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REVIEW OF ISOTOPE SYSTEMATICS

Cooling Ages and Diffusion
(P.K. Zeitler)

1. Introduction
Most geologists are familiar with the advances in igneous petrology and global

dynamics that followed from developments in radiogenic tracer-isotope geochemistry.
Fewer geologists seem to be aware that the advances made in geochronology in the
1970’s and 1980’s constituted an equally great leap forward for students of lithospheric
processes. Because of the importance of heat transfer as a fundamental driving
mechanism of tectonic activity, the fact that geochronological methods can reveal a
sample’s thermal history has given workers in metamorphic petrology and tectonics an
important means for measuring the rates and timing of geological processes.

This short course in thermochronology and related aspects of geochronology has
been organized around numerous case studies. However, before we proceed we will
spend some time reviewing how the various dating systems used in thermochronology
actually work. We will also review the theoretical basis for thermochronology, which
amounts to a review of diffusion theory as applied to geochronological systems.

Perhaps ironically, the roots of thermochronology lie in the frequent violation of
one of the fundamental assumptions of traditional geochronology. For an age
determination to represent the formation age of a rock, the following assumptions must
have held true: (1) decay of radioactive parent occurred at a constant rate unaffected by
any environmental conditions experienced by the sample; (2) no isotopic fractionation
occurred within the parent-daughter system; (3) correction can be made for any daughter
isotope incorporated into the sample at the time of its formation; and (4) the
parent-daughter system remained closed. In practice, requirement (4) is often not met
and in many geological environments open-system behavior is virtually the rule.
Thermochronology represents the attempt to exploit this widespread open-system
behavior to obtain quantitative information about temperature (and other) histories.

Although we will provide specific references below, it is appropriate to note at this
point that several good texts are available that provide basic information about
geochronological methods and their applications. The textbook by Faure (2nd edition,
1986) covers nearly all dating methods and is a good general text. The book by
McDougall and Harrison (1988) covers the “°Ar/**Ar method in detail, and also clearly
explains the application of diffusion theory to “°Ar/®Ar thermochronology; the book is
also a good introduction to solving problems involving the diffusive transfer of mass or
heat. Mussett (1969) provides a useful review of diffusion and geochronology, and the
articles by Giletti (1974a,b) are a useful introduction to measurement of kinetic
parameters. Finally, the classic books by Crank (1975) and Carslaw and Jager (1959)
remain authoritative texts for obtaining fundamental solutions to a wide variety of
diffusion problems.



2. Historical Perspective

The early work in geochronology, beginning with the first U-He age
determinations made at the beginning of this century, was directed towards determining
the formation ages of rocks and numerically calibrating the geologic time scale.
However, it soon became apparent that in many cases measured ages were too low,
particularly ages determined on mineral separates (as opposed to whole rocks). By the
early- to mid-1960’s, this phenomenon was widely recognized, and geochronologists were
generally aware of the fact that many of the ages they determined were a function of the
thermal histories of their samples. Classic papers from this period include those by
Mason (1961), Hurley et al. (1962), Armstrong (1966), Westcott (1966), Harper (1967),
and Dewey and Pankhurst (1970).

What followed this realization about the importance of thermal history was an
increasing effort by geochronologists to place temperature constraints on the various
mineral dating systems they used. For the most part, the initial efforts were made by
means of geological calibrations carried out in contact aureoles and in slowly cooled
terranes (Hart, 1964; Hanson and Gast; 1967, Jdger et al.,, 1967; Pankhurst et al., 1973;
Wagner et al., 1977; Harrison et al., 1979). Throughout the 1970’s, increasing numbers
of laboratory experiments were also carried out (e.g., Foland, 1974; Giletti, 1974a;
Harrison, 1981). This decade also saw publication of the seminal paper by Dodson
(1973) setting out the mathematical basis for diffusion in slow cooling systems.

The 1980’s were the decade in which methods began to catch up with theory.
Fission-track dating became widely used, and because all of the mineral systems used
with this method are very temperature sensitive, the potential for thermal history
determination became more widely appreciated among the geological community.
During the same period, “*Ar/*Ar dating underwent something of a resurgence as the
technique increasingly was applied to terrestrial rocks, and as methods of analysis and
interpretation were refined (Harrison, 1983). The decade ended with attempts to refine
the accuracy and precision of thermochronological techniques, both from a theoretical
and material-properties perspective, and with increasing attempts to examine and
develop higher-temperature geochronological systems as thermochronometers.

3. A Hierarchy of Dating Systems
What happens when you apply the available dating techniques to samples having

other than a simple geologic history? What you almost always get is a range of ages, and
you find that by in large the various dating systems give consistently different results. In
general, for a slowly cooled rock, you can arrange the dates you obtain as follows (after
Dodson and McClelland-Brown, 1985):

Greatest age: U-Pb zircon
U-Pb monazite
U-Pb sphene
Nd-Sm garnet
U-Pb apatite, rutile
K-Ar hornblende



Rb-Sr muscovite
K-Ar muscovite
Rb-Sr biotite
K-Ar biotite
Fission-track sphene
K-Ar K-feldspar
fission-track zircon
fission-track apatite
Lowest age: U-Th-He apatite

To make this point another way, we can look at the mineral age data of the sort
obtained by Harrison et al., 1979 and Harrison and McDougall (1980) from large
batholiths. When you plot measured ages against estimates of the "closure temperature”
for each mineral system (we’ll discuss closure temperature in a moment), you can see
how the mineral ages define what is a very plausible thermal history for a cooling pluton
(Figure 1).

The important point to realize is that mineral ages are best thought of as cooling
ages. Because most rocks were hot or at least warm sometime in their lives, the safest
course to take when you are confronted with an age determination is to be suspicious
and take as a working hypothesis that your age is a cooling age. Of course you will then
want to delve deeper: you need to consider what other complex thermal, geochemical,
or metamorphic histories might be responsible for an age, or whether your age is in fact
a primary age for some event. In the next two days, we would like to give you some
feeling for how you can determine what your age might mean, and more important, how
you can use the thermal (and "petrological") sensitivity of most mineral dating systems to
place quantitative constraints on geological processes.

4. How Diffusion Explains Cooling Ages--Part I

What lies behind the frequent observation of cooling ages? Mostly the process of
diffusion, and partly the geochemistry, thermodynamics, and kinetics that shape a
sample’s petrology. Thermally activated diffusion is so critical to thermochronometry
that we really need to spend a bit of time establishing the basics.

(i) Diffusion is an inevitable natural process that is easy to understand. Matter
(like heat) tends to flow down concentration gradients. If you live in a big house and
someone leaves the front door open early in the autumn, leaves will begin to enter your
home (if you have children you know that this is inevitable). Eventually, you will find
leaves everywhere in your house. The leaves move randomly, and some leaves go out
even as others are coming in. The point is that the leaves have diffused in, and they’ll
keep coming in until they’re as dense inside as they are outside (to extend the analogy to
its limits: think of the door sill as a partition coefficient, think of a potted plant in the
house as a source term in the diffusion equation, and think of the amount of foot traffic
in your house as an analogy for temperature: more feet, faster-moving leaves).

(ii)) In geological materials, the rate of diffusion if strongly temperature
dependent, and follows an Arrhenius relationship:
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The pre-exponential constant D, can be thought of as describing the relative ease of
diffusion through a material, and the activation energy E can be thought of as describing
the probability of an atom making a jump. Typically used units (which persist in the
literature in non-SI form) are:

D, and D: square centimeters per second
activation energy, E: calories per mole
gas constant, R: 1.987 calories per degree Kelvin per mole;
temperature, T: degrees Kelvin

In geological materials, the diffusion coefficient will typically vary by many orders of
magnitude. For example, in the case of argon diffusion in a potassium feldspar, E might
be 45000 cal/mole and D, might be 1 x 10* cm?/s. Therefore, at 20°C (293.15 K) D will
be 2.8 x 10 cm?/s, but at 250°C (523.15 K) D would be 1.6 x 10% ¢cm?/s. That is over
fourteen orders of magnitude higher!

(iii) Fick’s Laws can be used to describe the state of diffusion in a
geochronological system of interest. In such a system, Fick’s First Law states that in the
steady-state, the flux of diffusing isotope is directly proportional to the concentration
gradient of that isotope. For the case of one-dimensional diffusion:

aC
D = )]

Note that in this equation, the diffusion coefficient D is the constant of proportionality,
and that the minus sign stems from the fact that diffusion occurs down the concentration
gradient (like heat flows down a temperature gradient). Speaking of heat, note that Eqn.
2 is of the same form as the expression for steady-state heat flow.

For our purposes, the steady state is not relevant and is quite boring. In fact, it’s
hard to imagine a geochronological system that is in steady state, since radioactive decay
keeps on providing daughter isotope relentlessly. At high temperatures, where daughter
isotope can be lost as fast as it is produced, one can imagine a steady state being
established, but that’s only useful as a starting point for what we’re interested in, which is
to accumulate some daughter product and get an age!

The transient condition is what we need to worry about. Fick’s Second Law is
relevant here (again, for the one dimensional case; note that this equation is analogous
to the equation for temperature distribution under transient conditions):
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It is straightforward to derive this equation from first principles, but a useful way
to view it is to think of differentiating the steady-state equation (Eqn. 2) with respect to
time. Fick’s Second Law merely states that the change in concentration with respect to
time is proportional to any gradient in the concentration gradient. If we remember that
dating systems involve radioactive decay, we can add a source term A* to Eqn. 3 to
obtain a complete description (believe it or not) of a thermochronological system:
o€ _ p&c
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How is this so? Eqn. 4 describes the loss (or possibly, gain) of daughter product
by diffusion, and the gain of daughter product by decay. But there’s more tucked away
in this equation than that, especially when it comes down to choosing some boundary
conditions and actually solving it. Specifically, recall from Eqn. (1) that the diffusion
coefficient D is a function of temperature. Hence, temperature is an implicit part of
Eqn. 4, and solutions can be obtained which reflect changes in concentration of daughter
isotope as a function of thermal history. That’s thermochronology!

Fortunately for those of us who are not mathematically agile, a wide range of
solutions to Eqn. 4 are available, for both general cases and specific geochronological
systems. Furthermore, many of these solutions can be expressed as simple algebraic
formulae like this:

2 (D (for values of f<0.45) )
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Here f is the fractional diffusive loss of daughter isotope from a plane sheet having a
diffusion dimension (half-width) a and having suffered a thermal event of duration ¢
which was of sufficient temperature to yield a diffusion coefficient D. Crank (1975)
offers many solutions of the diffusion equation, and many of the solutions in the classic
book on heat transfer by Carslaw and Jaeger (1959) are direct analogs to diffusion
problems. Finally, McDougall and Harrison (1988) provide a very useful tabulation and
explanation of a number of solutions of varying complexity.

Eqn. S sneaks in a two very important points. First, in most solutions to the
diffusion equation of interest to geochronologists, there is one other important parameter
that must be considered besides D and ¢: what has often been called "grain size" but
more properly should be referred to as "diffusion dimension" or "domain size" (daughter



isotope can be considered to have escaped from a crystal once it has reached any
number of fast-diffusion pathways, only one of which may be a grain boundary). Second,
in general, the parameter of importance in diffusion is Dt/a” and it is important to note
that the three components of this parameter all have equivalent influence. Thus, if all
that is known about a poorly characterized sample is that it has lost some daughter
isotope, it is not possible to isolate the effects of temperature from that of heating
duration or grain size. Another important point to make about the parameter Dt/a” is
that in cases of geologically brief episodic heating (where production of daughter isotope
by decay can be ignored), one can make the following substitution in solutions to the
diffusion equation:

x = % [Dwa  ©

where D(t) is the diffusion coefficient as a function of time (e.g., thermal history), and
where it is assumed that diffusion dimension is not time dependent. In other words, the
good news is that it is only the integrated thermal history that matters in many
calculations, and the bad news is that a single age determination cannot be used to
differentiate between different styles of episodic heating.

4. How Diffusion Explains Cooling Ages--Part II
In his classic paper (Dodson, 1973) presented a solution to the diffusion equation

which addressed the case of slow cooling. Dodson’s equation provided a theoretical basis
for the young ages that were frequently observed by geochronologists, and it also
provided a quantitative framework with which to use the growing body of diffusion data.
Let’s examine both these aspects of Dodson’s pivotal contribution to thermochronology.

Conceptually, what the closure-temperature theory does is balance the
exponentially diminishing effectiveness of diffusion during slow cooling against the steady
accumulation of daughter product from radioactive decay. Figure 2 shows what this
statement means. Over geologically reasonable time scales, there are temperature
ranges where a mineral system will be completely open, and there are temperature
ranges where a mineral system will be completely closed. Between these two ranges will
be a fuzzy temperature range where the mineral system is partly open: daughter
isotopes accumulates, but not as rapidly as one would expect in a completely closed
system. What Dodson’s formula provides is a means to extrapolate back and extract the
temperature of the system at the time given by its apparent age. This is an absolutely
essential concept in thermochronology: it is the definition of the term "closure
temperature.”

Here’s the equation for closure temperature (Figure 3 shows an annotated
version):

The terms on the right-hand side of Eqn. 7 together define the closure temperature T .E
is activation energy, R is the gas constant, D, is the pre-exponential constant from the
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Arrhenius equation, and a is the diffusion dimension (the lumped parameter D/a is
sometimes referred to as the "frequency factor”). A is a diffusion-geometry term that is
equal to 8.7 for infinite slabs, 27 for cylinders (radial diffusion geometry) and 55 for
spheres. dT/dt is the cooling rate experienced by the sample while it was undergoing
closure. Finally, T, is ...closure temperature! The closure-temperature equation is
iterative in nature, and you have to guess a value of T, to get things rolling. Because of
the nature of the natural log function, the equation converges rapidly, usually within two
or three passes.

As an example, let’s calculate a closure temperature for a hypothetical sample.

Given:
pre-exponential term, Dy; 1 x 10* cm?/s
diffusion dimension, a: 1x 102 ¢cm (100 um)
activation energy, E: 45000 cal/mol
gas constant, R: 1.987 calories per degree Kelvin per mole;
geometry factor, plane sheet, A4: 8.7
cooling rate, dT/dt: 10°C/m.y.

The first thing to do is to convert the cooling rate to degrees Kelvin per second: that
would be 3.169 x 107 K/s. Next, let’s guess a value for closure temperature of, say,
300°C, which is 573.15 K. Using this temperature, the value of the natural log term is
33.62 and E/R is 22647 K, so the first iteration yields a closure temperature estimate of
673.7 K (400.5°C). Substituting that estimate for closure temperature back into the
equation yields a new estimate of 667.2 K; a third iteration using this estimate leads to a
closure temperature of 667.6 K (394.5°C).

There are a number of things to note about closure temperature. First, it is
important to realize that closure temperature is dependent not only on a sample’s
diffusion kinetics but also on cooling rate. Compared to slowly cooled samples, samples
that cool quickly spend less time in the transitional, partially open state. Very roughly,
the closure temperature of a sample will vary by about 10% per order of magnitude
change in cooling rate (or a® or D,). A second thing to note about closure temperatures
is that they are only relevant to thermal histories involving continuous cooling. Citing a
closure temperature when discussing whether or not a system should have survived a
thermal resetting makes no sense whatsoever (this might seem obvious to you, but it is a
common error). A third thing to realize about the term "closure temperature" is that



some people use the term "blocking temperature" as its synonym; this is fine if what is
meant is in fact Dodsonian behavior based on volume diffusion or first-order kinetics.
However, it can be argued that use of the term "blocking temperature" for isotopic
systems could be misleading, because (1) paleomagnetic systems have much higher
activation energies and thus are far more temperature sensitive than isotopic systems
(e.g., only a very short time spent at the magnetic blocking temperature will erase a
magnetization), and (2) as a consequence, in paleomagnetic systems it is appropriate to
think of blocking and unblocking as occurring at a single temperature, whereas this is not
the case for isotopic systems. Finally, it should be recognized that closure-temperature
theory applies not only to thermochronological systems, but to many petrological systems
as well, where closure can be thought to represent, for example, the "freezing in" of
exchange reactions.

5. Diffusion Profiles

One consequence of diffusion is that anything other than a completely
straightforward thermal history consisting of very fast cooling will result in a sample
developing appreciable diffusion gradients in its radiogenic daughter isotopes. This is
because the boundary conditions superimposed on our samples are (1) a finite or
rate-limited supply of daughter product, and (2) a grain boundary immersed in an infinite
sink having effectively a zero concentration of daughter isotope. As a result, it is
reasonable to expect that many natural samples will have diffusion profiles set up within
their diffusion domains. For many geochronological methods, this information is of
academic interest only, for it is likely that diffusion domains will be on the order of
microns or even less, and the technological means do not exist to cleanly sample such
small domains. However, the “°Ar/*Ar method is potentially an exception, in that it
uses diffusion itself to pump natural diffusion gradients out of samples in the laboratory.
Therefore, it is worth knowing that in theory the diffusion profiles developed in a slowly
cooled minerals can be used to constrain segments of temperature-time paths, as each
position along a diffusion profile can be thought of as having a position-dependent
closure temperature (Dodson, 1986). We will return to this topic again when we discuss
the “°Ar/*Ar dating of potassium feldspars.
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1. Sketch showing the thermal history to be expected from a cooling intrusion (dashed line),
and the typical results that one would obtain from dating a suite of thermochronometers from
the intrusion. The “ages” for each mineral system have been plotted against their estimated
closure temperatures to yield an empirically derived cooling curve.
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2. A graphical representation of the closure phenomenon. The top figure shows the
temperature history experienced by a sample, and the bottom panel shows the value of the
parent-daughter ratio as a function of thermal history. The closure temperature represents the
temperature of the system at the time given by its apparent age. Note that at high temperatures
the sample is completely open (no daughter product is retained), and that at low temperatures
the sample is completely closed (all daughter product is retained). In the transitional interval,
some of the daughter produced by decay is retained (in the centers of grains). Note also that for
the isotopic systems typically used in thermochronometry, for times near and within the closure
interval, the growth of the daughter/parent ratio can be approximated as a linear function of

time.
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Samarium-Neodymium and Uranium-Lead
(R. Tucker)

Introduction

This chapter is intended to introduce to the nonspecialist the principles of isotopic
dating, and to illustrate with real examples the range of geological problems that may be
studied by the U-Pb method as it is practiced in many laboratories today. The chapter is
divided into two parts. The first part, covering Day 1 AM, is a review of the principles
of isotopic dating, introducing the fundamentals of the method using both the Sm-Nd
and U-Pb systems as examples. The second part of the chapter is a brief survey of some
geological applications of the U-Pb method, done by the isotope dilution method, using
selected examples of the author (some unpublished). Space limitations preclude a
comprehensive review or discussion of the U-Pb technique practiced by the crystal
evaporation (Kober 1986, 1987) or ion-microprobe methods (e.g. Compston et al. 1984,
Kinney et al. 1988, Bowring et al. 1989), and for this, the reader is referred to selected
listings in the references or to a recent review article by Heaman and Parrish (1991).

PART L DAY 1, AM: REVIEW OF ISOTOPE SYSTEMATICS

An isotopic age may be determined for a mineral or a suite of cogenetic minerals
and rocks provided that neither radioactive parent nor radiogenic daughter were lost or
gained from the sample over its lifetime, that each sample had an identical initial
daughter isotopic ratio at their time of formation, and that parent and daughter are
present in sufficient abundance to enable meaningful measurements to be made. In
practice, the method of isotopic dating selected for use depends on the type of age
information that is sought, as well as a host of geological factors that may favor or
preclude one method over another. Although the principles and assumptions of most
methods are the same, the type of extractable age information is not, primarily because
of inherent differences in the chemical properties of parent and daughter nuclides. The
task for the geologist is to learn the strengths and limitations of each dating method, and
to understand how geological processes magnify or diminish these strengths for a given
application. No single method or technique can be applied with equal success to all
dating projects and, in some instances, full appreciation of the complexity of a problem
will only come with a multidisciplinary approach. That said, over thirty years of
experience in the isotope community has demonstrated that some methods of dating
enjoy distinct advantages over others for the same application and, with appropriate
attention to collecting and analytical technique, these methods can be applied to most
geological problems to yield highly precise and accurate ages.

The Samarium-Neodymium Method

The fundamental principle of the Sm-Nd, Rb-Sr, and Re-Os methods is that the
production of radiogenic daughter isotope, D, occurs at a constant rate through time,
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with the amount of the daughter produced being proportional to the amount of
radioactive parent isotope (P) present. As can be seen in Equation 1, the decay
equation predicts that the amount of daughter atoms present today (D,,) is the sum of
the daughter isotopes present initially (D,;,,) and the radiogenic component, P (e*"-1),
produced during time ¢.

D, =D pisia* P -1), 0y )]

As we can only measure isotopic ratios in mass spectrometers, it is convenient to
reference both P and D, relative to a stable isotope of the daughter element such that
Equation 1 becomes:

_Dins

D

meas ref

+—D—}:—(eJu -1)‘ )

initial T rad

Dtotal
D

ref

which has the general form of the equation for a straight line. Note that in this form,
the amount of the daughter isotope present (D,,.,,) is the sum of the radiogenic daughter
plus the nonradiogenic component present in the sample at ¢=0 (the initial daughter).
Also present at the time of mass spectrometric measurement is the nonradiogenic
contaminant contributed by the laboratory during analysis (the laboratory blank) which,
for the present discussion, we shall assume to have a value much less than D, ;...

The solution for ¢+ may be obtained two ways. If the number of atoms produced
through decay (radiogenic component) greatly exceeds that initially present (the initial
component), then ¢ can be determined from the abundance of P and D without precise
knowledge of the initial daughter isotopic composition. This form of solution was
recognized by Goldschmidt (1937) and Hahn et al. (1937) over thirty years ago, and an
earl;' application of the method was for dating Rb-rich lepidolite using the decay of ’Rb
to ¥'Sr (Ahrens 1946). The second solution, having far greater application for geological
materials, is to analyze several samples of the same age and initial daughter isotopic
composition, but different ratios of P/D_, to construct the familiar isochron diagram
(Allsopp 1961, Nicolaysen 1961, Faure 1986). If all rocks and minerals behaved as
closed-systems, had the same initial isotopic ratio and age, they will define a straight line,
the slope of which corresponds to the age of the system.

As can be seen in Equation 2, the precision of an isochron may be improved by
obtaining an array exhibiting a large spread in P/D_, . For the Sm-Nd system, Equation
2 becomes:

143 Nd
144 Nd

143 147

meas

where *’Sm/™Nd is the measure of P/D,,. Unlike the Rb-Sr, Re-Os, and U-Th-Pb
systems, however, parent (*’Sm) and daughter (**Nd) are not fractionated strongly in
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nature which results in modest variations of the ’Sm/**Nd ratio and only small long-
term variations in the value of *Nd/**Nd. The typical range of the Sm/Nd ratio (by
weight) in rocks is from about 0.1 to 0.6 (Richard et al. 1976, Zindler et al. 1982), and
about 0.4 for cominon rock-forming and accessory minerals, although xenotime and
garnet may have ¥’Sm/**Nd ratios somewhat greater than one (Mearns 1986). This
small variation in parent/daughter ratios means that all ages determined by the Sm-Nd
method must be done using the isochron approach which, with currently-achieved
measurement precisions of about +0.003%, results in an optimum age uncertainty at the
95% confidence level of about 20 m.y (DePaolo 1988).

The quality of an isochron is evaluated by the degree to which individual analyses
plot within analytical uncertainty of a least-squares regression line (e.g. York 1969). The
samples comprising the isochron my either be minerals plus whole-rock from a single
sample or many whole-rocks collected from a single formation or geological unit. To be
a valid determination the isochron must satisfy the assumptions of the method, namely:
1) all samples are of the same age, 2) each sample had the identical initial isotopic ratio,
and 3) that there has been no loss or gain of parent or daughter isotopes since time =0.
If one or more of these conditions is not met, then the analyses will not conform to the
regression (within reasonable expectation; cf. Brooks et al. 1972, Mclntyre et al. 1966), in
which case statistical treatment and analysis of the data may be applied to evaluate the
reliability of the "age", to infer the geological basis of the uncertainty, and to investigate
the disturbance of the system.

Use of minerals ("internal") or whole-rocks ("external") to define an isochronous
relationship depends on the geological problem and the extent to which all of the above
conditions will be met by the choice of samples. Internal isochrons, for example, may be
the preferred method for dating igneous intrusions with single-stage cooling histories
because the likelihood of post-crystallization exchange is small and the probability that
each mineral had the same initial isotopic composition is high (see, however, Johnson
1989 and Cortini and van Calsteren 1985 for examples of isotopic disequilibrium between
minerals and whole-rocks in recent tuffs). In the case of a metamorphosed intrusion,
however, the whole-rock approach may be preferred because it is improbable that whole-
rock isotopic compositions will be modified significantly (especially in the Sm-Nd system)
even if small-scale exchange between minerals has occurred. Nevertheless, an all-too
cominon problem with whole-rock dating, is demonstrating that all samples are
isochronous and had the same initial isotopic ratio. Variations in initial ¥Sr/®Sr ratios
for suites of young lavas from a single volcano have been reported (Chen and Frey 1983,
Hildreth et al. 1991), suggesting that the assumption of identical initial ratios for many
suites of rocks is difficult to defend and cannot automatically be made. This is especially
troublesome in the Sm-Nd system where variation in the initial *Nd/**Nd, larger than
analytical uncertainty, may produce totally spurious ages. Moreover, if petrologically
unrelated rocks or minerals are grouped to construct an isochron, or if a mixing line is
constructed from two reservoirs whose isotopic compositions are very different, then
meaningless ages or poor quality isochrons may result (Cattell et al. 1984).
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Applications of Sm-Nd Geochronology

The Sm-Nd system has been applied successfully to determine crystallization ages
for mafic and ultramafic terrestrial rocks and, perhaps most successfully, to date lunar
and extraterrestrial materials (see Shirey 1991 for a very useful summary). Specific
examples are too numerous to cite but, in general, the whole-rock and mineral isochron
approach has dated ultramafic, mafic and felsic volcanic rocks (particularly of Archean
age), high grade gneisses and granulites, anorthositic rocks and layered mafic intrusions,
and ophiolites.

Sm-Nd mineral isochrons can be useful for dating the time of metamorphism in
mafic granulites and tectonites, particularly amphibolite-facies and higher grade
tectonites, where total isotopic exchange between minerals has occurred by thermal
diffusion, dynamic recrystallization, and new mineral growth. Garnet, titanite,
hornblende, and clinopyroxene exhibit the greatest range in *’Sm/**Nd, and they have
proved useful for dating eclogites (Griffin and Brueckner 1980, 1985; M¢rk and Mearns
1986, M¢rk et al. 1988, Beard et al 1991), garnet peridotites (Mearns 1986, Brueckner et
al. 1991, Li Shanguang et al. 1991), coronitic anorthosite and gabbro (Cohen et al. 1988),
and pelitic gneisses (van Breemen and Hawkesworth 1980). In a novel approach, Vance
and O’Nions (1990) and Burton and O’ Nions (1991) have used the Sm-Nd method to
determine the timing of garnet growth zone and reaction-rim formation to model the P-
T-time history of greenschist- and amphibolite-facies pelites. This type of application is
useful because it attempts to date the growth of a mineral or mineral pair for which
temperature and pressure estimates are obtained. The results must be evaluated
carefully, however, because garnet is a known refractory mineral, capable of surviving
intense periods of metamorphism, and it commonly grows new domains over old, each of
a different age (cf. Brueckner et al. 1991). In instances such as these, microscopic
characterization of garnet types, coupled with replicate isotopic analysis, is necessary to
demonstrate that total isolation and identification of component parts has been achieved.

In another application, Gromet (1991) and Getty and Gromet (in press) apply the
mineral isochron approach using the Sm-Nd, Rb-Sr, and U-Pb systems to date directly
the time of recrystallization and strain-fabric formation in middle- and upper-
amphibolite-facies gneisses. This is an especially useful approach, because all isotopic
measurements were made from aliquots of the same mineral fractions, and thus the
completeness of the isotopic initialization for each system could be evaluated on a
mineral-by-mineral basis.

The Uranium-Lead Method

The U-Pb method is unique among all decay series in that two isotopes of U, Z¥U
and 2°U, decay at nonequal rates to two different isotopes of Pb (***Pb and ?’Pb,
respectively). This allows for the calculation of three ages (**Pb/**¥U, ?’Pb/*U, and
27pb/2*Pb ages) from a single isotopic analysis, which provides an internal check of the
reliability of the age determination. Moreover, the natural variation of the U/Pb ratio in
common accessory minerals (e.g. zircon, monazite, baddeleyite) may exceed many
thousands, resulting in enormous variation in the isotopic composition of Pb over time.
This, in turn, permits precise determination of the time of mineral formation essentially
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independent of an assumed initial daughter isotopic composition. Common accessory
minerals useful as geochronometers are found in most igneous, metamorphic, and
sedimentary rocks over a wide compositional and textural range. With experience and a
keen eye, the trained geologist can learn to identify and collect samples appropriate for
mineral separation and U-Pb analysis which, by reference to field observations, can be
used to date a variety of geological events.

The Concordia Diagram and Discordant Analyses .

The key to the success of the U-Pb method is that, in addition to the high initial
parent/daughter ratios, many U-bearing minerals such as zircon and monazite are both
refractory and retentive, neither loosing nor gaining their parent and daughter isotopes
over time and under most geological conditions. When carefully selected and prepared,
these minerals approach closed isotopic systems, the condition when all three isotopic
ages agree. This condition is commonly illustrated on the "Concordia" (Wetherill 1956a)
or Tera-Wasserburg (Tera and Wasserburg 1972) diagrams which are graphical
representations of time as measured by the decay of “*U to 2’Pb and 22U to 2%Pb.
Since the half-live of °U (A = 703.8 m.y) is much less than that of U (A = 4468.3
m.y.) (Jaffey et al. 1971), the production of *’Pb is faster than **Pb and the line
representing the locus of equal ages ("concordia") is a curve (Fig. 1). The shape of
"concordia" is a function of the 2*U/?°U ratio, which has been ever-changing throughout
geological time, but which has a modern-day value of 137.88 (Shields 1960, Steiger and
Jager 1977).

Analyses that plot above or below concordia (in excess of analytical uncertainty)
signify deviation from closed-system behavior, either by gain or loss of U or Pb. Most of
a mineral’s U is bound within the lattice, and radiogenic-Pb is in an «-damaged site,
hence deviation from closed-system behavior is generally caused by loss of radiogenic—Pb,
and almost always in a sense that the 2’Pb/?®Pb age > *"Pb/>°U age > 2Pb/**U age
(Fig. 1; but, for an exception, see Williams et al. 1984). Moreover, it is commonly
observed that a suite of analyses (e.g. of zircon) will form a linear array (a discordia line)
whose intercepts with concordia define meaningful geological events. Many mechanisms
have been proposed to explain discordant behavior, and most of them involve radiogenic
Pb-loss (e.g. Wetherill 1956 b, Wetherill 1963; Tilton 1960, Silver et al. 1963, Wasserburg
1963, Allegre et al. 1974, Goldich and Mudrey 1972). Incorporation of old xenocrystic
minerals in multigrain fractions or old components in any single grain (so called
"inheritance") may also produce discordant analyses, and generate mixing lines between
components of different ages (Fig. 1). In some cases, the "inherited" component can be
easily observed in transmitted light and simply avoided during sample selection. In other
cases, the source of the inheritance may not be observable directly and the inheritance
may only be detected if the analysis yields an unusually old isotopic age (which, of
course, implies that the resolution of the measurement exceeds the age difference
between core and overgrowth). In practice, all cases indicating discordant behavior must
be evaluated carefully on a case-by-case basis, and the most favorable solution to the
problem of discordance is to eliminate it (as much as possible) through careful grain
selection and preparation (Krogh 1982 a). Total elimination is not always possible but,

19



through replicate analysis of parts of minerals, it is possible to eliminate some sources of
discordance and thereby better interpret the real age pattern.

Diffusion and the Concept of Closure Temperature

The U-Pb method has proven to be the preferred method for dating high-grade
metamorphic events, as well as events predating and slightly post-dating high-grade
metamorphism of many crustal rocks. This is because U-bearing minerals such as zircon
and monazite are stable under amphibolite-facies conditions, and also because they are
retentive to loss or gain of parent and daughter isotopes during and after high-grade
metamorphic events. Because temperature and pressure estimates are not obtained
directly from these minerals, however, the concept of a mineral’s closure-temperature has
proven to be a useful convenience to relate an isotopic mineral age to the P-T-t history
of a sample. This concept, when used in conjunction with isotopic ages of other minerals
in other samples, has been commonly employed as a means to construct the regional P-
T-t history of orogenic belts.

The interpretation of concordant U-Pb mineral ages, or indeed any mineral age, is
not always straight-forward because it has been observed in many studies that the
apparent dates of some metamorphic minerals more closely reflect their cooling ages
rather than their primary crystallization ages; that is they represent the apparent time
elapsed since the mineral closed to diffusion of daughter isotopes following a regional
heating event. Armstrong (1966) and Harper (1967) initially developed the concept, and
its general acceptance has followed from the observations of Hart (1964), Hanson and
Gast (1967), Purdy and Jdger (1976), Harrison and McDougall (1980), and Mezger et al.
1989. In 1973, Dodson (1973) presented the mathematical foundation for the closure-
temperature concept which is illustrated in Figure 2.

At a high initial temperature (7)), it is assumed that the radiogenic daughter
isotope diffuses out of a mineral as fast as it is produced, but that with continued near-
monotonic cooling (constant d7/df), the mineral enters a transitional temperature
interval (the partial retention interval) where some of the radiogenic daughter isotope is
retained and some is lost. At a lower temperature on the cooling path (7)), the loss of
radiogenic daughter isotope is negligible and the mineral begins to accumulate
radiogenic daughter at the rate which it is produced. In determining an age for a system
we, in effect, extrapolate the "closed-system" segment of the D/P back to the time axis,
as shown by the intersection of the broken line to ¢, in Figure 2. The solution for T, the
closure temperature, is shown graphically as the temperature on the cooling curve which
is defined by the apparent age of the mineral (¢).

A mineral’s closure-temperature age is based on the concept of progressive
diminution of diffusive transport during monotonic cooling, and it should not be expected
to be sharply defined in nature because it is dependent strongly on the magnitude of
dT/dt as well as the effective diffusional radius. In the case of old minerals recrystallized
during a younger event, application of the closure-temperature model presumes that the
last event was hot enough and of a duration long enough to reset the mineral, and that
the mineral lattice not be disrupted by subsequent deformational processes (e.g. creep
and glide at the sub-grain scale). Moreover, it is well known that many minerals can
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form at temperatures well below their estimated blocking temperatures (e.g. zircon,
titanite and monazite) in which case the apparent age will date the time of mineral
growth. All of these factors complicate the interpretation of an isotopic mineral age, and
the reader is advised to use the closure-temperature concept with caution and only in
those instances where the assumptions of the model apply.

Data Evaluation

Realistic assessment of uncertainties in U-Pb and 2°’Pb/ 2%Pb isotopic ages is
essential to determine whether the analysis is concordant or discordant and, if discordant,
to assign appropriate errors to intercept ages. For analyses truly discordant outside of
analytical uncertainty, the computation of ages and errors is done by line-fitting
techniques (York 1969, Cumming 1969, Cumming et al. 1972, Ludwig 1982a, 1985, Davis
1982, Briqueu and de la Boisse 1990) which use the isotopic ratios, and their correlated
uncertainties, to construct the "best fit" discordia line to the Concordia curve. Methods
for calculating the uncertainty of a U-Pb analysis can be found in Ludwig (1980, 1982b)
and Roddick (1987), and a review of the fundamental sources of error in U-Pb analyses
is given by Mattinson (1987). The following discussion draws heavily from their work,
introducing new diagrams to give emphasis where appropriate.

The 2Pb/ 2®Pb, or Pb-Pb, age is the time-integrated measure of the initial
35U/ By ratio, and it is calculated directly from the Pb isotopic composition without
knowledge of the U or Pb concentration. It is a useful measure of a mineral’s age
because the U/ *U and 2°’Pb/ *®Pb ratios cannot be modified by isotopic fractionation
in nature (provided that secular equilibrium between intermediate daughters is
maintained), and the 2°’Pb/ 2%Pb ratio for most samples can be measured with a
precision that corresponds to an age uncertainty of +3 Ma (provided that the
signal/noise level of the measurement is high and that the isotopic fractionation is
carefully controlled and well-known). For samples containing appreciable amounts of
common-Pb, however, random errors in the 2’Pb/ 2%Pb age arise from two sources: 1)
the uncertainty in the measured 2°’Pb/2*Pb ratio, and b) the uncertainty in the
composition of the initial common-Pb. The error contribution from both of these
sources diminish as the value of the 2°’Pb/ **Pb ratio becomes large, and the effect is
illustrated graphically in Figure 3 for samples 100 m.y.,500 m.y.,and 2500 m.y. old.

To obtain age precision of +4 Ma for a 2500 m.y.old concordant zircon, the
analysis must have an uncorrected 2°’Pb/ 2*Pb ratio of 60 (or greater) and it must be
known to better than + 1.0%. If the **’Pb/ 2*Pb ratio of the analysis is less than 60, for
example 40, then an uncertainty of 2% (a reasonable value, cf. Mattinson 1987) on the
initial 2°’Pb/ 2Pb isotopic composition will yield an uncertainty of ca. 9 m.y.on the
207pb/ 2%pb age. For younger samples this effect is magnified (because of the large
variation of ’Pb/ 2®Pb over an equivalent period), and for a 100 Ma sample with a
207pb/ 2%Pb ratio of 40, a 2% uncertainty on the initial *’Pb/ >*Pb ratio would produce a
ca. 17 m.y. uncertainty on the **’Pb/ *%Pb age.

Figure 3 illustrates that age precision of * 3-5 m.y. on the 27pp/ 2%ph age may be
obtained for most samples provided that the measured 2°’Pb/ 2*Pb ratio is greater than
75 and that the measurement precision exceeds 1%. For measured 2°’Pb/2*Pb ratios less
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than 75, the uncertainty on the initial 2*’Pb/ 2*Pb ratio becomes the principal source of
error, and the magnitude of the 2°’Pb/ 2%Pb age error is dependent on how well the
initial **’Pb/ 2**Pb ratio is known. The magnitude of the age error may, in some cases, be
reduced by measuring the initial-Pb composition from a cogenetic, U-poor minerals (e.g.
leached K-feldspar) and assuming that its composition matches the initial-Pb in the
sample. In many cases, however, the complexity of the sample’s history precludes this
assumption, and the sample’s initial-Pb may only be approximated from a model
composition (e.g. Stacey and Kramers 1975, Cummings and Richards 1975). In reality,
the initial-Pb composition of any analysis can never be known absolutely, and the best
means to minimize this source of age uncertainty is to reduce the addition of 2*Pb to
each analysis.

Concept of the Sample/Blank Ratio

The principal sources of lead isotope 2*Pb in an isotopic analysis are: 1) the
initial Pb in the sample (Pb in the crystal lattice, cracks, inclusions, and adhered grains),
and 2) the Pb introduced into the sample during analysis in the laboratory (so-called
blank Pb). Other possible sources, including evolved-Pb contributed to the sample from
the dissolution vessel (so-called "memory Pb") are not commonly observed, and they can
be virtually eliminated with careful monitoring and cleaning. Results of years of study
of zircon, including tests with abrasion techniques (Krogh 1982a) and the Kober
evaporation technique (Kober 1986,1987), indicate that the initial-Pb abundance in high-
quality zircon is generally less than a part per million, indicating that most of the
observed **Pb is attributable to the laboratory blank whose isotopic composition should
be rather well known (ca. + 1 %). The observed 2°’Pb/2™Pb ratio of a sample is thus a
measure of the amount of sample (the dominant source of radiogenic 2’Pb) relative to
the laboratory blank, as expressed by the following relationship,

27pp - 7P, b.aa* 7P By jank -

204 204
P b meas P bblank

75 (11)

Equation 4 illustrates that by reducing the amount of laboratory blank it is possible to
analyze a proportionally smaller amount of sample without compromising the integrity of
the age determination. Developing the capability to analyze ultra-small samples

(perhaps weighing only a few millionths of a gram) is, of course, advantageous because
greater sample selectivity is achieved and more diverse applications of the technique
become possible. These may include provenance studies using detrital single-zircon
(Krogh and Keppie 1990, Davis ef al. 1990) or monazite (Ross ef al. 1991), dating of
complex rocks with multi-generational zircon populations (Moser et al. 1991), or dating
rocks with low mineral yields such as mafic and ultramafic intrusions (LeCheminant and
Heaman 1989), many felsic volcanic rocks, and extraterrestrial samples. To illustrate the
point, the following discussion and diagram applies to zircon where the uncertainty in the
composition of the common-Pb is restricted to the blank-Pb isotopic composition.
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Figure 4 shows the growth of uranogenic Pb,, (*“’Pb and **Pb, expressed as
ppm) through time as a function of a sample’s U concentration (ppm). Contours of
Pb,,, are indicated as dotted lines, which were calculated from the relationship:

Pbtm:u: 206pp rad , 207pprad 238U(e).238t_1)+ 235U(el.235t_1) 12)
Ol
and
U= 22U+ U= 28U |1+ 1 ] 13
137.88

Also shown are curves of equal 2’Pb/ ?™Pb ratio (=75) for a specified sample size and
constant laboratory blank, which can be calculated from Equation 4.

Figure 4 illustrates the dependence of the sample/blank ratio to the age of the
zircon, its U abundance, and the absolute abundance of the laboratory blank. It has
been known for nearly thirty years that there exists a negative correlation between zircon
grain-size and age discordance (Silver and Deutsch 1963), and a positive correlation
between magnetic susceptibility and U abundance (Silver 1963, Krogh 1982b, Krogh and
Davis 1974). As a general rule (but by no means firm), severe to moderate degrees of
age discordance are observed in zircons of Archean age when their U abundance exceeds
ca. 200 ppm, and likewise for Paleozoic zircons where their U abundances are greater
than 1000 ppm. Moreover, the natural U abundance in zircon is rarely less than 40 ppm,
and thus a field depicting the range of zircons likely to yield concordant analyses is
drawn in the inset to Figure 4. For most of geological time, the total uranogenic Pb
abundance in concordant zircon ranges between 5-100 ppm, with most falling in the
range between 10-50 ppm.

Shown also on Figure 4 are curves of constant 2°’Pb/ 2*Pb (=75) for samples
weighing between 5-10 ug with blank levels of 2,100,and 200 pg. This size range was
chosen to represent the likely range (by weight) of single zircons in many medium-
grained plutonic rocks (10 ug) as well as fine-grained volcanic rocks (<5 ug). The key
point to the figure is that there exists in nature a real limit as to the type of zircon which
will yield a meaningful age, and that to determine the age of small amounts (<20 ug) of
zircon, without compromising the result, the analyst must achieve a laboratory blank that
is on the order of a few picograms of Pb. This level of laboratory blank has been
achieved (and maintained) in several laboratories around the world, and the remaining
portion of these notes will be used to highlight examples where this capability has been
utilized to study a variety of geological problems.
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FIGURE 2. Graphical illustration of closure-temperature concept modified from
Dodson (1973). (a) The cooling curve (dT/dt) over the time interval of interest is
linear, and the partial retention interval is that segment of the curve where daughter
isotopes begin to accumulate but where diffusion is ongoing. For minerals cooling
through this interval, the closure temperature (T;) is defined by the apparent age (¢.) of
the system. (b) The accumulation curve, showing the retention of daughter (D) relative
to parent (P) over time. Broken lines indicate the approximate limits of the partial
retention interval, as well as the extrapolation of the apparent mineral age (z,) to the
cooling curve (dT/dt).
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FIGURE 3. Absolute errors (Ma) of the 2’Pb/?®Pb age as a function of the measured,
uncorrected *’Pb/?Pb ratio for 100 Ma, 500 Ma, and 2500 Ma samples. Two different
sources of error are plotted together: the measurement precision of the uncorrected

7P/ Pb ratio (thin solid lines) and the error generated by a 2% uncertainty in the
initial *"Pb/*Pb (thick dashed line). Absolute age errors arising from 0.1% and 1%
measurement uncertainties were calculated by determining the *’Pb/?Pb age for a
given *’Pb/?™Pb ratio, then again using the *’Pb/?Pb ratio plus the indicated error.
Similarly, absolute age errors arising from a 2% uncertainty in the initial-Pb were
calculated by determining the *’Pb/?®Pb age for a given ’Pb/*Pb ratio assuming a
Stacey and Kramers’ (1975) model-Pb, then again using a 2% larger initial 2’Pb/**Pb
gg"f. Mattinson 1987), and taking the difference. Note that is it convenient to reference
Pb/?®Pb age errors relative to the measured 2’Pb/**Pb, rather than the **Pb/**Pb

(also shown in the upper abscissa), because of the smaller variation of 2?’Pb/**Pb over
time.
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FIGURE 4. Growth of uranogenic Pb (**Pb and ?’Pb) in zircon as a function of
uranium abundance (plotted logarithmically) and age. Contours of uranogenic Pb,,, are
shown as dotted lines at concentrations of S, 10, 50, 100, and 200 ppm. Shown as solid
lines are contours of equal Z’Pb/?Pb (sample/blank = 75; see text and Fig. 3) for
samples weighing S and 10 ug with laboratory blanks of 2, 100, and 200 pg, respectively
(calculated using Equation 4 and an assumed laboratory blank of 2*Pb/**Pb = 18.3,
“7Pb/™Pb = 15.6). Points to the right and left of a given curve indicate 2’Pb/**Pb
values greater and less than 75, respectively. Note that the constant sample/blank curves
are in ppm (= ug/pg, mg/ng, etc.) making the conversion to different sample sizes and
blank levels convenient (e.g. S ug/2pg = 5 mg/2 ng). Shown in the inset is the field of
naturally-occurring, concordant zircons, defined approximately by the collective
observations of the ROM geochronology laboratory over the past 10 years. Note that for

most zircons of late Proterozoic and younger age, uncompromised single-grain (<10 ug)
analyses may be achieved only if blank levels are ca. 25 pg or less.
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Ar/*Ar dating technique

The ‘°Ar/*°Ar dating technique is a variant of the
conventional K-Ar method. To obtain an age by this
technique, the sample of unknown age and a stan-
dard of known age are irradiated together in a nu-
clear reactor to produce 3°Ar from %°K by fast neu-
tron bombardment. After irradiation, the *°Ar/*°Ar
ratios of sample and standard are measured. The age
of a sample can be calculated from its *°Ar/3%Ar
ratio when compared to the ‘°Ar/*9Ar ratio of the
standard. Most importantly, only the isotopic com-
position of argon need be measured and this is done
by gas-source mass spectrometry, potentially a very
precise analytical technique. In contrast, for a con-
ventional K-Ar date, both ‘°K and *°Ar must be
measured quantitatively. To do this, argon in one
aliquant of the sample is measured by isotope-dilu-
tion, gas-source mass spectrometry. Potassium in a
different aliquant of sample is determined by some
other analytical method such as lame photometry,
X-ray fluorescence, or isotope-dilution solid-source
mass spectrometry. Thus, one inherent problem of
the conventional K-Ar technique is the necessity of
measuring isotopic abundances for separate ali-
quants of the same sample. This poses the danger
that, because of sample inhomogeneity, different
potassium and/or argon contents may exist in each
aliquant. Two major advantages of the ‘®Ar/°Ar
dating method are: only isotopic ratios of argon
need be determined, and all measurements are
made on the same sample aliquant, thus avoiding
the question of homogeneity. In addition, by the
“0Ar/3°Ar method, it is possible to obtain a series of
dates on a single sample when the argon is extracted
by step heating. The combination of these advan-
tages potentially increases the precision of the
“0Ar/*9Ar method over the conventional K-Ar tech-
nique. However, the ‘°Ar/*°Ar technique will suffer
if proper corrections are not made for interfering
radiation-induced isotopes.
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Ar/3Ar age equation

Details of the *°Ar/*°Ar dating technique have
been discussed by Dalrymple et al. (1981). For the
purposes of this study, a summary of the formula-
tion of the age equation is presented below. This
summary is germane to understanding how some
variables can be optimized to improve the precision
of the technique.

The age of a sample is calculated according to the
relationship:

ty =—;\-ln (JF + 1), (1)

where t, is the calculated age of the unknown sam-
ple, \ is the decay constant for decay of *°K, J is
related to the neutron flux during irradiation, and F
is the ratio of “°Arg (radiogenic *°Ar) to *°Arg (po-
tassium-derived 3°Ar) of the sample. The decay
constants used in this study are those recommended
by Steiger and Jiger (1977), i.e., A, = 0.581
X 1071%yr, Ag- = 4.962 X 107'%yr, and X = X, + As-
= 5.543 X 107!%/yr. The flux parameter, ], is calcu-
lated according to the relationship:

J = (e™ — 1)/(*°Arg/*°Arg)m, (2)

where t,, is the age of the primary flux monitor (i.e.,
standard), and (*®Arg/3°Ark)n is the measured ratio
of the standard. The standard for this experiment is
hornblende MMhb-1 with the percent of K = 1.555,
4Ars = 1.624 X 107° mole/g, and K-Ar age = 519.4
m.y. (Alexander et al., 1978; Dalrymple et al.,
1981).
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In reality, the determination of an age by the
10Ar/*%Ar technigue is not a simple matter of mea-
suring “°Arg and *®Arg. As in the conventional K-Ar
technique, a correction for the presence of atmo-
spheric ‘“°Ar must be made by using ®Ar and the
recommended atmospheric “°Ar/3%Ar ratio of 295.5
(Steiger and Jager, 1977). Just as importantly, cor-
rections must be made for irradiation-produced
10Ar (from *°K), 3°Ar (from *2Ca), and 3°Ar (from
#0Ca). Corrections for each are reactor-specific and
are made by measuring argon production ratios on
irradiated, pure potassium and calcium salts. For
this study, the samples were irradiated in the
TRIGA reactor of the U. S. Geological Survey,
Denver, Colorado. Argon production ratios for
these samples are (*®Ar/*’Ar)c, = 2.67 + 0.017
X 107* (25 determinations), (**Ar/*"Ar)c. = 6.73
+ 0.037 X 107* (25 determinations), and (*°Ar/
3%Ar)x = 0.59 *+ 0.072 X 1072 (4 determinations)
(Dalrymple et al., 1981). The production ratios
were confirmed for this study. No correction was
made fo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>