.!

The U-Th/He Method

Although U-He was the first radiometric
dating method to be developed, its use was
soon discontinued because of the problem
of He loss from the minerals in which it was
being produced by decay of uranium. In
recent decades, detailed studies of He diffu-
sion in the mineral apatite indicated that
apatite begins partial retention of He as it
cools and eventually completely retains He.
Subsequent studies that clarified the rela-
tionships among closure temperature, grain
size of apatite, and cooling rate have sug-
gested a He closure temperature in apatite
of about 70°-75°C for apatite grains with a
radius around 70-90 pm and cooling rates
on the order of 10°C per million years. For
larger grains, the closure temperature is
slightly higher, and for faster cooling rates,
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the closure temperature is somewhat lower. He-diffusion
studies have also been conducted for other common min-
erals such as titanite, monazite, hematite, and zircon, all of
which are common accessory minerals in igneous and
metamorphic rocks.? Available data indicate that titanite
has the highest closure temperature (~200°C), whereas zir-
con has values a few degrees lower, and apatite lower yet.
Because these minerals have somewhat different He clo-
sure temperatures, it is now possible, by measuring the
amounts of U and Th isotopes and He in apatite, titanite,
and zircon, to calculate “cooling ages,” that is, amounts of
time that have elapsed since each mineral cooled to the
pertinent closure temperature at which He was completely
retained.’

Because the closure temperatures in these minerals
differ, each mineral in a rock reaches its He closure tem-
perature at a different depth. In general, apatite achieves
complete He retention at a shallower depth than titanite,
and, therefore, the cooling age of apatite is normally less
than that of titanite from the same rock sample. Because
He closure temperatures in apatite, titanite, and zircon are
much lower than Ar closure temperatures of feldspar,
mica, and hornblende, the depths at which complete He
retention becomes important are much shallower than the
depths at which complete Ar retention occurs. Thus, bio-
tite should retain Ar at a greater depth than the depth at
which apatite from the same rock retains He. As a result,
U/Th-He dating of apatite, titanite, zircon and other min-
erals in rock samples from a given region of high relief,
especially when coupled with K-Ar and “’Ar/¥Ar dating
of biotite, hornblende, and feldspar, makes it possible to
reconstruct the uplift and cooling history of such regions.

Rates of uplift and erosion in the western Basin and
Range province of the United States have been evaluated
by means of U-Th/He dating. The pattern of He ages from
apatite collected from the White Mountains of eastern
California suggests a period of gradual uplift, erosion, and
cooling followed by an episode of rapid uplift, erosion,
and cooling about 12 million years ago. In western
Nevada, He ages from both zircon and apatite in the
Wassuk Range indicate an episode of rapid uplift, erosion,
and cooling about 15 million years ago.*

Fission-Track Dating

Fission-track dating is another method that is used in con-
junction with the K-Ar, “Ar/¥Ar, and U-Th/He methods
for reconstruction of the uplift and cooling histories of
mountain belts.® Fission tracks are produced in minerals
that contain trace amounts of uranium, such as zircon,
apatite, titanite, allanite, garnet, and micas as well as in
U-bearing silicic volcanic glasses. In such materials 28U
atoms undergo infrequent spontaneous fission events into
two less massive nuclides that generally have atomic
numbers (Z) between those of zinc (Z = 30) and terbium
(Z = 65) accompanied by a few light particles. The prod-
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ucts of a fission event, propelled through a mineral or
glass at very high energies that depend on the atomic mass
of the nuclides involved, leave behind tracks of radiation
damage. Positively charged ions produced by the passage
of these high-energy particles repel one another to create
numerous vacancies in the crystal structure.

Fission tracks rapidly fade in minerals at high tempera-
tures as ions fill the vacancies upon return to their normal
positions in the crystal structure. In addition, if a zircon
or garnet is re-heated to a few hundred degrees Celsius,
fission tracks that accumulated at lower temperatures will
be obliterated. As a result, the simplest application of
fission-track dating concerns minerals or glasses that have
not been re-heated subsequent to their original formation.
As arock cools, any fission tracks that form fade until each
U-bearing mineral reaches a critical temperature, the value
of which depends on cooling rate, at which the mineral
begins to retain a very small fraction of the fission tracks.®
The mineral cools through a temperature interval called
a fission-track retention zone (FTRZ) in which the per-
centage of fission tracks formed increases as temperature
drops (Figure 1). Eventually, the mineral cools below a
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Figure 1. Percent of loss of fission tracks upon heating and percent
of retention of fission track upon cooling for apatite and sphene
(titanite). Fission-track fading (loss) and retention are functions
of temperature and rate of cooling. Thus, for example, sphene
(titanite) begins to lose its fission tracks if heated to 250°C for one
million years and will lose all its tracks at 420°C. In contrast, apatite
that is cooled for one year at 275°C just begins to retain tracks and
if cooled for one year at 160°C retains all its tracks. Reproduced
from Fig. 20.2 in G. Faure, Principles of Isotope Geology, 2d ed.
(New York: John Wiley and Sons, 1986), p. 349, by permission of
John Wiley and Sons.
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temperature, again dependent on cooling
rate, at which 100% of fission tracks are
retained. Because the FTRZ temperature
ranges of minerals differ, it is possible to
determine when rocks cooled to various
temperatures and depths and to reconstruct
uplift history of mountain ranges.

The fission-track method has been used
in some cases for determining the ages of
volcanic ash layers and archeological arti-
facts and implements such as obsidian tools
or ceramics. Because volcanic ash, composed
of glass shards, and obsidian cool extremely
rapidly to surface temperature, virtually all
fission tracks in glass or zircon should be
retained such that the time of eruption can
be determined. Fission-track dating can yield
both the age of manufacture of an obsidian
tool and, in other instances, the solidification
age of obsidian, in which case such informa-
tion can provide clues to the source region of
an obsidian fragment. Fission tracks in fired
pottery, in contrast, can indicate only the age
of the pottery but not the geologic age of its
minerals, because fission tracks present in
mineral grains will be obliterated upon firing.

Determination of fission-track ages entails
counting fission tracks on a specified pol-
ished surface for a given volume of sample.
The fission tracks are rendered more readily
observable by optical microscopy by chemi-
cal etching with acids. The fission-track age
is calculated from the fraction of decays of
28U that produce a fission track within a
given volume of sample; the amount of 28U
in the sample volume; the areal density of
fission tracks on a polished surface pro-
duced by spontaneous fission of 23U in the
natural sample; the areal density of fission
tracks on the polished surface that have been
induced by irradiation of %°U in the sample
by thermal neutrons; the thermal neutron
flux of the reactor in which the sample is
irradiated; and the capture cross-section of
25U for thermal neutrons. Terms that are dif-
ficult to determine directly are evaluated by
irradiating the sample of interest together
with standard minerals or glasses of known
age and similar if not identical properties to
the sample. Age corrections for track fading
are also applied on the basis of analysis of
track-size distributions.

In the Afar triangle in Ethiopia, a sequence
of Pliocene sediments rich in vertebrate

remains, including hominid fossils, contains
several beds of tephra (volcanic ash). Glass
shards from the uppermost BKT-3 tephra,
covered by Acheulean gravels, gave a fis-
sion-track age of 2.05 million years.” Approxi-
mately 125 meters below BKT-3 is the Sidi
Hakoma Tuff which yielded a fission-track
age of 3.53 million years, in fairly good
agreement with a more precise “°Ar/¥Ar age
of 3.40 million years old. About 45 meters
beneath the Sidi Hakoma Tuff is the Moiti
Tuff, fission-track dated at 3.89 million
years, in very good agreement with a more
precise *°Ar/¥Ar age of 3.89 million years.
Not only do the data provide an indication
of the approximate age of the hominid
remains, but the fission-track ages are also
consistent with the stratigraphic position of
the ash layers—the oldest at the bottom,
the youngest at the top.

At the Choukoutien cave in China, layers
3 (younger) through 11 (older) contain fossil
remains or other evidence of Homo erectus
pekinensis including evidence for the use of
fire.8 Several hundred grains of titanite were
collected from fired ash in these layers, and
the fission-track records of the grains were
completely reset by the firing. Fission-track
dating of titanite from layer 4 yielded an age
of 306,000 years, and titanite from layer 10
yielded an age of 462,000 years, consistent
with the stratigraphy.

Cosmogenic Isotopes
Several dating methods take advantage of
radioactive and stable isotopes produced by
the interaction of cosmic rays and cosmic-
ray induced neutrons with atoms in the
atmosphere or in common minerals exposed
at Earth’s surface.’ Cosmic rays, typically
consisting of protons, neutrons, and alpha
particles, originate in the Sun and in distant
sources outside the solar system. Galactic
cosmic rays, that is, those originating
beyond the solar system, generally have
higher energies than solar cosmic rays and
are, therefore, more likely to produce cos-
mogenic isotopes during collisions. Among
the more important radioactive cosmogenic
isotopes are °Be, 1C, 2°Al, and %CI, all of
which are radioactive.

Methods involving cosmogenic isotopes
typically entail measurement of the present
activity of a radioactive isotope in a sample
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by counting disintegrations or determination of the isotopic
concentration by mass spectrometry. Cosmogenic isotopes
have a wide array of geological and archeological applica-
tions including determination of ages of marine or
lacustrine sediment layers, glacial ice, coral reefs, organic
material, and exposure to the atmosphere or to space.
Several of the methods are useful for determination of
ages ranging from only tens to hundreds of years, whereas
others are suitable for dating materials that may be tens of
millions of years old. Some methods also provide informa-
tion about rates of processes such as sedimentation.'

Radiocarbon Dating

Radiocarbon (MC) atoms are produced by collision of cos-
mic ray-induced thermal neutrons with N atoms in the
atmosphere where they combine with oxygen to form
1CO, molecules.’* Atmospheric circulation thoroughly
mixes *CO; on a global scale before plants remove CO;
during photosynthesis. All living plant material is radio-
active because it contains C. As long as a plant is alive,
it continues to take up *CO,, while some of the *C already
taken in decays. Eventually equilibrium is established
between intake and decay. After the plant dies, no more
14C is taken up, and the remaining *C gradually disinte-
grates to “N. By measuring the activity of *C in a dead
plant by counting  emissions and comparing the activity
with standards of known C concentration, one can calcu-
late the time elapsed since the death of the plant.

By the same token, animals eat living plants and, there-
fore, ingest CO; from the plants. The animals also exhale
#CO,, and equilibrium is established between ingested
and exhaled C. When the animal dies, breathing and
metabolism stop, and *C is no longer released. The C
in tissues decays through time and, again, the measured
activity of C indicates age. Samples to be dated must be
free of contamination by radiocarbon from groundwater,
precipitation, or other sources. Because atmospheric “C
production has not been constant through time due to
changes in intensity of Earth’s geomagnetic field, varia-
tions in sunspot activity, bomb testing, and other factors,
deviations between radiocarbon ages and accurately known
ages of various artifacts are commonplace. A radiocarbon
age on material of unknown age must, therefore, be cor-
rected with the use of calibration curves that are con-
structed by plotting radiocarbon ages obtained from
materials of known age versus those known ages. The
most recent set of calibration curves is based on carefully
cross-dated tree-ring sequences that go as far back as
12,460 BP (BP = before present with the present defined as
the year 1950).1> Data on marine corals that have been
dated by U/Th methods and foraminifera collected from
dated varve sequences extend the calibration curves back
to 26,000 BP."

Radiocarbon has a half-life of 5,730 years. As a result,
14C in a sample decays to virtually undetectable amounts
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in a few tens of thousands of years. In the late 1970s, accel-
erator mass spectrometry (AMS) was developed for direct
measurement of ions of carbon isotopes accelerated to
very high energies in a particle accelerator and then
passed through a mass spectrometer. Because the new
method can measure much lower concentrations of "C
than is achievable by direct measurement of the *C decay
rate, it has the potential for modest extension of the time
range of radiocarbon dating. AMS also allows for analysis
of smaller samples and provides faster analyses.

Because radiocarbon dating is capable of providing
reliable ages up to a few tens of thousands of years, the
method has been extremely useful both in archeological
applications and in providing ages of extinct organisms
and of geologic events, such as glaciation and lake forma-
tion, from the end of the Pleistocene Epoch to the present.
Among the more widely publicized C results are dates
on material obtained from the Shroud of Turin ranging
from AD 1260-1390. An extinct bison, Blue Babe, that was
unearthed from frozen ground in 1979 and is now on
display in the Museum of the North in Fairbanks was
radiocarbon dated at 36,000 BP.™

Exposure-age Methods

Among the methods based on cosmogenic isotopes are
several that yield information about the length of time that
a rock surface has been exposed to the atmosphere or that
a meteorite has been exposed to cosmic rays as it travels
through space from the asteroid belt or from Mars to
Earth. This information concerns so-called exposure ages.
Below we will discuss only terrestrial exposure ages.!
For example, 1°Be is produced in the atmosphere by the
fragmentation of stable isotopes of oxygen and nitrogen
when impacted by cosmic rays. Because the great majority
of rocks in Earth’s crust are composed of silicate minerals
such as quartz, feldspar, mica, and olivine, the likelihood
of production of 1°Be by interaction of cosmic rays with
silicon and oxygen atoms in these minerals is great. Al is
produced by neutron bombardment of silicon atoms in
quartz and other silicate minerals in the rocks. *Cl forms
by the impact of cosmic rays on potassium and calcium
atoms that are abundant in common minerals such as
feldspar, pyroxene, and mica. Production of cosmogenic
isotopes in rocks on Earth’s surface opens the possibility
for determining the time at which a rock face was first
exposed to the atmosphere.

Because cosmic rays are deflected by Earth’s magnetic
field toward the poles, the intensity of cosmic rays striking
the surface at a specific elevation above sea level increases
at higher geomagnetic latitudes. Therefore, production of
cosmogenic isotopes in a rock surface is greater at high lat-
itudes, all other factors being equal. As cosmic rays descend
through the atmosphere they interact with atmospheric
atoms in various ways, and a particle may ultimately be
completely absorbed before reaching the surface so that it
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cannot interact with a rock face. Therefore,
the intensity of cosmic rays at Earth’s surface
is also a function of altitude, or, in other
words, the thickness of atmosphere through
which a cosmic ray travels. As a result,
the production rates of cosmogenic isotopes
in a rock face are also affected by the altitude
at which a rock is exposed. The production
rate of cosmogenic isotopes should be higher
for rock surfaces at high elevation than those
at low elevation, all other factors being equal.

For a constant flux of cosmic rays, a
steeply tilted rock face will experience fewer
interactions with cosmic rays per unit area
than a gently tilted rock face, and a gently
tilted rock face will experience fewer inter-
actions with cosmic rays per unit area than
a horizontal rock face. Hence, the produc-
tion of cosmogenic isotopes will be greater
on a horizontal rock face than on a steeply
tilted rock face.

The mineral composition of a rock face
also affects the production rates of individual
cosmogenic isotopes under identical condi-
tions because these rates differ for different
minerals. For example, Al is produced at
more than twice the rate in quartz than it is
in the mineral olivine for the simple reason
that there are more silicon atoms in a given
mass of quartz than there are in olivine, and
it is silicon atoms that are impacted by the
cosmic rays to produce *Al

Exposure dates are calculated from equa-
tions that take into account these and
various other factors along with the decay
constant and the amount or activity of
the isotope that is present in the exposed
mineral sample. The variables are generally
more numerous and more difficult to assess
in the case of cosmogenic isotopes than with
the methods we discussed in Part Two for
determining the ages of rock crystallization.
Hence, exposure ages are not always as
precise or accurate as crystallization ages.
The age is calculated from the number of
product atoms such as °Be, measurable
by mass spectrometry; the production rate
evaluated from the various factors noted
above; and the decay constant of the cosmo-
genic isotope.

The dating of glacial deposits was formerly
dependent almost entirely on stratigraphy
and paleontology, but it is now possible to

determine, by means of cosmogenic isotope
methods, the amount of time that has
elapsed since a boulder, deposited in a
moraine at the margin of a melting glacier,
has been exposed to the atmosphere.' In the
Wind River Range of western Wyoming,
the most recent moraines of the Pinedale
stage contain large angular boulders and
are much less thoroughly weathered than
the older moraines of the Bull Lake and
Sacagawea Ridge stages on which they are
superposed. The dating of fifty-six samples
of boulder fragments by the *Cl method has
shown that the Pinedale moraines have ages
ranging 15,000 to 23,000 years, the Bull Lake
moraines have a minimum age of 120,000
years, and the Sacagawea Ridge moraines
have a minimum age of 232,000 years."”

As another example, consider Meteor
Crater in northern Arizona. A meteorite
approximately 150 feet in diameter collided
with the Arizona desert and excavated a giant
crater that is about three-quarters of a mile
in diameter and 550 feet deep. Horizontal
bedrock layers of Coconino Sandstone,
Kaibab Formation, and Moenkopi Forma-
tion that underlie the area around the crater
were tilted upward as material was ejected
upon impact to cover the adjacent landscape.
Surfaces of samples of Kaibab Formation
yielded '°Be ages ranging from 51,600 to
14,600 years indicating various times when
ejected material was removed by erosion
from the underlying rubble of Kaibab For-
mation. The highest ages, ranging from
44,700 to 51,600 years, were obtained from
the “summits” of large ejecta blocks of
Kaibab Formation. All of these ages are
in excellent agreement with ages obtained
by %Al dating that range from 52,700 to
14,500 years.’® The same sample yielded
the youngest age by both methods, and the
four samples with the greatest '°Be ages also
yielded the greatest Al ages. The *Cl ages
of five Kaibab Formation samples range
from 50,400 to 36,500 years. The next lowest
value is 47,100 years. The average age of
the samples with the four highest values is
49,000 years. The investigators regarded that
as a best estimate for the time of impact.’

One additional study of Meteor Crater
employed the non-radiogenic thermolumi-
nescence method (see Part One of this series).
Quartz from four sandstone samples yielded
a range of ages from 53,600 to 45,100 years
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with a mean of 50,400 years.20 Quartz from four samples of
dolomite yielded ages ranging from 50,800 to 37,700 years
with a mean of 46,000 years. Several lines of evidence
strongly suggest that Meteor Crater was formed around
49,500 years ago. The agreement of the age results
obtained by various methods, such as those we have
pointed out, has been critical in establishing the scientific
community’s confidence in the reliability of the dating
methods now commonly in use.

Theological Implications

Any assessment of the theological implications of the ages
of geological and archeological features far in excess of
6,000 years disclosed by the plethora of dating methods
must begin with the recognition that the spectacular suc-
cesses of the natural sciences are possible only because
the message of the Bible is true. The biblical doctrines
of creation, providence, covenant, and humanity alone
provide a satisfactory basis for the presuppositions of
orderliness, uniformity and stability, and intelligibility
of the universe that make all the sciences possible. When
followed through consistently, competing worldviews
like deism or materialistic atheism cannot provide a satis-
factory basis for holding all of these presuppositions that
are essential to scientific inquiry. Even deism cannot
guarantee uniformity and stability.

As adherents of a Christian worldview, we should
believe that established scientific data and well-supported
theories are giving us a window on reality. Thus, the
remarkable consistency of the vast complement of dating
methods now available reveals something real to us about
the world, namely the vastness of created time. If we are
serious about the implications of the biblical doctrines of
creation and providence, then we are driven to accept the
Earth’s great antiquity. The incessant disclosure of God-
created and God-sustained data and principles forbid us
from cavalierly dismissing the powerful evidence that has
been discovered about Earth’s vast history every bit as
much as it forbids us from dismissing Stokes’ law, the law
of mass action, or cell theory.

Geological and archeological dating methods are a
divine gift that has given us better insight, not just about
our world, but also about the teaching of Scripture. The
dating methods are important tools that have led us to
recognize that the traditional view of Genesis 1 as a strictly
historical and scientifically valid account of the first
144 hours of Earth’s (or the universe’s) existence must be
fatally flawed. If so, it should be abandoned.?! But God
in his providence has not left us in the dark regarding
a more acceptable interpretation of Genesis 1 with which
to replace the traditional view. By means of another divine
tool, namely, archeology, God has also granted us over
the past century and a half previously unrecognized
knowledge of the cultures, worldviews, cosmologies, and
literary conventions and symbolisms of the ancient Near
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East. If we take that knowledge seriously, we can begin
to see Genesis 1 as a theological critique of the false poly-
theistic religions of Israel’s neighbors that was cast in the
literary characteristics of the ancient Near East rather
than as a report of a sequence of scientifically verifiable
geological and astronomical events.

John Calvin, contra Augustine, observed that God
created the world in six days rather than all together in
one moment in order to give us opportunity to reflect
more deeply on God’s marvelous works. May we not,
along the same lines, suggest that an earth that has jour-
neyed through an incredibly long, complex, dynamic 4.55-
billion-year history provides us, by God’s grace, with far
more material for reflection on his majesty, power, and
breathtaking imagination than an earth that is only a few
thousand years old? &
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decay scheme.
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