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IRRADIATION OF SAMPLES FOR “Ar /*Ar DATING USING THE
GEOLOGICAL SURVEY TRIGA REACTOR

By G. BRENT DAIRYMPLE, E. CALVIN ALEXANDER, JR.,IMARVIN A. LANPHERE, and G. PATRICK KRAKER

ABSTRACT

The characteristics of the Geological Survey TRIGA Reactor
(GSTR) as a source of fast neutrons for the ‘°Ar/3%Ar technique of
K-Ar dating have been determined using data from more then 45 ir-
radiations in the central thimble (core) facility. The GSTR has a flux
over the entire energy spectrum of 1.1 X 10" n/cm?- MWH and a
fast/thermal ratio on the centerline of the central thimble 0f 117 for
fast neutron energies greater than 0.6 MeV. Production of >°Ar is
about 7 x 107! mole/gram-percent K0 MWH, and the cross section
for the reaction 3°K(n, p)3°Ar is 65 & 4 millibarns for epithermal (>
0.6 MeV) neutrons. Most *°Ar/39Ar dating applications require about
10-40 hours of irradiation in the GSTR at the maximum continuous
power level of 1 MW. The peak neutron flux in the central thimble is
4 cm above the physical centerline, and the verticle flux gradient in
the centermost 20 centimeters varies from a small fraction of a per-
cent to a maximum of about 3.5 percent per centimeter. The effect of
this gradient can be effectively cancelled by suitable sample encapsu-
lation and the use of a sample holder designed for the purpose. The
horizontal flux gradient is less than 0.5 percent over the width of the
central thimble. Self-shielding in a solid core of diabase 2.40 cm in
diameter and 2.54 c¢m high is approximately 3 percent from the out-
side to the center, but seif-shielding is probably negligible for the
smaller samples usually irradiated for K-Ar dating.

Corrections for interfering Ar isotopes produced by neutron reac-
tions with Ca are relatively reproducible with values of 2.64 * 0.017
% 107* for (Ar/%7Ar) ca and 6.73 £ 0.037 X 10™* for (**Ar/*"Ar) ca.
The measured values for (**Ar/2°Ar)x, however, vary by an order of
magnitude. This variability, whose cause is unknown, has been re-
ported from other reactors. The corrections for interfering Ar
isotopes can be minimized by using optimization curves for the GSTR
to choose the best sample size and irradiation time for a given mate-
rial. Of more than 100 possible neutron reactions in common rocks
and minerals, only 26 need be considered for purposes of radiological
safety. The activity produced by these reactions upon irradiation of
samples can be conveniently and accurately predicted either by a
computer program or from graphs specifically devised for the GSTR.

INTRODUCTION

Since first proposed by Sigurgeirsson (1962) and
Merrihue (1965), the “Ar/3Ar technique of K-Ar dat-

ing has been investigated and utilized for geo-
chronological studies by many laboratories throughout
the world. Although most of the early studies involved
meteorites and lunar rocks, it soon became apparent
that the technique was a potentially powerful tool for
the investigation of terrestrial chronology.

The U. S. Geological Survey’s experiments on the
“Ar/%Ar technique began in1970 at Menlo Park, Calif.
(Dalrymple and Lanphere, 1971), using the Geological
Survey TRIGA? reactor (GSTR), sited in Denver, Colo.
Since then more than 700 samples have been irradiated
for “°Ar/*°Ar experiments in over 45 separate irradia-
tions. In addition, the GSTR has been used extensively
by several investigators pursuing *°Ar/*Ar research in
academic institutions, principally the University of
Minnesota and Ohio State University. During the
course of the research at the Geological Survey in
Menlo Park and at the University of Minnesota, we ex-
perienced many technical problems directly related to
the reactor and its neutron flux. In pursuing solutions
to these problems, we have collected much valuable
technical information on the use of the GSTR for
“Ar/*Ar dating. The degree to which satisfactory solu-
tions have been found has a direct effect on the validity
and accuracy of the scientific results from *°Ar/°Ar
dating experiments. Thus it is important that this in-
formation on the GSTR be made readily available to
other scientists in the field. Some of this information
has been published in the scientific media but most,

! Department of Geology and Geophysics, University of Minnesota. Supported by National
Aeronautics and Space Administration under grant NGL 24-005-225. Publication No. 1029
from School of Earth Sciences, University of Minnesota.

2 TRIGA (Training Research Isotope General Atomic) is a trademark of the General
Dynamics Corp.
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because of the technical nature of the material and the
inevitable editorial pressures for brevity, has not.

Some of the information in this paper, such as data
on flux gradients and appropriate constants for inter-
ference corrections, is directly concerned with the par-
ticular characteristics of the GSTR and some, such as
the deriyation of equations and the methods of predict-
ing activities, is more generally applicable. Most re-
search reactors, however, are similar in many respects,
and information concerning the problems, characteris-
tics, and techniques for the GSTR can be applied quite
easily to other reactors, at least in principle if not in
detail. In particular, this report will be valuable to
those who contemplate starting a program of “°Ar/*Ar
research, whether using the GSTR or some other re-
search reactor.

This paper is concerned with the technical aspects of
sample irradiation and not with the interpretation of
10Ar/%Ar age data. For the latter, we refer the in-
terested reader to the section entitled “Selected Bib-
liography,” a compilation of papers on the use and in-
terpretation of the *°Ar/*Ar technique in terrestrial,
lunar, and cosmologic problems.

Throughout this paper, we use the convention that
the mass number of an isotope is indicated by a left-
hand superscript, for example *°Ar for argon-40.
Right-hand subscripts indicate the origin of the
isotope:

atm = atmospheric
rad = radiogenic
Ca = calcium derived
K = potassium derived

TaBLE 1.— Natural abundance and decay constants for s
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For example, 3’Arc. denotes argon-37 formed by neut-
ron reaction with calcium. For nuclear reactions we
use the standard notation.

target ( incoming particle, ejected particle) product

where n stands for neutron, p for proton, Y for
gamma-ray, a for alpha particle (*He nucleus), and d
for np (?H nucleus) . For radioactive decay, 8~ indicates
the emission of an electron and e indicates electron
capture; \ is the decay constant. Power in the reactor is
indicated in either megawatts (MW) or kilowatts
(kW). The abbreviation MWH is used for megawatt-
hour and is a convenient way to indicate irradiation
“time”: 1 MWH is an irradiation time of 1 hour at a
power level of 1 megawatt, 10 hours at a power level of
100 kilowatts, and so on. We use the term neutron flux
to represent the rate at which neutrons pass through
the sample in units of neutrons per square centimeter
per second (n/cm?-s), and neutron fluence to repre-
sent the total time-integrated flux “experienced” by
the samples in n/cm?. Other symbols are defined, as
necessary, in the text.

Finally, the natural abundances, half-lives, and decay
constants for selected isotopes of chlorine, argon,
potassium, and calcium are listed in table 1. These data
are required for many of the calculations relevant for
“0Ar/3°Ar experiments. The decay constants and
isotopic abundances for potassium are those recently
adopted by the International Union of Geological Sci-
ences Subcommission on Geochronology at the 1976 In-
ternational Geological Congress in Sydney, Australia

elected isotopes of chlorine, argon, potassium, and calcium

[If no half life given, stable; y=years, d=days, and m=minutes. References: 1, Weast (1976); 2, Nier (1950); 3. Stoenner, Schaeffer, and Katcoff (1965); 4, Garner
and others (1975); 5, Beckinsale and Gale (1969); and 6, Steiger and Jager (1977)]

Element Atomic Isotope Relative Half-life Decay References
weight natural constant
abundance
(o) T 35.453 35(] 0.7553 1
36C1 3.1x 105y 2.236 x 106 y-1 1
37C] 2447 1
38C] 37.3 m 1.858 X 102 m'1 1
39C1 55.5 m 1.249 x 102 m'1 1
Ar oo, 39.948 36Ar 00337 1,2
37Ar 35.1d 1.975 x 102 41 3
BAr 00063 2
39Ar 259 y 2.58 x 103 y1 3
40Ay 99600 2
OO 39.098 39K .932581 4
40K 0001167 1.250 X 10%y Ae =0.581 x 10-10 y-1 4,5,6
Ay =4.963 x 1010 y1 6
41K 067302 4
Ca oo, 40.08 40Ca 96947 1
42Ca 00646 1
43Ca 00135 1
44Ca 02083 1
46Ca 00186 1
48Ca 0018 1
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(Steiger and Jager, 1977). These values differ from
those used in most of the earlier literature on *°Ar/3°Ar
dating, therefore, care should be taken when compar-
ing K-Ar ages in this paper with those calculated using
the earlier values. The effect of the new constants is
nonlinear. For example, an age calculated with the new
constants is 2.7 percent older than one calculated with
the old constants at one million years but 1.7 percent
younger at 4,500 m.y. Conversion tables and formulae
are given by Dalrymple (1979).

THE *Ar/*Ar TECHNIQUE

In the conventional K-Ar technique, the quantity of
radiogenic “°Ar in a rock or mineral is measured by
isotope-dilution mass spectrometry. In this procedure,
an aliquant of the sample is fused in vacuum and the
reactive gasses removed. During fusion, a tracer of 3Ar
(which also contains some *°Ar and %*Ar) of known
amount and composition is added to the gas released
from the sample. The isotope ratios of this gas mixture
are measured, and after correcting for atmospheric ar-
gon, which is present as a contaminant, the amount of
*Ar.,q is determined by comparison with the *Ar from
the tracer. The potassium is measured, most often by
flame photometry, in a separate experiment on another
aliquant of the sample. Once the potassium is known,
the amount of *°K can be calculated from the known
abundance of the potassium isotopes (table 1). The
potassium and argon data are then combined and an
age is calculated with the K-Ar age equation

[ ()]

A more thorough discussion of the conventional K-Ar
technique is given in Dalrymple and Lanphere (1969).

In the *°Ar/*Ar technique, the potassium and argon
are measured on the same sample aliquant in a single
experiment. First the sample is irradiated in a nuclear
reactor, where fast neutrons convert some of the *K to
Ar by the reaction **K(n,p)3°Ar, which has a
threshold of 0.22 MeV. After irradiation, the sample is
fused and the argon ratios are measured by mass spec-
trometry in the usual way. If the fraction of *K con-
verted to *Ar were known exactly, then the age could
be calculated directly from the ratio *°Ar.a/**Ark by

t =

* OArrad

40AI-

rad

t=§m[ (M)+1] (2)

where C is a constant that includes factors for both the
fraction of *Ar produced from *K and the fraction of
potassium that is K. The conversion constant for the
39K (n, p)°Ar reaction, however, is not easy to measure
accurately by direct methods, so a monitor mineral,
whose age has been carefully determined by conven-
tional techniques, is used. An aliquant of the monitor
mineral is irradiated alongside the unknown mineral so
that both receive the same neutron fluence. The age of
the unknown is then calculated using

tu=§ln[ (e”m—l)+1] (3)

where the subscripts u and m refer to the unknown and
the monitor minerals, respectively. To simplify, it is
conventional to define the quantity

Cs 9AI'K

(4 oArrad /3 9‘AI'K )u
(4°Ar,,q/3%Arg )y

- (etm—1)
J = (40Arrad/39ArK)m (4)
then rewrite equation (3)
1
ty = ;ln [ J (49Ar,,4/3%Arg), +1 ] (5)

which is the “°Ar/*Ar age equation. The derivation of
this equation is given at the end of this report after the
“References Cited.”

If the only contaminant present were atmospheric ar-
gon, then “°Ar,4/*°Arx could be calculated from the
measured ‘°Ar/3°Ar and **Ar/?*%Ar ratios using

4 OAr 4 OAr . 3GAr )
A G

rad —_
39A Ty
where (*Ar/%Ar) . is the composition of atmospheric
argon. Several interfering argon isotopes, however, are
produced by undesirable neutron reactions with other
elements, principally *®Ar and *Ar from calcium and
“Ar from potassium. Fortunately, *’Ar is also produced
from calcium, and accurate corrections can be made
for the interfering argon isotopes using

40Ar
36Ar

(4°Ar/3%Ar) — 295.5 [(3¢Ar/3%Ar) — (36Ar/37Ar)c, (37Ar/39Ar)] — (4°Ar/3%Ar)

3 QAI'K

1 — (Ar/%7Ar)g, (“'Ar/%%AT) (7)
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where (3Ar/3Ar)ca, (3*Ar/%Ar)c., and (*°Ar/*Ar)«
are constants determined experimentally for a given
reactor. (This equation is derived and the corrections
discussed in detail in later sections.)

In spite of the necessity to correct for the interfering
argon isotopes produced during irradiation, the
“°Ar/*Ar -technique has several important advantages
over the conventional technique. First, both the potas-
sium and the argon are measured on the same aliquant,
eliminating problems of sample inhomogeneity and re-
ducing significantly the required sample amount. Sec-
ond, no elemental abundance measurements are re-
quired, so the technique is both easier and potentially
more precise than the conventional technique. Finally,
instead of releasing the argon all at once in a single fu-
sion (the total fusion technique), it is possible to re-
lease the gas fractionally by incremental heating (the
incremental heating, stepwise heating, or age spectrum
technique). The result is a series of apparent ages at
successively higher temperatures, known as an age
spectrum or release curve, from which useful informa-
tion about the geologic history, the condition of the
sample, and the age of the sample can be inferred. The
selected bibliography at the end of this report lists
sources for the use of the incremental heating and the
total fusion *°Ar/*Ar techniques.

THE GSTR FACILITY

The GSTR, located in the Nuclear Science Building
(Building 15) of the Denver Federal Center, Denver
Colo., is administered by the Geological Survey’s
Geologic Division. It first reached criticality in Feb-
ruary 1969, and since then has been in operation 8
hours a day, 5 days a week. It has proved to be a very
valuable tool for the Geological Survey’s research pro-
grams in geology and hydrology. Among its many uses,
in addition to *°Ar/3°Ar experiments, are neutron acti-
vation analyses of a variety of geological materials,
fission-track dating, uranium-thorium disequilibrium
studies, delayed-neutron analyses for uranium and
thorium concentrations, and hydrologic tracing with
activatable materials. Since it first went into operation,
the GSTR has generated over 8,000 MWH of thermal
energy in the course of irradiating samples for scien-
tific studies.

The GSTR (fig. 1) is a light-water-cooled and -re-
flected reactor that uses uranium-zirconium hydride
(U-ZrH) fuel moderator elements (fig. 2). The reactor
is capable of continuous steady-state operation at1,000
kW (thermal) and may be pulsed repeatedly to yield a
burst having a prompt energy release of about15 MW-
seconds, a peak power of about1,600 MW, and a pulse
width at half maximum of about11 milliseconds.

For “°Ar/*°Ar dating, samples are irradiated in the
central thimble, located in the center of the core at the
point of maximum fast neutron flux (figs.1 and 2) . The
central thimble is an aluminum tube 3.81 ¢m (1.50 in.)
in outside diameter, with a wall thickness of 0.211 ¢m
(0.083 in.). It extends from the reactor support bridge
straight down through the central hole in the top grid
plate. The central thimble is supported at its lower end
by a safety plate about 40 cm beneath the bottom grid
plate. Use of the central thimble has the advantages of
maximizing the fast neutron flux and minimizing hori-
zontal flux gradients.

The bulk water in the reactor has an operational
temperature limit of 60° C but is normally kept within
the range of 42°-45° C. The water is circulated within
the reactor by convection. Although the central thimble
space is enclosed by an aluminum tube, the tube is
open to the water supply through several holes at its
lower end (fig. 1) and thus is also subjected to some
convection cooling. In addition, the top of the central
thimble tube is open to the atmosphere, and therefore
the water in the central thimble can not exceed the
boiling point. Because the water in the central thimble
has never been observed to boil, the central thimble
temperatures are probably actually less than about 95°
C. Temperature-sensitive color tabs placed in the cen-
tral thimble indicated an upper limit of 90° C, while di-
rect thermocouple measurements indicated that the
temperatures in the rabbit tube (fig. 2) are about 70°
C. Thus, the data suggest that the temperature in the
central thimble is probably between 70° C and 90° C.

Though the primary mission of the facility is the per-
formance of experiments for the research groups
within the Geological Survey, irradiations are done, as
space is available, for other Government agencies, edu-
cational institutions, hospitals, and nonprofit research
organizations. Persons interested in using the GSTR
should contact the Reactor Supervisor, U. S. Depart-
ment of the Interior, Geological Survey, Denver Fed-
eral Center, Denver, CO 80225.

SAMPLE ENCAPSULATION

Because the central thimble is water-filled, sample
encapsulation must be leak tight. For adequate safety,
two levels of containment are required. The rock or
mineral samples are first encapsulated in heat-sealed
quartz vials. These vials are then arranged in a multi-
level aluminum sample holder (fig. 3) and placed in a
cold-welded aluminum reactor tube that is lowered into
the central thimble for irradiation.

The quartz sample vials are made from fused quartz
tubing of various outside diameters (0.D.) and stan-
dard wall thicknesses. The most common are 6 and 8
mm 0.D., but vials as small as 3mm O.D. and as large
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FIGURE 1.—Schematic cross section through U. S. Geological Survey TRIGA reactor.
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as 12mm O.D. have been used. Other forms of glass,
including vycor (96 percent silica), are not suitable
either because of low strength or because other cations
in the glass yield activation products of high activity
and long half-life, making handling of the vials after ir-
radiation a problem. Pure fused quartz (100 percent
silica) yields only 2Si and *Si, both of which decay
rapidly, allowing safe handling of the vials within a few
days of irradiation. Because of vertical fluence gra-
dients in the reactor, the vials are made with flat bot-
toms (fig. 4), and the sample amounts are adjusted so

Removable
hexagonal
section

Central
thimble

Pneumatic transfer
system (Rabbit)
in-core terminus

FIGURE 2.—Details of GSTR core.

A. Plan view of core, showing location of central thimble facility.

that all the samples on a level, including the monitors,
are the same height and thus intercept the same fast
neutron flux.

Each vial must be numbered for positive identifica-
tion. Conventional inks and marking pens will not sur-
vive irradiation. A diamond marking scribe will leave a
permanent mark, but the numbers lack contrast and
are difficult to read. The two most satisfactory methods
are to use either a ceramic ink or small glass-marking
decals, both of which are available from most glass-
blowing supply companies. After the vials have been

A
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Graphite
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1 zirconium
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Graphite
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%

Standard fuel element
with ring (letter) and posi-
tion (number) indicated

@ Graphite dummy element
@ Control rod
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B. Configuration of typical fuel
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MONITOR MINERALS

cussed by Alexander and Davis (1974). Briefly, they
are:

1. The mineral should have a uniform ratio of
radiogenic *°Ar to *°K.

2. Both potassium and radiogenic *“’Ar should be
homogeneously distributed.

3. The monitor should be similar in age and K/Ca
ration to the samples being dated.

4. The monitor should be fairly coarse grained.

5. The monitor should be available in reasonable

quantity.

Because a “°Ar/*°Ar age is calculated with reference
to the *“°Ar.../*Arg ratio of the monitor, criterion 1 is
necessary to minimize errors due to monitor in-
homogeneity. Criterion 2 is required because the
monitor is calibrated by conventional K and Ar meas-
urements, which are done on separate aliquants of the
sample. Criterion 3 arises because the optimum
parameters (primarily irradiation time and sample
size ) for an irradiation are a function of both age and
K/Ca ratio. If the monitor and the samples are greatly
different in either age or K/Ca, then the irradiation
may be less than optimum for one or both and interfer-

FIGURE 7.—Schematic diagram of aluminum sample holder plates,
showing four useful arrangements of quartz vials of various sizes
within an irradiation level. Outside diameter of vials accommo-
dated to each size hole is indicated. Shaded holes accept 1/8-or
5/32-in. rods used to assemble plates into a complete sample
holder. A, Smaller amounts of material, for lunar and meteor-
ite samples. B, Smaller amounts of material, for lunar and
meteorite samples. C, Most frequently used for terrestrial
samples. D, For young basalt samples.
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ing neutron reactions may lead to unacceptable errors.
The satisfaction of criterion 4 eliminates radiological
safety difficulties involved in handling a radioactive
powder, which may easily become airborne. Criterion 5
is desirable to provide continuity in measurements over
a period of years.

We have used three different monitors (BS-1, SB-2,
and St. Severin) in the GSTR, and a fourth (MMhb-1)
(Alexander and others, 1978) has been recently pre-
pared and calibrated (table 2). The first three are in-
tralaboratory monitors and are not generally available.
Hornblende MMhb-1 is available to other laboratories
for use as a *““Ar/**Ar monitor mineral. Interested in-
vestigators should write to E. Calvin Alexander, Jr.,
Department of Geology and Geophysics, University of
Minnesota, 310 Pillsbury Drive, S. E., Minneapolis, MN
55455.

BS-1, which is no longer in use, was biotite separated
from 162-m.y.-old quartz diorite (sample 62A Lel)
from the Aleutian Range, Alaska (Reed and Lanphere,
1969) . The size range of BS-1 was nominally 420 to 177
micrometers, but the actual variation ranged from 420
to 88 micrometers. K20 was measured by both flame
photometry, using lithium metaborate fusion (In-
gamells, 1970), and by isotope dilution. The argon
measurements were by isotope-dilution mass spec-
trometry using two independently calibrated *Ar
tracer systems. The separate was far from ideal for a
standard because it contained about 4 percent im-
purities of hornblende, epidote, apatite, and chlorite.

This inhomogeneity is reflected in the errors of the KO

End fitting (top and bottom)

1.155
+.000
—.001

Assembled total length=<12 inches

0.550
+.010]

T ] — —
1.156
1.26  +.001 1.125
~.000
Y C l 1  — —

FIGURE 8.—Typical reactor tube for central thimble. Tube is con-
structed from 6061T6 aluminum. All dimensions are in inches.
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measurements (table 2) and no doubt contributed
some error to the age calibration of this monitor. How-
ever, as all the impurities are the same age as the bio-
tite, BS-1 had a relatively uniform “°Ar,,a/*’K ratio and
proved to be a useful *°Ar/*°Ar monitor.

SB-2 was prepared by resizing and recleaning BS-1.
Grains smaller than 177 micrometers were removed by
sieving, and the remaining impurities were removed
with heavy liquid and magnetic separation techniques.
SB-2 contains less than 0.3 percent impurities, and the
improvement in the homogeneity of this monitor is ap-
parent from the small dispersion of the K;O measure-
ments (table 2). The potassium measurements were
done by both flame photometry and by isotope dilu-
tion, and the values obtained by both methods agree to
within 0.004 percent K;0. The isotope dilution value,
however, was used in the monitor age calculations. The
radiogenic “°Ar value was measured using three inde-
pendently calibrated *Ar tracer systems. SB-2 is cur-
rently in routine use in the Menlo Park laboratories.

The St. Severin monitor consisted of about 400 g of
the 250- to 149-micrometer silicate fraction from the
St. Severin chondrite from which Lewis (1975) sepa-
rated 0.242 g of whitlockite. The material was not ini-
tially prepared as a monitor and was polymineralic. It
eventually became evident that the K and therefore
#Ar;.a were concentrated in a minor phase. Since the
St. Severin monitor violated criterion 2 above, Alexan-
der and Davis (1974) were forced to calibrate the
monitor via an indirect comparison with other
monitors. In stepwise heating analyses it was shown
that the sites in the monitor that degassed below 800°
C had lost *°Ar..q and so only those sites which degas at
more than 800° C were calibrated. Finally, since the
monitor was prepared from a meteorite that had been
exposed to cosmic rays, a significant portion of the *Ar
in the monitor is of nonatmospheric, cosmogenic ori-
gin. These problems notwithstanding, Alexander and
Kahl (1974) demonstrated that the St. Severin monitor
contains an extremely reproducible *°Ar,.a/*°K ratio
and its age and K/Ca ratio are appropriate for the dat-
ing of most meteoritic samples. Therefore, the monitor

IRRADIATION OF SAMPLES FOR “°Ar/*°Ar DATING

meets criteria 1 and 3-5 listed above. Alexander and
others (1981) recalculated the age of the St. Severin
monitor to be 4.425 T 0.018 X10° yr, using the new
constants recommended in Steiger and Jager (1977).

The hornblende monitor MMhb-1 was separated from
syenite from the Cambrian McClure Mountain Com-
plex in Fremont County, Colorado. Alexander and
others (1978) described the preparation of this
monitor. Analytical data for the K and *°Ar..q contents
of MMhb-1 are listed in table 2, and the initial results
of interlaboratory comparisons are given in Alexander
and others (1978). The monitor is a 250- to 177-
micrometer-sized hornblende separated with an age of
about 520 X 10° yr.

Since 1970, several standards and monitors used by
other laboratories have been run using our monitors
and the GSTR. The results of 20 measurements on four
of these standards are summarized in table 3. The
pooled “°Ar/*?Ar age of six measurements on SB-2 dif-
fer by only 0.1 percent from the reference age deter-
mined by conventional techniques.

The agreement on P-207 is not nearly as good. The
pooled “Ar/*Ar age of 80.8 £ 0.5 m.y. for eight meas-
urements on P-207 is 2.2 percent younger than the mean
age of 82.6 1.0 m.y. based on146 measurements made
in 83 laboratories (Lanphere and Dalrymple,1976) . The
40Ar/3%Ar age of P-207 is 2.8 percent younger than the
mean of 15 conventional measurements made in the
U.S.G.S. Menlo Park laboratory. The reason for this dis-
crepancy is not known. However, SM-1, a finer size frac-
tion of muscovite from the same rock as P-207, yielded
40Ar/%Ar ages in excellent agreement with the results
from P-207.

FLUX CHARACTERISTICS OF THE GSTR

Although the TRIGA is not a large reactor, its flux
characteristics are quite suitable for ‘°Ar/3Ar dating.
The neutron energy distribution in the central thimble
of the GSTR is given in table 4. The fast/thermal ratio
on the centerline of the central thimble is 117 for fast

TABLE 2.— Analytical data for monitor minerals

[Values given are for mean and standard error of the mean. FP = flame photometry and ID = isotope dilution. The K20 ID measurements were supplied by the National Bureau of
Standards (E. L. Garner, L. A. Machlan, and W. P. Shields, written commun., 1973). The isotope dilution values and constants from table 1 were used in the age calculations |

Meonitor K,0 “Arpgq Calculated age
(weight percent) (mol/g) (108 years)
BSH Biotite 8.841 * 0.027 §FP, 13) (2183 +£0.006) X109 (14) 162.7
8.907 D, 2)
SB-2..eeeae. Biotite 9188 * 0.004 %FP, 14) (2.245 £ 0.008) x10-9 (12) 1621
9192 D, 2)
MMhb ...l Hornblende 1.874 1 0.001 (FP,12) (1.624 £0.005) X109 (4) 519.4
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TABLE 3.—Results for mineral standards irradiated in GSTR

[Mineral standards analyzed are P-207 muscovite (interlaboratory standard), NL-25 hornblende (State University of New York at Stony Brock monitor), and SB-2
biotite and SM-1 muscovite (intralaboratory standards, U.S. Geological Survey, Menlo Park). The pooled ages were calculated by weighting each age according
to the inverse of its estimated variance. The sources for reference ages were P-207 (Lanphere and Dalrymple, 1976); NL-25 (Ar data, Hanson and others, 1971;
K20 data, E. L. Garner, L. A. Machlan, and W. P. Shields, written commun., 1973); SB-2 and SM-1 (G. B. Dalrymple and M. A. Lanphere, unpub. data)]

Date Mineral Monitor Irradiation time Calculated age Pooled age Reference age
of irradiation standard used (MWH) (108 yr) (108 yr) (106 yr)
SB-2 10 816 *+ 14
SB-2 5 81.2 *+ 19
SB-2 5 806 L 1.7
SB-2 5 80.4 * 15
SB-2 40 79.4 T 1.0
SB-2 20 827 £ 1.1
SB-2 10 80.1 * 1.1
SB-2 5 80.8 * 1.0 808 £ 05 826 1.0
BS1 40 2389. 126.
BS41 40 2631. *21.
BS1 40 2598. t21.
BS41 40 2621. *21. 2576 * 11 2674
BS1 80 163.0 * 1.9
BS1 80 1619 *+ 2.2
BS-1 80 163.1 * 2.0
BS-1 30 1618 * 1.9
BS-1 30 162.0 £ 1.8
BS1 30 1619 * 1.8 1623 £ 08 1621 + 21
SB-2 25 80.1 * 1.0
SB-2 25 804 Tt 1.0 80.2 * 0.7

neutron energies greater than 0.6 MeV, and the cad-
mium ratio is 9.24; the fluence over the entire energy
spectrum is about 3.2 X 10 n/cm?-s at1 MW or11 X
10" n/em?-MWH. Turner (1971a) used the relation be-
tween J and the integrated fast neutron flux (¢) as a
basis for comparing various irradiation facilities for
“Ar/*Ar dating. For the GSTR, J=0.4 X 107% ¢ where
¢ is for neutron energies greater than 0.6 MeV. The
value given by Turner (1971a) for the core of the
Herald reactor, Atomic Weapons Research Establish-
ment, Aldermaston, U. K., is J = 0.6 X 1072 ¢ for
neutron energies greater than 0.18 MeV; the compara-
ble figure for the pool outside of the core of the GETR
(General Electric Vallecitos Reactor), Pleasanton,
Calif.,is J =1 X107 ¢.

For many reactors, the calculation of Turner’s
(1971a) relation using the available published data is
ambiguous or impossible, because different authors de-

TABLE 4.— Neutron energy distribution on the centerline of the central
thimble of the GSTR

[Data from W. M. Quam and T. M. Devore, U.S. Geological Survey TRIGA
Mapping and Counter Calibration, unpublished report for the U.S. Geolog-
ical Survey, May 19, 1969]

Energy . Fluence

(MeV) Foil (n/cmz-s)
Thermal (< 0.4) ._.._.............. Au 1.46 x 1013
N Rh 1.54 X103
> 6 Np 1.88 X 1013
> 1.5 i U 1.14 X 1013
> 15 i Th 1.12 x 1013
> 8.0 i S 2.98 x 102
> 80 o Ni 2.98 x 1012
> 15 Al 1.57 X 101
> 14 i Zr 5.15 x 108

fine “fast” neutrons with different energy cutoffs or do
not define them at all. We have therefore adopted
another relation to compare the flux of neutrons capa-
ble of producing **Ar from %K in any given reactor. The
relation is simply the irradiation parameter J (as de-
fined in equation (4)) divided by the length of the ir-
radiation in hours. The resulting quantity, J/hr, is a
measure of the rate at which *°K is converted into 3°Ar
during any irradiation.

Table 5 lists J/hr and the thermal and “fast” fluxes
of ten reactors that have been used for *°Ar/*Ar dat-
ing. The rate at which *K is converted to °Ar varies by
two orders of magnitude between the reactors, with the
GSTR in Denver being sixth on the list. The High Flux
Beam Reactor at Brookhaven has the highest usable
flux, and the HIFAR reactor in Australia has the lowest
flux. All the fluxes are clearly adequate, and the only
penalty for using a low flux reactor is the longer irradi-
ation time required to reach any needed J value.

As the threshold for the ®K(n, p)*Ar reaction is 0.22
MeV (Everling and others, 1961), the exposure of the
samples to energies of less than that value simply in-
troduces unnecessary, unwanted, and potentially
dangerous radioactivity into the samples and increases
the probability that radiation damage will affect any
results. The groups at Bern and Heidelberg routinely
shield their samples from the thermal neutron fluence
during the irradiation by wrapping the sample contain-
ers in cadmium foil (Stettler and others, 1974; Kirsten
and others, 1972). We have not tried cadmium shield-
ing because one of us (G.P.K.) thought it inadvisable to

place a large neutron absorber into the core of the
GSTR.
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The fast neutron flux in the GSTR is such that suffi-
cient %Ar is produced in most samples in 10-40 hours
of irradiation at 1 MW (fig. 9). Using data from 24
analyses of biotite monitor BS-1, the average *°Ar pro-
duction rate for 1 MWH on the centerline of the central
thimble is

39Ar = (7.1 £ 0.4) X 10— mole/gram-%K,0 (8)

This is equivalent to a cross section for the reaction
39K (n,p)*Ar of about 34 * 2 millibarns for all neu-
trons or 65 * 4 millibarns for epithermal (>0.6 MeV)
neutrons. For “Ar/*Ar dating, it is desirable to choose
the irradiation time so that the *°Ar..q/*°Ark ratio is be-
tween 300 and 1, and preferably less than 10 (Turner,
1971b). Figure 10 shows *Ar.../*Ark as a function of
age and irradiation time in the GSTR.

Users of the GSTR should be aware that values taken
from figures 9 and 10 are approximate as the true
power level in the reactor fluctuates as much as 20 per-
cent (but usually only 5-10 percent) within the fueling
cycle. Typically, the addition of new fuel rods, done
annually near the first of the year, causes a depression
in the true (versus indicated) power level. This is prob-
ably a result of both the increase in core size and the
geometric relation between the new fuel and the linear
ionization chamber that is used to monitor the power
level. This ionization chamber sits outside of the
graphite reflector surrounding the core (fig. 1) and
thus does not measure the core power level directly.
The power level is calibrated twice each year, after
fueling in January and again in June. Between calibra-

IRRADIATION OF SAMPLES FOR “°Ar/3%Ar DATING

tions, the true thermal power level gradually increases
relative to the indicated power level, thus the typical
power level fluctuation over the year probably looks
like figure 11.

VERTICAL GRADIENTS

A significant problem in irradiations for “°Ar/*Ar
dating is the inhomogeneity of the neutron flux. The
primary concern is that vertical or horizontal flux gra-
dients will result in significant differences in fluence
between the monitor minerals and the unknown sam-
ples. In some reactors, the gradients are severe. For
example, McDougall (1974) reported a change in the
fast neutron flux in Facility X33 of the HIFAR reactor
of more than 30 percent over a vertical distance of less
than 3.5 cm (>8 percent/cm). In contrast, the vertical
fast neutron flux gradient in the core of the Karlsrithe
FR-2 reactor (Stettler and others, 1974) is less than 2
percent over 4.5 cm (<0.5 percent/cm).

The vertical flux gradients in the GSTR, while not
extreme, are still large enough so that the resulting ef-
fects must be either corrected for or eliminated. There
have been two experiments specifically designed to
measure the vertical fluence gradient in the central
thimble of the GSTR in detail. The first, using sulfur
pills, was done by E. G. & G., Inc., shortly after the
reactor achieved criticality. The results (fig. 12) indi-
cated that the fast neutron flux was relatively symmet-
rical about the centerline. We did another experiment
on November 16, 1976, using nickel washers placed at
2.5-cm intervals within the central thimble and ir-
radiated for 1 hour at 1 MW. After irradiation, the

TABLE 5.— Comparison of nuclear reactors used for #°Ar/3%Ar irradiations

[J is defined in equation 4; it is a measure of the fraction of 39K converted to 39Ar. The energy definition of “fast” neutrons varies from author to author if it is
defined at all. Consult the original references for details}

Reactor and location Thermal flux Fast flux
(irradiation position) J/hr (n/cm?-s) (n/cm?s) References
GSTR-Denver, U.S.
( Centerline, core position) ._.......... 25 X104 1.5 X108 1.7 X103 This work.
Herald-Aldermaston, UK.
(0 ) 7.2 X104 3.7 X10'3  Turner (1970a, b; 1971a).
GETR-Pleasanton, U.S.
(Shuttle tube in pool) ._..__..__.._._._. 41 X104 1.3 X104 1.7 X103 This work; Turner and others ( 1972); Podosek and
HIFAR-Lucas Heights, Australia others (1973); Huneke, Podosek, and Wasserburg (1972).
(Core-X33, face6,4H-3) ___.._........ 33 x10% 5 X101 3.5 X102 McDougall and Roksandic (1974); McDougall { 1974).
HFBR-Brookhaven, U.S.
COTe) -ooieeeeeereneeirannnns 41 x103 1.3 X104 2 X10“ Bogard, Husain, and Wright ( 1976).
FR-2 Karlsruhe, Germany
(Core-Isotope Channel Facility) ...... 61 x105% (1) 3.4 X10'2  Stettler and others (1974); Kirsten and others
BR-2 - Mol, Belgium (1972).
COre) «ooeoroiiceieieoceeeeee, 75 x104 (1) . 3.7 X103  Kirsten and others ( 1972); Kirsten, Horn, and Heymann ( 1973);
RRF-Columbia, Mo., U S. Kirsten and Horn ( 1977).
$Flux £ap) oo 2.9 X103 58 X104 1 X103  Bernatowicz and others (1978).
POOI) - 6.2 x10-5 4.0 X103 3 X102  Podosek (private communication, 1978).
JMTR-Oarai, Japan...................... 1.3 x104 1 X101 1 X102 Ozima and others (1976).
McMaster University-
Hamilton, Canada ..................... 1.1 X104 ~1.5 X1013 ~8 Xx10Y Berger and York (1970).

'Samples were irradiated inside a cadmium-shielded container to eliminate the thermal fluence.
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washers were counted in the Nal gamma-counting sys-
tem at the GSTR in Denver, using the 0.8 MeV gamma
from the decay of **Co. We placed each washer in the
same position relative to the counting crystal; the more
active washers near the centerline were counted for 4
minutes, and the less active washers were counted for
up to 20 minutes. The results (fig. 12) show that the
flux for fast neutrons is relatively symmetrical but that
the point of maximum flux is displaced downward from
the physical centerline about 4 cm. We are unsure why
our results do not agree with the earlier results of E. G.
& G., Inc., Both sulfur and nickel respond only to neu-
tron energies above 3.0 MeV, and both experiments re-
sulted in nearly identical flux curves. We suspect that
the sulfur pills used in the earlier experiment may not
have been as precisely located with respect to the phys-
ical centerline as the nickel washers.

1000 T
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The data in figure 12 show that the gradient over the
central 20 cm, the part of the central thimble normally
used in “°Ar/*Ar dating, ranges from a small fraction
of a percent to as much as 3.5 percent per centimeter.
We have used two methods to minimize the effects of
this gradient.

The first method is to carefully control the vertical
position of the unknown samples relative to the
monitors. The use of flat-bottomed quartz vials (fig. 4)
and an aluminum sample holder (fig. 6) ensures that
the bottom of each sample on a level is coincident with
its corresponding monitors to within a fraction of a mil-
limeter. In addition, the amounts of the samples and
the monitors on each level are carefully adjusted so
that all are the same height in the quartz vials. This en-
sures that all the samples on a level intercept the same
fast neutron flux as the monitors.
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FIGURE 9.—Approximate *?Ark productivity at centerline of central thimble as a function of KO content and irradiation time (in MWH).
Curves are based on equation (8) and were calculated using data obtained on BS-1 biotite. Each curve shows weight percent K»0.
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The second method is to monitor the fluence re-
ceived by each sample and each monitor with a nickel
wire. The wire is cut to the same length as the sample
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FIGURE 10.—*%Arya/%Arx ratio as a function of K-Ar age and irradia-
tion time (in MWH) in central thimble of GSTR. Ration is inde-
pendent of K20 content of sample.
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height, and the two are wrapped together in aluminum
foil and placed in the quartz vial. Subsequent counting
of the wires provides data to correct the monitor con-
stant, J, to a value appropriate for each sample. This
technique is especially useful when it is not possible to
keep the vertical heights of all samples on a level identi-
cal. Data obtained in a single irradiation from both
nickel wires and the St. Severin monitor (fig. 13) show
that the use of nickel wires provides an accurate and
effective method of monitoring the relative fast neutron
fluence in the GSTR.

HORIZONTAL GRADIENTS
Horizontal flux gradients in the central thimble of
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FIGURE 12.—Vertical flux gradient in central thimble of GSTR.
Solid dots are data obtained using nickel washers, open circles
with sulfur pills. Sulfur data are from W. M. Quam and T. M. De-
vore. (unpub. data, 1969). Point of maximum flux is approxi-
mately 4 cm below physical center of fuel rods.
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the GSTR are, for most purposes, negligible. They are
so small (<0.5 percent) that they are barely detectable
statistically and are not measurable with the
techniques available to us.

Five different experiments were designed to de-
termine the extent and effect of these gradients. The
first three experiments were designed to test for flux
gradients between the outside and the center of the
central thimble facility.

Experiment 1. — On 47 levels in 19 irradiations done
between December 1971 and October 1976, either BS-1
(16 levels) or SB-2 (31 levels) biotite monitors were ar-
ranged in pairs so that one monitor was exactly in the
center of the level and the other was in the outer ring.
The arrangement of samples on each level was as in
figure 7C, and the horizontal separation between the
centers of the vials was 0.95 cm. The measured
“0Ar-r.a/%°Arg ratios for each biotite pair was nor-
malized to eliminate difference in the fluence between
levels and between irradiations by dividing the value of
the center monitor by that of the outside monitor. The
47 normalized values have a mean of 1.0042 and a
standard error of the mean of 0.0016. A t-test indicates
that the null hypothesis — this mean is equal to 1.0 —
must be rejected at the 5 percent level of significance.
This fact suggests that the fast neutron flux is slightly
less in the center of the central thimble than on the
outside.

Experiment 2. — One aliquant of BS-1 was placed in
the center of a level and five in the outer ring (fig. 7C).
These data were normalized in a similar way as the data
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FIGURE 13.—Comparison of relative fluence in GSTR, as measured
with nickel wires and with St. Severin monitor. Error bars are
one standard deviation.
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in experiment 1. The resulting mean is 1.0039 with a
standard error of the mean of 0.0020. For these data,
the null hypothesis that this mean is equal to 1.0 (two-
tails test) cannot be rejected at the 5 percent level of
significance, but the null hypothesis that the mean is
equal to 1.0 against the alternative that it is greater
than 1.0 (single-tails test) must be rejected. Though
the results of this experiment are not so conclusive as
those of experiment 1, they do suggest that there is a
slight horizontal gradient in the central thimble with a
lower flux in the center.

Experiment 3. — On six levels in two irradiations,
nickel wires were so arranged that three were toward
the center of the level and six to eight were in an outer
ring (fig.7A, B). The horizontal separation between the
inner and outer wires on a given level ranged from
0.06-0.58 cm. The normalized data have a mean of
1.0006 and a standard error of the mean of 0.0011. In
this experiment, no horizontal flux gradient was de-
tected, but this may be because the horizontal separa-
tion was only about two-thirds or less of that in exper-
iments1 and 2.

Experiments 4 and 5 were designed to detect differ-
ences between dispersion within vials and within layers
of vials. Such differences would be expected if horizon-
tal fluence gradients were a significant factor in limit-
ing the precision obtainable with the GSTR.

Experiment 4. — On nine levels in three irradiations,
nickel wires were included with the samples in 85
quartz vials. Twenty-five of these sample vials con-
tained two wires. After irradiation, the activity of each
wire was measured. The pooled estimate of the stand-
ard deviation (Crow and others, 1960), sp, of the 25
pairs of wires from the same vial is 0.619 percent. The
statistic s, for the groups of wires from the same layer
was 0.672 percent. An F-test indicates that the null
hypothesis—the dispersion of the two populations is
equal—cannot be rejected at the 5 percent level of sig-
nificance, that is, no difference was detected.

Experiment 5. — Thirteen samples of the St. Severin
monitor were irradiated on seven levels in two irradia-
tions. After irradiation, each sample was split into two
aliquants, and each aliquant was analyzed separately.
For the 13 pairs from the same vial, s, is 0.527 percent;
for the 5 levels that contained more than 1 vial of St.
Severin, s, is 0.598 percent. As in experiment 4, no
significant difference in the dispersion of the two types
of samples was detected.

Alexander and Kahl (1974), using the St. Severin
monitor, performed an experiment similar to our ex-
periment 4. Five pairs of the St. Severin monitor that
were split after irradiation in the Vallecitos reactor
have a pooled estimate of the standard deviation of
precision of 0.077 percent; this reproducibility indi-
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cates that the *°Ary,q/3°Ark ratio in St. Severin is very
homogeneous. Because the reproducibility of the St.
Severin analyses done in the GSTR does not approach
that for the Vallecitos reactor, we suspect that the ver-
tical fluence gradients in the GSTR are introducing in-
homogeneities into the monitors and the nickel wires,
and these effects are masking the effects of any hori-
zontal gradients. It is quite likely that these in-
homogeneities cannot be eliminated by mixing and
splitting because the samples are small and are subject
to significant sampling errors (Engels and Ingamells,
1970).

The results from experiments 1 and 2 indicate that
there may be a small horizontal flux gradient in the
GSTR, with the flux in the center of the central thimble
slightly less (0.5 percent maximum) than toward the
side. The results from experiment 5, however, suggest
that the vertical gradient and not the horizontal gra-
dient is the primary factor limiting the precision in the
GSTR. The data indicate that the precision of *°Ar/*Ar
dating using the GSTR may be limited to a standard
deviation of about 0.5-0.6 percent.

SELF-SHIELDING

Mitchell (1968) was the first to raise the possibility
that neutron absorption within a sample might result in
a significant error. He looked for this effect in the
Herald reactor by irradiating a sphere of muscovite,
then analyzing several parts of the sphere. The
analyses of mica from the inside and outside of the
sphere agreed to within 2 percent, from which Mitchell
concluded that the effect was negligible.

We have looked for self-shielding in the central
thimble of the GSTR. A cylinder of Jurassic diabase
(sample No. 8L691; L21 of Dalrymple and others, 1975)
2.40 cm in diameter and 2.54 cm high was irradiated
for 5 MWH, receiving a neutron fluence of about 5 X
10" n/em?. The axis of the cylinder was parallel to the
axis of the central thimble. After irradiation, a 6-
mm-diameter core was taken with a diamond core drill
across the axis of the larger core (fig. 14). This smaller
core was sliced with a diamond saw into six cylinders,
each of which was analysed. The **Ar..a/3°Ark ratios
show a progressive increase of about 3 percent from
the outside inward (fig. 15). The effect appears to be
larger than can be accounted for by horizontal fluence
gradients, and we conclude that self-shielding has been
detected. For most purposes, however, the effect will
be very small over the width of a typical sample, and
negligible from sample to sample. The effect will be
even less in samples that consist of mineral grains or
powders.

ACTIVITY PREDICTIONS

Rocks and minerals used in *°Ar/%?Ar dating contain

a variety of elements that generate radioactive pro-

IRRADIATION OF SAMPLES FOR “’Ar/%°Ar DATING

ducts when bombarded with fast neutrons. For reasons
of radiological safety, it is necessary to predict what
the activity of each sample will be after irradiation.
These predictions are also required by the conditions of
the U. S. Nuclear Regulatory Commission licenses that
govern both reactor operation and the use of activated
samples by the *’Ar/%%Ar investigator.

QQTQQ“

FIGURE 14.—Isometric drawing of sample locations in self-shielding
experiment on diabase 8L691. Results for analyzed samples (A-F)
are shown in figure 15.
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FIGURE 15.—Results of self-shielding experiment on diabase

8L691. Error bars are one standard deviation. Analyzed samples
(A-F) (see fig.14) are shown at bottom of diagram.



ACTIVITY PREDICTIONS

The basis for these activity predictions is as follows.
The rate of formation Rt of an activation product when
a quantity of a target element is bombarded by fast
neutrons is

szmz(pna

m,

(9)

where ¢ is the neutron flux (n/em?-s), m is the mass
of the element (grams), L is Avogadro’s number
(6.0225 X 108 atoms/mole), f is the fractional abun-
dance of the target isotope, ¢ is the nuclear reaction
cross section (cm?/atom), m, is the atomic mass of the
element (g/mole), and n is the number of target
atoms. The disintegration rate of the radioactive prod-
uct nuclide is

where \ is the decay constant (s™') and N is the
number of radioactive parent atoms. The rate of
change of a radioactive product nuclide is, therefore,

g-—_—R4t"“R,(i=(1)[10‘“)\N-

dt )

17

After an irradiation time t, the activity A of the product
nuclide is

A, =¢no (1 —e ) (12)

where A, is in disintegrations per second. If the sample
sits for a time t' after irradiation, then

13)

It is customary to express activity in curies, where 1
curie is 3.7 X 10" disintegrations per second, so equa-
tion (13) becomes

A, =

At' = ¢no (1 —_ e—Xt) e—Xt'.

¢no (1 — e At) emit
3.7 X 1010

(14)

In evaluating the radiological hazards from the ir-
radiation of rock and mineral samples, we investigated
more than 100 possible nuclear reactions involving 36
isotopes of 13 elements. Only 26 of these reactions re-
sult in products of significant activity (table 6). The
reactions involving Cu and Cr were included primarily
becayse these elements are found in the aluminum

TABLE 6.— Data for activity calculations, TRIGA reactor

{Half -life given in y=years. h=hours, and m=minutes. Atomic mass and percent abundance and half-life after Weast (1976). Product is stable except as
noted. Q is based on data from Everling and others ( 1961). Fast-neutron cross sections based on data from activation analysis of Koch (1960}]

Target Atomic Target Percent Reacti P Q Cm‘ss Product (10131"1;:)( 2.g)
element mass isotope abundance eaction roduct (MeV) (S;::mn' half-life atl ;OS“;WS
ns i

Na oooei.. 22.99 23Na 100 n,Yy 24Na +6.96 0.53 150 h 1.7
Mg oo 24.31 24Mg 787 n,p 24Na —4.73 22 150 h 1
Al 26.98 21A1 100 n,Y 28A1 +7.72 21 2.31 m 1.7
n,a 24Nga —3.14 .14 150 h 3

St 28.09 2883 92.21 n,p 28A1 —3.86 .37 231 m 2
3084 3.09 n,Y 318j +6.59 11 262 h 1.7

P 30.97 ap 100 n,Y 3zp +7.94 .19 143 d 1.7
n,p 3isi —.69 .14 262 h 1.6

n,a Al —1.94 15 231 m 7

S 32.06 328 95.0 n,p zp —.93 .30 143 d 1.4
338 76 n,p 33p +.53 015 25 d 1.7

348 4.22 n,Y 358 +6.98 .26 88 d 1.7

n,a 318j —1.32 .14 262 h 1.0

G e 3910 4K 6.88 n,Y 42K 47.53 1.1 124 h 1.7
(07 W 40.08 43Ca 135 n,p K —1.03 11, 224 h 1.3
44Ca 2 .08 n,Y 43Ca +7.42 87 165 d 17

48Ca 18 n,Y 904 +5.14 1.1 88 m 1.7

(o] S, 52.00 50Cr 431 n,Y 51Cr +9.25 13.5 278 d 1.7
Mn. ... 54.94 55Mn 100 n,Y 56Mn +17.27 13.3 258 h 1.7
) R 55.85 54Fe 5.82 n,Y 55Fe +9.30 2.5 26 y 1.7
n,p 54Mn +.09 .023 303 d 1.7

n,a 51Cy +.84 00037 278 d 1.7

56Fe 91.66 n,p 56Mn —2.93 .00044 2.58 h .3

58Fe .33 n,Y 59Fe +6.58 .98 451 d 1.7

(o] S 63.54 63Cu 69.09 n,Y 64Cy 47.92 4.3 129 h 1.7
Rb oo 85.47 85Rb 7215 n,Y 86Rb +8.58 80 188 d 1.7
Ticeeeeeeeeeenes 47.90 46T} 7.93 n,p 46Sc —1.58 0041 838 d 9
4774 7.28 n,p 478¢ +.18 00021 343 d 1.7

48T§ 73.94 n,p 488¢ —3.21 000077 1.83 d 3

Niooiioiieeineen 58.71 58N 68.27 n,p 58Co +.40 .032 713 d 1.7
60N 2610 n,p 60Co —2.04 005 5.26 y 7

62Nj 3.59 n,a 59Fe —.43 .0057 451 d 1.7

64N .90 nYy 65Ni +6.13 1.6 252 h 1.7

"Value is an estimate.
“Decays to **Sc, which decays by g~ to **Ti with a half-life of 57.5d.
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alloy (6061T6) used for the sample holder and reactor
tube. Sulfur was included because potassium sulfate is
used in determining reactor correction factors. The
remaining elements are -commonly found in rocks and
minerals.

The reaction energies, Q, were used as an estimate of
the threshold energy for reactions with negative Q. The
appropriate neutron flux was then estimated from the
data of table 4. For reactions with positive @, the aver-
age epithermal flux (>0.6 MeV) was used. Fast-neutron
cross sections based on data from activation analysis
(Koch, 1960) were selected for the range of energies
most appropriate for the particular reaction. Many of
the cross sections are not well known or are known only
for a range of energies different from those in the
GSTR central thimble. Measurements of the activity of
irradiated samples, however, have shown that the val-
ues in table 6 yield activity predictions that are accu-
rate to within 20 percent.

The activity predictions are most conveniently done
by computer. A BASIC computer program for predict-
ing activities after irradiation in the GSTR is given in
the section entitled “Computer Programs.” If a
computer is not available, activities may be estimated
graphically using the curves in figure 16.

CORRECTIONS FOR INTERFERING
ARGON ISOTOPES

Both Sigurgeirsson (1962) and Merrihue and Turner
(1966) recognized that a principal difficulty with the

IRRADIATION OF SAMPLES FOR “°Ar/*°Ar DATING

“Ar/*Ar dating method was that the fast neutrons may
react with nuclides in the sample other than 3*°K to pro-
duce interfering isotopes of argon. These sources of in-
terference were discussed in detail by Mitchell (1968),
Brereton (1970), and Turner (1971b). Of the principal
reactions (table 7), only four reactions occur with suf-
ficient frequency to be of concern in most terrestrial
samples (Turner, 1971b) . These are:
40Ca(n, na )%Ar
“2Ca(n, a)*Ar
4°K(n, p)40Ar
4K (n, d)“°Ar
Fortunately, ¥Ar is also produced by the (n, a) reac-
tion with “°Ca, which permits corrections to be made
for both the undesirable Ca- and K-derived argon
(equation 7). The corrections require that the following
reactor constants be measured:
(3Ar/YAr) ca
(39Ar/¥Ar) ca
(*9Ar/*Ar)g
In the interval from November 1970 through June
1975, we irradiated 17 samples of optical grade CaF.
crystals and 8 samples of reagent grade K.SO, in 8
separate irradiations in the GSTR ranging from 5 to 80
MWH. After irradiation, the salts were fused in an ex-
traction line, and the argon released was purified and
analyzed by mass spectrometry. The results are given
in table 8. Unirradiated samples of the CaF:; and the
K;S0, have also been analyzed and, within experimen-
tal error, yielded argon of atmospheric composition.
The values given in the table were calculated assuming

TABLE 7.—Principal neutron reactions leading to the production of argon isotopes
[After Brereton. (1970}, The Q values, in MeV, are shown in brackets below each reaction ( Everling and others, 1961 ]

Argon isotopes produced

Target
element
AT 3TAL IBAY 39AT 40AY
Calcium 40Ca(n,na) 40Ca(n, c]z) 42Ca(n,na) 4?3_%( 3nt’1‘]1) 43[’3_82( 1215’)‘]1)
—17.04 1.75 —6.24 . .
[ ] + [ ] 43Ca(n,na) 44Ca(n,na)
[—7.59] [—8.85]
Potassium 39K (n,nd) 40K (n,d) 39K (n,p) 40K (n,p)
[~9.73] {—4.14) [+0.22% [+2.30%
41K(n,a)38C] £ 40K(n,d 41K(n,d
(=0.10] [—5.36] [—5.58]
Argon 36Ar(n,Y) 40Ar(n,nd)38C1 £ 3?{% 1;,8‘5)
.79 —12.11 .
[+8.79] [ ] 40Ar(n,d)39Cl £
[—10.30)
Chlorine 35C1(n,a)36C] £ 87Cl(n,Y)38C1 £

[—8.57]

(+6.11]
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that all of the *°Ar in the irradiated CaF; and all of the
%Ar in the K»SO, were atmospheric. These assumptions
may not be correct, but their effects cancel out in
equation (7) and do not introduce any error into a
“0Ar/*°Ar age.

Two of the three principal reactor constants
((*8Ar/*Ar)c, and (®Ar/¥Ar)c.) are relatively repro-
ducible and their values known for the GSTR to within
less than 1 percent. We have been unable, however, to
satisfactorily reproduce the value for (**Ar/*Ar)x from
one irradiation to the next (table 8). We are convinced
that the variability is real and that it is not a property
of the GSTR alone, for similar results have been re-
ported for other reactors. For example, values of
(6.252 £ 0.087) X 1072 and (3.72 £ 0.30) X 102 have
been found for the GETR at Vallecitos by Alexander
and Davis (1974) and Davis (1977), respectively. Saito
and Ozima (1977) have found that values for
(“°Ar/*°Ar )k vary by nearly a factor of ten within the
JMTR. As noted by Alexander and Davis (1974), the
variation in this correction factor between reactors also
is much larger than the variation in the corrections for
the Ca-derived isotopes. Saito and Ozima (1977) tabu-
lated correction factors found for various reactors and
noted that the values reported for (“°Ar/*°Ar )k vary by
nearly a factor of 50 whereas the values for
(*®Ar/¥Ar)c, and (*°Ar/*Ar)c. tend to be relatively
uniform even from one reactor to another. Saito and
Ozima (1977) and Davis (1977) suggested that
(*°Ar/*Ar)x may be strongly dependent on the neutron
energy distribution and can be expected to vary from
reactor to reactor and even between locations within a
single reactor. All of our measurements, however, were
made in the same location in the GSTR and we cannot
satisfactorily explain the wide variation in results in
this way unless the neutron spectrum in the central
thimble varies considerably over distances of only a few
centimeters. One possibility that we have not explored
is that (“°Ar/*Ar )k varies with the fueling cycle. What-
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ever the cause, it is clear that where this correction is
potentially an important source of error, it must be
measured separately for each irradiation, preferably by
placing the potassium salt as close as possible to the
unknown sample.

The most serious interference is caused by the *Ar
produced by the (n,na) reaction with “°Ca. This 3Ar in-
terferes with the atmospheric argon correction, which
is made using *Ar as a reference isotope (equation 6).
The extent of the interference is a function of inte-
grated fast neutron flux, age, and the K/Ca ratio of the
sample (figs. 17, 18). The effect becomes larger as the
integrated fast neutron flux increases and as the age
and K/Ca ratio of the sample decrease. Errors in this
correction factor become increasingly important as the
amount of *Arc, increases. This interference has the
same type of effect as the atmospheric argon correc-
tion, and in young, high-calcium samples these two
corrections combine to seriously degrade the useful-
ness of the “°Ar/3°Ar dating technique. Additional
curves showing the effect of this correction as a func-
tion of age, irradiation time in the GSTR, and K/Ca,
are given in the section entitled “‘Effect of
40Ca(n,na)*Ar Interference.”

%Ar and *Ar are produced by neutron capture fol-
lowed by 8~ decay from the two naturally occurring
isotopes of chlorine, **Cl and *'Cl. Since %°Cl is three
times as abundant as ¥Cl (table 1) and has much larger
thermal and resonance integral capture cross sections,
45 and 15 barns, respectively versus 0.43 and 0.32
barns (Walker and others, 1977), neutron capture pro-
duces about 300 times more *Cl than #Cl. %Cl, how-
ever, has a half-life of 3 X 10° yr while *Cl has a half-
life of 37.2 minutes (table 1). In most experimental
situations, the **Cl does not decay appreciably to **Ar.
Bernatowicz and others (1978) documented a case
where the combination of a relatively high chlorine
content of a monitor, a very high thermal fluence, and
a long delay between irradiation and the analysis of the

TABLE 8.— Correction factors for Ca- and K - dertved Ar isotopes for the U:S. Geological Survey TRIGA reactor

Irradiation MWH Material ~ Numberof  (*Ar/%’Ar)g, (3%Ar/37An) o (*Ar/YAn g, (S7Ar/*ArK (38Ar/%AT)K (“%Ar/**Ar)g
date measurements X107 x107° x 107 x 1073 x 1072 x 107
Nov. 1970 80 Cg% g 2.72 + 0.029 6.33 £ 0.043
K‘Z 4 +
Mar. 1973 80 CaF, 4 2.66 * 0.054 6.57 £ 0.115 0.594 £ 0.072
Oct. 1973 80 K,SO, 3 1.01 + 0.046
Mar. 1974 60 I?g% g 2.72 £ 0.018 3.174 £ 0.024 6.78 1+ 0.026
MY, 2.20 +£0.066 1.34 £0.024 01 £0.1
Apr. 1975 40 CaF, 2 2.66 £ 0.014 6.76 * 0.035
Apr. 1975 20 CaF, 2 2.68 + 0.057 6.74 + 0.007
June 1975 10 CaF, 2 2.54 £0.014 6.58 * 0.106
June 1975 5 CaF, 1 2.63 6.70
Weighted means' 2.64 +0.017 6.73 £ 0.037

'Weighting is by the inverse of the variance. Errors are estimates of the standard error of the mean.
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FIGURE 17.—Effect of reaction *°Ca(n, na) 36Ar on calculated *°Ar/*Ar age as a function of age and K/Ca ratio for irradiation time of 40
MWH. Graph gives approximate errors that would result if no corrections were made. Effect depends on age, K/Ca, and irradiation time.
See also section entitled “Effect of *°Ca(rn, na) 3®Ar Interference” (figs. 24-36).

monitor resulted in a significant but indeterminable
contribution to the measured 3¢Ar in their monitor from
neutron capture on *Cl. This indeterminable compo-
nent introduced a major uncertainty into Bernatowicz
and others’ (1978) calibration of their irradiation.

%Ar is produced by neutron-induced reactions on
both K and Ca as well as the neutron capture reaction
on *’Cl via ®Cl. In samples exposed to cosmic rays
there is commonly a significant cosmogenic %¥Ar com-
ponent, which can be used to calculate cosmic-ray ex-
posure ages. The components of the measured ®Ar due
to reactor-induced reactions on K and Ca can be de-
termined if the (®Ar/3Ar)c, and (3Ar/3°Ar)x values
are measured on potassium and calcium salts. One
measurement of each of these correction factors for the
GSTR is listed in table 8.

In the analysis of terrestrial samples, the measured
%Ar can usually be corrected to yield the atmospheric
%Ar component. Any **Ar in excess of the atmospheric
BAr/%Ar value, after the components from neutron-
induced reactions on K and Ca are subtracted, can then
be attributed to neutron capture on ¥Cl and can be
used to measure the Cl contents of the samples (Stet-
tler and Bochsler, 1979). In the analysis of extrater-

restrial samples, however, the subtraction of the
reactor-produced *¢Ar and %®*Ar leaves a three-
component mixture, cosmogenic *Ar and ®Ar, atmos-
pheric (or trapped) 3*Ar and *®Ar, and Cl-derived *Ar.
The measurement of 3*Ar and %*¥Ar does not supply
enough information to allow these components to be
resolved.
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FIGURE 18.—Approximate ranges of K/Ca atomic ratios for some
common minerals and rocks. K/Ca for an analyzed sample can
be found by multiplying K20 /CaO (weight-percent ratio) by
1190.
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Only in those cases where one of the three components
is negligible relative to the other two can the **Ar and
%Ar data be resolved into individual components. Many
lunar and meteoric samples are relatively depleted in
Cl, and *Arq is negligible. In such cases, a cosmogenic
component can be resolved and used to calculate
cosmic-ray exposure ages. The same data set can there-
fore simultaneously yield “°Ar/3°Ar formation ages and
%Ar cosmic-ray exposure ages. The details of such cal-
culations are given in several of the papers listed in the
selected bibliography (table 10).

The effect of **Ar derived from neutron reactions
with *2Ca is an inverse function of the K/Ca ratio of the
sample, is independent of the integrated fast neutron
flux, and is essentially independent of age, except for
old samples (fig. 19). For all but very low potassium
samples, the effect of this interference is negligible and
even large errors in the applicable correction factor
would result in a negligible error in the age. In samples
with very low K/Ca ratios such as lunar anorthosite, it
is not uncommon for half of the measured *°Ar to be
39AI‘C{,\.

The magnitude of the K-derived “’Ar correction is a
direct function of the integrated fast neutron flux, an
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inverse function of the age of the sample, and indepen-
dent of the K/Ca ratio ( fig. 20). For a 30-MWH irradi-
ation in the GSTR, this interference produces an effect
of about 01 m.y. for samples of any age. As noted
above, however, this correcton may vary from one ir-
radiation to another for reasons that are as yet un-
known. For most dating studies even a 100 percent
error in the reactor constant (“’Ar/**Ar)x would pro-
duce a negligible error in the calculated age. For
studies involving very young samples, however, the un-
certainty and variablility in this correction factor could
be a serious source of error.

Occasionally, it is useful to know the relation be-
tween the atomic ratio K/Ca and the measured ratio
39Arx /3"Arc.. For the GSTR the relation is

K/Ca = (0.49 £ 0.09) 3°Arg/¥"Arc,. (15)
The constant of proportionality was calculated using
data from 19 samples for which K/Ca was measured
independently (Dalrymple and Lanphere, 1971). Equa-
tion (15) is graphed in figure 21. Three of the samples
give individually calculated constants that are unusu-
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FIGURE 19.~Effect of 2Caln. na) 3°Ar reaction on calculated *°Ar/3Ar age as a function of age and K( Ca rat‘io_. Graph gives approximate
errors that would result if no corrections were made. Effect is independent of irradiation time and is negligible for K/Ca greater than

about 0.2.
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ally high, but the remaining 16 values fall between 0.36
and 0.64 with mean and standard deviation as given in
the equation above. Probably most of the variability,
including the anomalous values, is due to in-
homogeneities in the samples that makes it difficult to
obtain representative splits for separate analyses.
Another contributing factor is that either K or Ca is
present in only trace amounts in nearly all these sam-
ples, and that fact adds to the difficulty in obtaining
accurate analyses.

The ratios involving ¥Ar must be corrected for the
decay (table 1) that occurs both during and after ir-
radiation. For uninterrupted irradiation, this calcula-
tion an be done quickly with a desk calculator (equa-
tion 38, below). Because the GSTR is used for a variety
of purposes, some of which require pulsing or very low
power levels, samples for *°Ar/*Ar dating are fre-
quently pulled up out of the core while other experi-
ments are being accommodated. The aluminum capsule
i? not removed completely from the central thimble

+100
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tube; instead it is positioned out of the neutron flux but
left deep enough for adequate radiological shielding by
the column of water above. We are not sure that this
procedure is necessary, but it seems worthwhile to try
to ensure that the samples are irradiated at more or
less constant power level. In addition, the reactor is
normally operated 8 hours a day for 5 days a week.
This means that samples for *°Ar/3Ar dating are ir-
radiated in increments rather than continuously, a fac-
tor which complicates the ¥’Ar correction procedure
somewhat but does not degrade the accuracy of the
calculations.

Formula 39 is used to calculate the ¥Ar decay cor-
rection for samples that have been irradiated in incre-
ments and at different power levels. This calculation
can also be done with a desk calculator, but for more
than a few increments the calculations become very
cumbersome and a computer is much more convenient.
A BASIC computer program for this calculation is
given in the section entitled “Computer Programs.”
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FiGURE 20.—Effect of K, p) *°Ar and #K(n, d) 40A 1 reactions on calculated “°Ar/%°Ar age. Graph gives approximate errors that would
result if no corrections were made. Effect is independent of K /Ca ratio.
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| OPTIMIZATION OF IRRADIATION PARAMETERS

Turner (1971b) showed that for any reactor the vari-
ous interferences can be minimized by choosing an op-
timum irradiation time and an appropriate sample size.
Following Turner (1971b) we analyzed our results from
the GSTR, and we provide an irradiation optimization
diagram as figure 22. The optimum irradiation is based
on the satisfaction of three conditions: production of
sufficient 3®Ar and minimization of interference from
the reactions *’K (n, p)*Ar and “°Ca(n, na)*Ar.
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Biotite

Sanidine

_‘
=)
|

“An/Are,

PRODUCTION OF SUFFICIENT *’Ar

Theoretitally, production of *°Ar is controlled by

01— Plagioclase —| |sample size, K:O content, and irradiation time. There
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sample that can fit easily in the larger quartz vials
weighs about 5 grams. In 01 MWH, a 5-g sample that
contained 10 percent K;O would yield about 3.6 x 1072
moles or 0.8 X 1078 cm? (STP) of *Ar (fig. 9), which is
about as small a quantity as can be measured on most
mass spectrometers and still maintain an accuracy of 1
percent or better. Two hundred hours is probably the
upper limit, considering that the reactor is only availa-
ble for a limited period of time (<40 hours) each week,
except under special circumstances.

The size of the sample should be chosen (fig. 9) to
provide as much *’Ar as can be conveniently measured,
but the *°Ar;.a/*°Arx ratio also must be limited to some
reasonable value for accurate measurement. Turner
(1971b) selected a ratio of 300 as probably the largest
that could be measured without intolerable interfer-
ence between the *°Ar and **Ar mass beams. Thus, con-
dition 1 requires that both the sample size and the ir-
radiation time be adjusted to provide optimum
amounts of both *°Ar;,q and *Ark, and to keep the *°Ar-
rad/PArk ratio less than 300.

MINIMIZATION OF *°K(n, p)*’Ar INTERFERENCE

As discussed above, the production ratio (*°Ar/3%Ar)x
varies considerably and may only be known for the
GSTR to within a factor of two or so. If we select the
maximum tolerable error from this interference as 0.5
percent, then the quantity of *°Arg should be kept to
less than1 percent of the *°Ar,,4. In terms of ratios, this
requires that

10AYa/%%Arg > 100( 4OAI‘/?’QAI')K

the largest value for (%*°Ar/*Ar)x that we have meas-
ured for the GSTR is1 X 102 (table 8), so conserva-
tively, the desired ratic becomes

4OArl'ad/BgArK = 1.

All points that satisfy both the above conditions are
included within the shaded area of figure 22. The line
representing *°Ar,.a/*Arx = 10 is also shown for refer-
ence. Generally, it is easier and more accurate to
measure ratios if the two isotopes are within a factor of
10 or so in size, that is,

1< 4OArlrad/ggArK < 10,

but for very old samples this is not possible because
impractically long irradiation times are required.

MINIMIZATION OF “°Ca,(n, na)*®Ar INTERFERENCE

The rate of production of **Arc, relative to ¥Arg, is
known for the GSTR to within a few percent (table 8)
so accurate corrections can be applied. It is desirable,
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however, to limit the amount of *Arc. produced to
avoid magnifying the error. If we limit *Arc, to 10 per-
cent of the °*Ar mass beam, then this condition be-
comes

3Arc, < 0.1 BArym

or
4°Ar,ad/36ArCa > 2955.

This condition depends not only on irradiation time and
the age of the sample, but also on the K/Ca content.
The dashed lines on figure 22 show the maximum
irradiation times that will allow this condition to be met
for various values of K/Ca.

As can be seen from figure 22, it is not difficult to
satisfy all three of the conditions discussed above pro-
vided that K/Ca is greater than about 0.002. Theoreti-
cally, these conditions can always be satisfied for sam-
ples with K/Ca greater than 0.002, but there are also
practical limitations imposed on the sample size and on
the amount of gas that can be accurately measured by
the mass spectrometer. All these factors need to be
considered when choosing the irradiation parameters,
and for many samples, it will be necessary tc com-
promise.

REFERENCES CITED

Alexander, E. C., Jr., 1975, Ar® /Ar studies of Precambrian cherts:
An unsuccessful attempt to measure the time evolution of the
atmospheric Ar*® /Ar® ratio: Precambrian Research, v. 2, no.
4, p. 329-344.

Alexander, E. C., Jr., Coscio, M. R., Jr., Dragon, J. C., and Saito,
Kazuo, 1981, K/Ar dating of lunar soils IV: Orange glass from
74220 and agglutinates from 14259 and 14163, Proceedings of
Eleventh Lunar and Planetary Science Conference, Geochimica
et Cosmochimica Acta, Supp. 12 (in press).

Alexander, E. C., Jr., and Davis, P. K., 1974, *°Ar-®Ar ages and
trace element contents of Apollo 14 breccias; an interlabora-
tory cross-calibration of *°Ar-*®Ar standards: Geochimica -et
Cosmochimica Acta, v. 38, no.6, p. 911-928.

Alexander, E. C., Jr., and Kahl, S. B.,1974 40Ar-39Ar studies of lunar
breccias: Proceedings of Fifth Lunar Science Conference,
Geochimica et Cosmochima Acta, Supplement 5, v. 2, p. 1353-
1373.

Alexander, E. C., Jr., Michelson, G. M., and Lanphere, M. A., 1978,
MMhb-1: A new *°Ar-3°Ar dating standard, in Zartman, R. E.,
editor, Short papers of the Fourth International Conference,
Geochronology, Cosmochronology, Isotope Geology: U. S.
Geological Survey Open-File Report 78-701, p. 6-8.

Beckinsale, R. D., and Gale, N. H., 1969, A reappraisal of the decay
constants and branching ratio of *°K: Earth and Planetary Sci-
ence Letters, v. 6, no. 4, p. 289-294.

Berger, G. W., 1975, 40Ar/39Ar step heating of thermally overprinted
biotite, hornblende and potassium feldspar from Eldora, Col-
orado: Earth and Planetary Science Letters, v. 26, no. 3, p.
387-408.

Berger, G. W., and York, Derek, 1970, Precision of the *°Ar/*Ar dat-
ing technique: Earth and Planetary Science Letters, v. 9, no. 1,
p. 39-44.

Bernatowicz, T. J., Hohenberg, C. M., Hudson, B., Kennedy, B. M.,



REFERENCES CITED

and Podosek, F. A., 1978, Argon ages for lunar breccias 14064
and 15405: Proceedings of Ninth Lunar and Planetary Science
Conference, Geochimica et Cosmochimica Acta, Supp. 10, v. 1,
p. 905-919.

Bogard, D. D., Husain, Liaquat, and Wright, R. J., 1976, “’Ar /%Ar
dating of collisional events in chondrite parent bodies: Journal
of Geophysical Research, v. 81, no. 32, p. 5664-5678.

Brereton, N. R., 1970, Corrections for interfering isotopes in the
10Ar/9Ar dating method: Earth and Planetary Science Let-
ters, v. 8, no. 6, p. 427-433.

1972, A reappraisal of the *°Ar/3%Ar stepwise degassing
technique: Geophysical Journal of the Royal Astronomical So-
ciety, v. 27, p. 449-478.

Crow, E. L., Davis, F. A., and Maxfield, M. W., 1960, Statistics man-
ual: New York, Dover Publishing, 288 p.

Dallmeyer, R. D., 1975a, °Ar/%%Ar spectra of biotite and hornblende
from the Cortlandt and Rosetown plutons, New York, and their
regional implications: Journal of Geology, v. 83, no. 5, p.
629-643.

____1975b, *®Ar/3%Ar ages of biotite and hornblende from a pro-
gressively remetamorphosed basement terrane: Their bearing
on interpretation of relgase spectra: Geochimica et Cos-
mochimica Acta, v. 39, no.12, p. 1655-1669.

—__1975c¢, Incremental *°Ar/3°Ar ages of biotite and hornblende
from retrograded basement gneisses of the southern Blue
Ridge: Their bearing on the age of Paleozoic metamorphism:
American Journal of Science, v. 275, no. 4, p. 444-460.

Dallmeyer, R. D., Maybin, A. H., and Durocher, M. E., 1975, Timing
of Kenoran metamorphism in the eastern Abitibi greenstone
belt, Quebec: Evidence from “’Ar/3°Ar ages of hornblende and
biotite from postkinematic plutons: Canadian Journal of Earth
Science, v.12, no. 11, p. 1864-1873.

Dallmeyer, R. D., and Sutter, J. F., 1976, *°Ar/3°Ar incremental-
release ages of biotite and hornblende from variably retro-
graded basement gneisses of the northeasternmost Reading
Prong, New York: Their bearing on early Paleozoic metamor-
phic history: American Journal of Science, v. 276, no. 6, p.
731-747.

Dalrymple, G. B., 1979, Critical tables for conversion of K-Ar ages
from old constants to new constants: Geology, v. 7, no. 11, p.
558-560.

Dalrymple, G. B., and Clague, D. A., 1976, Age of the Hawaiian-
Emperor bend: Earth and Planetary Science Letters, v. 31, no.
3, p. 313-329.

Dalrymple, G. B., Grommé, C. S., and White, R. W., 1975,
Potassium-argon age and paleomagnetism of diabase dikes in
Liberia: Initiation of central Atlantic rifting: Geological Society
of America Bulletin, v. 86, no. 3, p. 399-411.

Dalrymple, G. B., and Lanphere, M. A., 1969, Potassium-argon dat-
ing: San Francisco, W. H. Freeman, 258 p.

—— 1971, *Ar/*®Ar technique of K-Ar dating: A comparison with
the conventional tecnique: Earth and Planetary Science Let-
ters, v. 12, no. 3, p. 300-308.

1974, “%Ar/®Ar age spectra of some undisturbed terrestrial
samples: Geochimica et Cosmochimica Acta, v. 38, no. 5, p.
715-738.

Davis, P. K., 1977, Effects of shock pressure on 40Ar/39Ay radiometric
age determinations: Geochimica et Cosmochimica Acta, v. 41,
no. 2, p.195-205.

Deer, W. A, Howie, R. A., and Zussman, J., 1962, Rock-forming
minerals (1st ed.): London, Longmans, v.1-5.

Dunham, K. C., Fitch, F. J., Ineson, P. R., Miller, J. A., and Mitchell,
dJ. G., 1968, The geochronological significance of argon- 40/
argon-39 age determinations on White Whin from the north-
ern Pennine orefield: Proceedings of the Royal Society [Lon-

27

don], A, v. 307, no. 1490, p. 251-266.

Engels, J. C., and Ingamells, C. O., 1970, Effect of sample in-
homogeneity in K-Ar dating: Geochimica et Cosmochimica
Acta, v. 34, no. 9, p. 1007-1017.

Everling, F., Koenig, L. A., Mattauch, J. H. E., and Wapstra, A. H.,
1961, 1960 nuclear data tables, part 1, Consistent set of ener-
gies liberated in nuclear reactions I. Targets in the mass region
A < 66: National Academy of Sciences — National Research
Council, 214 p.

Fitch, F. J., Hooker, P. J., and Miller, J. A., 1976, “°Ar/3°Ar dating
of the KBS Tuff in Koobi Fora Formation, East Rudolf, Kenya:
Nature, v. 263, no. 5580, p. 740-744.

Fitch, F. J., Miller, J. A., and Mitchell, J. G., 1969, A new approach
to radio-isotopic dating in orogenic belts, in Kent, P. E.,
Sattherthwaite, G. E., and Spencer, A. M., eds., Time and
place in orogeny: Geological Society of London Special Publi-
cation 3, p.157-195.

Fleck, R. J., Sutter, J. F., and Elliot, D. H., 1977, Interpretation of
discordant *’Ar/3%Ar age spectra of Mesozoic tholeiites from
Antarctica: Geochimica et Cosmochimica Acta, v. 41, no. 1, p.
15-32.

Garner, E. L., Murphy, T. J., Gramlich, J. W., Paulsen, P. J., and
Barnes, I. L., 1975, Absolute isotopic abundance ratios and the
atomic weight of a reference sample of potassium: Journal of
Research of the National Bureau of Standards, v. 79a, no. 6, p.
713-725.

Hanson, G. N., Goldich, S. S., Arth, J. G., and Yardley, D. H., 1971,
Age of the Early Precambrian rocks of the Saganaga Lake-
Northern Light Lake area, Ontario-Minnesota: Canadian
Journal of Earth Sciences, v. 8, no. 7/8, p.1110-1124.

Hanson, G. N., Simmons, K. R., and Bence, A. E., 1975, *Ar/%Ar
spectrum ages for biotite, hornblende, and muscovite in a con-
tact metamorphic zone: Geochimica et Cosmochimica Acta, v.
39, no. 9, p.1269-1277.

Horn, Peter, Jessberger, E. K., Kirsten, T., and Richter, H., 1975,
39Ar-*0Ar dating of lunar rocks: Effects of grain and neutron
irradiation: Proceedings of Lunar Science Conference, 6th, v.
2, p.1563-1591.

Huneke, J. C.,1976, Diffusion artifacts in dating by stepwise thermal
release of rare gases: Earth and Planetary Science Letters, v.
28, no. 3, p. 407-417.

Huneke, J. C., Jessberger, E. K., Podosek, F. A., and Wasserburg, G.
J., 1973, “%Ar/*9Ar measurements in Apollo 16 and 17 samples
and the chronology of metamorphic and volcanic activity in
the Taurus-Littrow region: Proceedings of Lunar Science Con-
ference, 4th, v. 2, p.1725-1756.

Huneke, J. C., Podosek, F. A., and Wasserburg, G. J., 1972, Gas re-
tention and cosmic-ray exposure ages of a basalt fragment
from Mare Fecunditatis: Earth and Planetary Science Letters,
v.13, no. 2, p. 375-383.

Huneke, J. C., and Smith, S. P., 1976, The realities of recoil: *°Ar
recoil out of small grains and anomalous age patterns in PAr-
40Ar dating: Proceedings of Lunar Science Conference, 7th, v.
2, p.1987-2008.

Ingamells, C. O., 1970, Lithium metaborate flux in silicate analysis:
Analytica Chimica Acta, v. 52, no. 2, p. 323-334.

Jackson, E. D., and Wright, T. L., 1970, Xenoliths in the Honolulu
Volcanic Series, Hawaii: Journal of Petrology, v. 11, no. 2, p.
405-430.

Jessberger, E. K., Huneke, J. C., Podosek, F. A., and Wasserburg, G.
dJ., 1974, High resolution argon analysis of neutron-irradiated
Apollo 16 rocks and separated minerals: Proceedings of Lunar
Science Conference, 5th, v. 2, p. 1419-1449.

Kaneoka, Ichiro, 1974, Investigation of excess argon in ultramafic
rocks from the Kola Peninsula by the *°Ar/3%Ar method: Earth



28

and Planetary Science Letters, v. 22, no. 2, p. 145-156.

Kirsten, T., Deubner, J., Horn, Peter, Kaneoka, Ichiro, Kiko, J.,
Schaeffer 0. A., and Thio, S. K., 1972, The rare gas record of
Apollo 14 and 15 samples: Proceedings of Lunar Science Con-
ference, 3rd, v. 2, p. 1865-1889.

Kirsten, T., and Horn, P., 1977, 39Ar.40Ar dating of basalts and rock
breccias from Apollo 17 and Malvern Achondrite, in Pomeroy,
J. H., and Hubbard, N. J., eds., The Soviet-American Confer-
ence on Cosmochemistry of the Moon and Planets: National
aeronautics and Space Administration Special report 370, p.
525-540.

Kirsten, T., Horn, P., and Heyman, Dieter, 1973, Chronology of the
Taurus-Littrow region I: Ages of two major rock types from the
Apollo 17 site: Earth and Planetary Science Letters, v. 20, no.
1, p. 125-130.

Kirsten, T., Horn, P., and Kiko, J., 1973, 39Ar/10Ay dating and rare
gas analysis of Apollo 16 rocks and soils: Proceedings of lunar
Science Conference, 4th, v. 2, p. 1757-1784.

Koch, R. C., 1960, Activiation analysis handbook: New York,
Academic Press, 219 p.

Lanphere, M. A., and Albee, A. L., 1974, *°Ar/**Ar age measure-
ments in the Worchester Mountains: Evidence of Ordovician
and Devonian metamorphic events in northern Vermont:
American Journal of Science, v. 274, no. 6, p. 545-555.

Lanphere, M. A., and Dalrymple, G. B., 1965, P-207: An interlabora-
tory standard muscovite for argon and potassium analyses:
Journal of Geophysical Research, v. 70, no. 14, p. 3497-3503.

1971, A test of the *®Ar/3°Ar age spectrum technigue on some
terrestrial materials: Earth and Planetary Science Letters, v.
12, no. 4, p. 359-372.

1976, Identification of excess *’Ar by the *°Ar/*°Ar age spec-
trum technique: Earth and Planetary Science Letters, v. 32,
no. 2, p. 141-148.

_ 1976, Final compilation of K-Ar and Rb-Sr measurements on
P-207, the USGS interlaboratory standard muscovite: U. S.
Geological Survey Professional Paper 840, p. 127-130.

Lewis, R. S.,1975, Rare gases in separated whitlockite from the St.
Severin chondrite: Xenon and krypton from fission of extinct
244py: Geochimica et Cosmochimica Acta. v. 39, no. 4, p. 417-
432.

McDougall, Ian, 1974, The **Ar/°Ar method of K-Ar age determina-
tion of rocks using HIFAR reactor: Australian Atomic Energy
Commission Journal, v.17, no. 3. p. 3-12.

McDougall, Ian, and Roksandic, Z., 1974, Total fusion 10ar/39Ar ages
using HIFAR reactor: Journal of the Australian Geological So-
ciety, v. 21, no. 1,p. 81-8

Mateen, Abdul, and Green D. C 1974, An assessment of irradiation
parameters for ““Ar/3%Ar age determinations in HIFAR reac-
tor, Australia: Proceedings of the Royal Society of Queensland,
v. 85, no. 8, p. 85-93.

Merrihue, Craig, 1965, Trace element determinations and
potassium-argon dating by mass spectroscopy of neutron-
irradiated samples [abs.]: Transactions of the American
Geophysical Union, v. 46, no. 1, p.125.

Merrihue, Craig, and Turner, Grenville, 1966, Potassium-argon dat-
ing by activation with fast neutrons: Journal of Geophysical
Research, v. 71,no0.11, p. 2852-2857.

Miller, J. A., Mitchell, J. G., and Evans, A. L., 1970, The argon-
40/argon-39 dating method applied to basic rocks, in Run-
corn, S. K., ed., Paleogeophysics: London and New York,
Academic Press, p. 481-489.

Mitchell, J. G., 1968, The argon-40/argon-39 method for
potassium-argon age determinations: Geochimica et Cos-
mochimica Acta, v. 32, no. 7, p. 781-790.

Nier, A. O., 1950, A redetermination of the relative abundances of

IRRADIATION OF SAMPLES FOR “°Ar/3°Ar DATING

the isotopes of carbon, nitrogen, oxygen, argon, and potas-
sium: The Physical Review, v. 77, no. 6, p. 789-793.

Ozima, Minoru, and Saito, Kazuo, 1973, *°Ar/3°Ar stepwise degas-
sing experiments on some submarine rocks: Earth and Plane-
tary Science Letters, v. 20, no. 1, p. 77-87.

Ozima, Minoru, Saito, Kazuo, Matsuda, Jun-ichi, Zashu, Sigeo,
Aramaki, Shigeo, and Shido, Fumiko, 1976, Additional evi-
dence of existence of ancient rocks in the mid-Atlantic ridge
and the age of the opening of the Atlantic: Tectonophysics, v
31, no.1, p. 59-71.

Pankhurst, R. J., Moorbath, Stephen, Rex, D. C., and Turner, Gren-
ville, 1973, Mineral age patterns in ca. 3700 m.y. old rocks
from West Greenland: Earth and Planetary Science Letters, v.
20, no. 2, p. 157-170.

Podosek. F. A., 1971, Neutron-activation potassium-argon dating of
meteorites: Geochimica et Cosmochimica Acta, v. 35, no. 2, p.
157-173.

Podosek, F. A., and Huneke, J. C., 1973, Argon 40-argon 39 chronol-
ogy of four calcium-rich achondrites: Geochimica et Cos-
mochimica Acta, v. 37, no. 3, p. 667-684.

Podosek, F. A., Huneke, J. C., Gancarz, A. J., and Wasserburg, G. J.,
1973, The age and petrography of two Luna 20 fragments and
inferences for widespread lunar metamorphism: Geochimica et
Cosmochimica Acta, v. 37, no. 4, p. 887-904.

Reed, B. L., and Lanphere, M. A., 1969, Age and chemistry of
Mesozoic and Tertiary plutonic rocks in south-central Alaska:
Geological Society of America Bulletin, v. 80, no. 1, p. 23-44.

Saito, Kazuo, and Ozima, Minoru, 1977, “°Ar-3%Ar geochronological
studies on submarine rocks from the western Pacific area:
Earth and Planetary Science Letters, v. 33, no. 3, p. 353-369.

Schaeffer, O. A., and Husain, Liaquat, 1974, Chronology of lunar
basin formation: Proceedings of Lunar Science Conference,
5th, v. 2, p. 1541-1555.

Sigurgeirsson, Thorbjorn, 1962, Dating basalt by the potassium-
argon method: Report of Physical Laboratory of the University
of Iceland, 9 p. (in Icelandic).

Steiger, R. H., and Jager, Emilie, 1977, Subcommission on geo-
chronology: Convention on the use of decay constants in Geo-
and Cosmochronology: Earth and Planetary Science Letters, v.
36, no. 3, p. 359-362.

Stettler, A., and Bochsler, P., 1979, He, Ne, and Ar composition in a
neutron irradiated activated sea-floor basalt glass: Geochimica
et Cosmochimica Acta, v. 43, no. 1, p.157-169.

Stettler, A., Eberhardt, P., Geiss, J., Grogler, N., and Maurer, P.,
1973, 3°Ar-%%Ar ages and *7Ar-8Ar exposure ages of lunar
rocks: Proceedings of Lunar Science Conference, 4th, v. 2, p.
1865-1888.

—— 1974, On the duration of lava flow activity in Mare Tranquil-
litatis: Proceedings of Lunar Science Conference, 5th, v. 2, p.
1557-1570.

Stoenner, R. W., Schaeffer, O. A., and Katcoff, S.,1965, Half-lives of
argon-37, argon-39, and argon-42: Science, v. 148, no. 3675,
p. 1325-1328.

Turner, F. J., and Verhoogen, John, 1960, Igneous and metamorphic
petrology (2d ed.) : New York, McGraw-Hill, 694 p.

Turner Grenville, 1969, Thermal histories of meteorites by the *°Ar-

40Ar method, in"Millman, P. M., ed., Meteorite research: Dor-
decht, Netherlands, D. Reidel, p. 407-417.

—1970a, Argon-40/argon-39 dating of lunar rock samples: Pro-
ceedings of the Apollo 11 Lunar Science Conference, v. 2, p.
1665-1684.

—_1970b, ““Ar-3°Ar age determination of lunar rock 12013: Earth
and Planetary Science Letters, v. 9, no. 2, p. 177-180.

—1971a, *Ar-*Ar ages from the lunar maria: Earth and Plane-
tary Science Letters, v.11, no. 3, p.169-191.



REFERENCES CITED

____19T1b, Argon 40-argon 39 dating: The optimization of irradia-
tion parameters: Earth and Planetary Science Letters, v. 10,
no. 2, p. 227-234.

— 1972, *%Ar-*®Ar age and cosmic ray irradiation history of the
Apollo 15 anorthosite 15415: Earth and Planetary Science Let-
ters, v.14, no. 2, p. 169-175,

Turner, Grenville, and Cadogan, P. H., 1974, Possible effects of 3°Ar
recoil in “CAr-3%Ar dating of lunar samples: Proceedings of
Lunar Science Conference, 5th, v. 2, p. 1601-1615.

— 1975, The history of lunar bombardment inferred from *°Ar-
39Ar dating of highland rocks: Proceedings of Lunar Science
Conference, 6th, v. 2, p. 1509-1538.

Turner, Grenville, Huneke, J. C., Podosek, F. A., and Wasserburg, G.
J., 1971, *0Ar-3%Ar ages and cosmic ray exposure ages of

29

Apollo 14 samples: Earth and Planetary Science Letters, v. 12,
no.1, p.19-35.

— 1972, NG Ve systematics in rocks and separated minerals
from Apollo 14; Proceedings of Lunar Science Conference, 3d,
v. 2, p.1589-1612.

Turner, Grenville, Miller, J. A., and Grasty, R. L., 1966, The thermal
history of the Bruderheim meteorite: Earth and Planetary Sci-
ence Letters, v. 1, no. 4, p. 155-157.

Walker, F. W., Kirouac, G. J., and Rourke, F. M., 1977, Chart of the
nuclides (12th ed.) : Schenectady, N.Y., Knowles Atomic Power
Laboratory.

Weast, R. C., ed., 1976, Handbook of chemistry and physics (57th
ed.): Cleveland, The Chemical Rubber Company.

York, Derek, and Berger, G. W., 1970, 4OAr/3%Ar age determinations
on nepheline and basic whole rocks: Earth and Planetary Sci-
ence Letters, v. 7, no. 4, p. 333-336.






SUPPLEMENTAL DATA




32

IRRADIATION OF SAMPLES FOR “°Ar/3°Ar DATING

DERIVATION OF EQUATIONS
%0Ar /3%Ar AGE EQUATION

Beginning with the basic equation for the production
of radiogenic *°Ar from the decay of K,

Ae

€ B

10Ar,, = K (ert—1) (1)

where \. is the decay constant for electron capture, A4
is the decay constant for §~ emission, A = A¢ + g,
and t is time, and using the subscripts u and m for the
unknown and monitor minerals, respectively, then
0AY, = 10K, _>\_‘ (eM“ —1) (2)
and A

$0AY g o = 1K, _>;\_f (eMm —1).

(3)

Dividing equation (2) by (3),

- ( ) @

If the unknown and the monitor minerals are irradiated
together and receive the same neutron dose, and a
fraction F of the %K in each is converted to *Ark, then

¢ 0Arrad,u
4 OArr

eMu—1
erm —1

ad, m

_ (4%Ar/39Ar) — 295.5 [(36Ar/39Ar) — (36Ar/37Ar)c, (37Ar/39%Ar)] — (4°Ar/3°Ar)k

Substituting equation (7) into (4),

40Arrad,u — 39ArK,u ( e)‘t“ —1 ) ( )
4 0Arra\d,m 39ArK ,m e)‘tm —1 - (8
Solving for t.,

(4 OArrad /3 9AAI’K )l.l
(40Ar,,q/3%ArK)

ty = lxln [1 + (e“m~1)]. (9)

To simplify, we define the quantity

Je)\tm—l)

’ = (40Arrad/ 39ArK)m

(10)

and substitute equation (10) into (9), which becomes

1
ty = —Xln [1 +J(40Arrad/39ArK)u ] (11)

To determine the quantity *“°Ar..a/**Ark for use in
equation (11), it is necessary to correct the isotope
ratio “°Ar/*°Ar, measured in the mass spectrometer, for
atmospheric Ar as well as for Ca- and K-derived Ar
isotopes. If there were no Ca-derived **Ar, then the at-
mospheric component would be (°Ar/*Ar),,..(**Ar /*°Ar)
or 295.5 (*¢Ar/3°Ar), which would be subtracted from
the measured “°Ar/3%Ar ratio. However, part of the *Ar
is derived from neutron reactions with *“°Ca, and the
appropriate atmospheric correction is

295.5 [(36Ar/39Ar) — (36Ar/¥7Ar), (37Ar/39Ar)] (12)

where (*°Ar/*"Ar)c. is a constant for a particular reactor.
In addition, there is *’Ar generated by neutron reac-
tions with potassium, and this component, (*°Ar/*Ar)k
also a reactor constant, must be subtracted from the
measured *°Ar/3°Ar ratio. Finally, the measured
“Ar/%Ar ratio must be corrected for the **Ar gener-
ated by neutron reactions with Ca, which is (*Ar/
3Ar)ca (37Ar/3%Ar), where (%?Ar/*Ar)c. is a constant.

After incorporating these corrections, the complete
expression becomes

(13)

39ArK,u =F»K, (5)
and
9Ary o, =F 39K . (6)
Dividing equation (5) by (6),
39ArK,u _ 39K, _ 40K (7)
39ATK 1 Tk w0k
4oArrad
39ArK

1 — (3°Ar/37Ar)., (37Ar/3%Ar)
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ERROR FORMULAE

The basis for the derivation of the error formulae is
as follows;

If y = F(x,, Xy eeees Xy) (14)
and the changes Ax; are small, then

oF oF oF
Ay ~dy = ox, AX, 2x, 2%, DXy (15)

Further, if the quantltles Ax; are independent, then the
variance in Ay is approximately
(16)

()it () ot (B5) o

To simplify notation, let
F = *0Ar,,4/%%Arx

A = ‘OAr/%°Ar

B = 3%%Ar/*Ar

D = ¥Ar/*Ar ( corrected for *’Ar decay)
C = (“Ar/3Ar)um = 295.5

C, = (**Ar/¥Ar)c, = reactor constant

C; = (*°Ar/3°Ar)x = reactor constant

Cs = (*Ar/¥Ar)c. = reactor constant

Then equation (13) becomes

A-CB+CCD—C,
1—-CD

F:

(17)
From equation (15),

Faa + Fap + Fap (18

AF = dF = o7 2B 3D

Differentiating equation (17) and rearranging it,
dF =
(19)

(1—C,D)AA —C (1—C,D)AB + [C,(A—C B—C,)+C,C,]JAD
(1—C,D):

Equation (19) can be simplified because for the GSTR
(and probably for all reactors),

1-CD=1
and
C,C, =4 x10-8,

and is negligible.
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Equation (19) then becomes

AF ~ AA—C,AB +[C,A—C,C;B +C,CJAD (20)
and
op? ~ 0,2 + C,2032 + [CA—C,CB + C,C,l20p? (21)

where the errors o are absolute errors.
It is usually more convenient to use percentage or
fractional errors, o', whereupon equation (21) becomes

(22)
A%6',2 4 C,B2o'g? + [C,A — C,C,B + C,C,]D2q' 2
F2

which can be used to estimate the error in *°Ar;.q/%Ar.
Using the same approach and terminology, an ex-
pression for estimating the error in a *°Ar/3°Ar age can
be derived.
Starting with equation (11),

t=%ln L +FJ], (23)
then
~ ot ot
At = dt == AF
aF ~ T gt (24)
Differentiating (23) and rearranging,
1
At = JAF + FAJ 25
NS D)) (JAF +FAJ)  (25)
and
L= 1 2 252
0% NS )T (J20% +F202;).  (26)

Expressed in percentage or fractional errors, (26) be-
comes

' JoFe2
T Tl +FJ)

(0'% + 0'%y). (27)

37Ar DECAY CORRECTION

Let

neutron density,

neutron velocity,

flux,

nuclear cross section,

irradiation time,

number of °Ca target atoms,
number of ¥Ar atoms at time t, and
decay constant of “’Ar.

<

nv

L 1

>’Zv-3r+c>
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The rate of change of ¥Ar is

%=nvoT—)\N. (28)
Equation (28) can be rewritten
eMt % + X\ Nert = nvoTert (29)

or
4 (Nert) = nvoTert
dt - ' (30)
Integrating (30) and rearranging,

N = nvoT + Ce—at,

\ (31)
NowN =0att=0,so0
C+ﬂ)\ﬂ=0 (32)
or
C=%V°T- (33)
Substituting (33) into (31),
N="19T 1 _enr), (34)

If a finite time t' elapses between irradiation and meas-
urement, then at timet 4 t',

N = aveT (1 — eAt) g2t (35)

Now the total number of *Ar atoms produced, includ-
ing those that have decayed, is

N, = nvoTt,
)
nveT = —to— . (36)
Substituting (36) into (35) and rearranging,
NAtert
N =—""2"—— g
0 = (37)
Expressing (37) in terms of Ar isotope ratios,
37Ar 3TA At
. 0 . r }\te_ (38)
39AY 39AT (1 —ert)

IRRADIATION OF SAMPLES FOR “°Ar/3°Ar DATING

The above presumes that the irradiation is continu-
ous for a time t and at the same reactor power level. If
the irradiation I is done in n increments at various
power levels, then equation (38) becomes

n

[
39Ar I

i=0

t e

) 1—¢M

3TAr,
39Ar

] (39)

where P; = reactor power level, in megawatts,
for the increment,
t; = increment length,
t = corresponding decay time for
the increment (that is,
the time from increment end
to analysis), and

n
i=0
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EFFECT OF *°Ca(n, na)**Ar INTERFERENCE of age and irradiation time in (MWH) for various

K/Ca atomic ratios. The graphs give the approximate

The following 13 graphs (figs. 23-35) supplement| errors that would result if no corrections were made.

figure 17 and show the effect of the *Ca(n, na)®*Ar| On the centerline of the central thimble, 1 MWH re-
reaction on the calculated ‘°Ar/3°Ar age as a function| sults in a fluence of approximately1 X 10'"n/cm?2.

—100

l: T T T T T rT I T T T 17T 1 111 I T RN T T TT17 I_
C ]

L N
-
g -l =
(&} = .
o - .
w —
m N -
z i ]
M —
W i
<
z B 4
[0
2
c 1= —
- r ]

K/Ca=0.02
_01 I | i J I ] ' | 1 | | I 1 1 | | I ] | | [ | | d 11
0.1 1 10 100 1000 10,000

TRUE AGE, IN MILLIONS OF YEARS

FIGURE 23.—Effects of reaction *°Ca(n, na) *®Ar on calculated Ar /3%Ar ages.
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ERROR IN AGE, IN PERCENT

IRRADIATION OF SAMPLES FOR “°Ar/2°Ar DATING

—=100 T T T T T 17T T T L

=10
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K/Ca=0.05
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lll|||

|IIII|
IIII||

K/Ca=0.1
~0.1 el Lol L1t L1
0.1 1 10 100 1000 10,000

TRUE AGE, IN MILLIONS OF YEARS

FIGURES 24 (top) and 25 (bottom).— Effects of the reaction **Ca(n, na) *®Ar on calculated **Ar/>°Ar ages.
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FIGURES 26 (top) and 27 (bottom).— Effects of reaction “*Ca(n, na) *®Ar on calculated “°Ar/3°Ar ages.
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ERROR IN AGE, IN PERCENT

IRRADIATION OF SAMPLES FOR *’Ar/%°Ar DATING
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FIGURES 28 (top) and 29 (bottom).— Effects of reaction “°Ca(n, na) *Ar calculated *°Ar/3?Ar ages.
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-100

—100

TRUE AGE, IN MILLIONS OF YEARS

F1GURES 30 (top) and 31 (bottom).— Effects of reaction *°Ca(n, na) **Ar on calculated *°Ar/*Ar ages.
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ERROR IN AGE, IN PERCENT

IRRADIATION OF SAMPLES FOR “°Ar/3%Ar DATING
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FiGUREs 32 (top) and 33 (bottom).— Effects of reaction **Ca(n. na) *Ar on calculated “’Ar/**Ar ages.
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FIGURES 34 (top) and 35 (bottom).— Effects of reaction **Ca(n, na) 3*Ar on calculated °Ar />%Ar ages.
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COMPUTER PROGRAMS

The following two computer programs are written in
DEC (Digital Equipment Corporation) 0S/8 Basic
(version 5A) for a PDP8/e or PDP8/a computer. This
version of BASIC runs as a true compiler under the
DEC OS/8 operating system and contains certain file
and string handling capabilities that may not be avail-
able in some versions of BASIC. Each program is suf-
ficiently documented, however, so that the programs
can be converted easily to other versions of BASIC or
to other computer languages.

NEUT2 — ACTIVITY PREDICTION PROGRAM FOR THE GSTR
INTRODUCTION
This BASIC program predicts the activity of 18

radioisotopes upon irradiation of rock and mineral
samples in the central thimble (core) of the U. S.

BEADY
RLUN

MEUT2D RBA S

MEUTRON 2 CUER. L/&6778)

ACTIVITY FREDICTION FOR U.8,06.8,

Q7730780

MATERIAL CHOICES?

1-BIOTITE
A-MUSCOVITE
J-BASALT
A-MERAYWACKE

Se-AUTINDLITE
G- HORNRBLENDE
A-PLAGTOCLASE
K- FELDSPAR

Pe-aqUGTITE
1O-CAFZ
T1-K2504
12-ANDES

Geological Survey TRIGA reactor (GSTR) at a 1 MW
power level. Predictions are made for 0 day, 2 days, 7
days, and 20 days after irradiation so that an appro-
priate cooling time can be estimated. The program also
sums the activity of the 18 isotopes at t = 0 for all the
samples in an irradiation. Activity is in millicuries and
is accurate to no more than two significant digits be-
cause the neutron cross sections of most of the nuclear
reactions are poorly known. Data used by the program
for the activity predictions are given in table 6 and dis-
cussed in the section entitled “Activity Predictions”.

DESCRIPTION

Paging is done by the program, so it is advisable to
begin at the top of a page if fanfold paper is used. The
program begins by printing a heading, the current
date, and a list of material choices as shown below:

J- UL ~BO

TRIGA REACTOR

13-RHYOLITE
La-al. TURE
LE-QUd vials
PY-YOUR CHOLCE

o

ITE

Typical compositions for these 15 materials are con-
tained in the DATA statements 9000-9300. There is also
an option (99—your choice) to allow entry of any com-

position desired.

After the material list, the program requests an ir-
radiation number and a sample number. Any combina-
tion of alphanumeric characters (up to 20) may be
used as the information is for identification only. The
weight is entered in grams. The irradiation time should
be in hours at a1l MW power level. The material is cho-
sen by entering the appropriate material number, after
which the program will print the material selected and

the activity table.
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IREADTATION NO.PXX
SAMPLE NO.#P-207
WOET (GMEITO.OZ06
TRREAD. TIME C(HRS
MATERIAL P2
MUSCOVITE

)T

FRODCT
G DaYes

Xl 728E4
CGGEET A

B RAGRE
LOOLERL7RE

0

(1

A REETH
')0 -.u‘p 3\_\., o
{

Al -2 8

Ly A 0
CA-4@+E0-49 00481701

2 3GEE
LOOLLTER
0
Q
! 1 Q
RE-86 LODA01L 177
ClU~6&4 O

o2

TOTALS 4322102

DATA OKRTYESR
MORE SAMPLESTYES

If the optional material is chosen (99), the program
will request a material name, then the elemental com-

position (weight percent) of the material.

LLTL-C~7

ACTIVITY
2 0aYs

¢

0

« 364327
LQOL3LE3E

SQOGETOR28
O

0

Q

« 160454
LOOL06H2Y
0

0

Q
LOOR72086
0

H31LH0Y

SAM
WGET

g
cu

(MeID

IREADTATION ND
TG 5:;23 K \J!
CGMED 'C)o,fi(ﬂh

TIME

TRRAD .
MATERIAL
MATERTAL

AFTER
7 IAYS

0

Q
LO0140912
LO01L36037
0

G

0
LOOOH2R63Y
Q

0

0
LQ0194734
LO00B3LHV LY
0

0

0
LO0309706
QO

sQO7 42565

(HRS)P2E
e

RICITE

MO

T2
p[ e ~..J
PR, 40
TOLEY
POL04
FOL AL
v 8 * f."\’[\
TOL09
O
TOL0L7
OO
O

T

43

COOLING

20 DAYS

Q
0
0

SO FATEHD
{

0

0
SON0ABR9T72
0

O
0

0
Q00446574
0

0

0
SD0191526
0

00414233
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After the activity table is printed, the program will
ask DATA OK? A “YES” will accumulate the nuclide ac-
tivities at 0 days for the summary table. A “NO” will
exclude that sample from the irradiation totals. The
next question MORE SAMPLES? tells the program
whether to request data for another sample (YES) or to
print the summary table (NO).

ACTIVITY SUMMARY AT T=0
GEQCHRONDLOGY FROJECT: MENLO PARE
GCOOMPANTES RATTOQISOTORE REQGUEST FORM NOL

D7 A 30780
TRRADIATION NI, XLIY
o GAMPLES

FROTHACT
5'::”.« &l
2131
Nit—24
=

P,
8

(RN 2
Ch-&1 SOOI ALECL
X4 . 41484

0144885
LOOOE7249Y
L0061 0968
SOROPHELY
191344

P OOEATOAT
o

0

0

LOR0VE5S

Q

Ci-45
Co g4 5049

1l .044

TOTAL

IRRADIATION OF SAMPLES FOR “°Ar/?°Ar DATING

For options 1-9 and 12-13, standard mineral and rock
compositions have been used. Because of the poorly
known neutron cross sections of most of the reactions
involved, the use of an exact composition for any given
sample generally would result in insignificant differ-
ences in the predicted activities. If an exact composition
is required, option 99 can be used. The standard com-
positions and their sources are given in table 9.

VARIABLE LIST

Sample weight, grams.
I Irradiation time, hours.

X Irradiation time. seconds.

E(1) Si, weight percent.

E(2) Al

E(3) Fe

E(4) Mg

E(5) Ca

E(6) Na

E(7) K

E(8) Mn

E(9) Cr

E(10) P

E(11} Rb

E(12) Cu

E(13) S

T Amount of target isotope.

H Product isotope half-life, seconds.

B Neutron cross section, barns.

D Neutron flux, n/cm’-s.

N Number of atoms in1 gram of target isotope.

1$ Irradiation number.

R$ Sample number.

M Material ( option) number.

M$ Material name.

AO Activity in millicuries at 0 days for a
particular reaction

A2 Activity in millicuries at 2 days for a
particular reaction

A3 Activity in millicuries at 7 days for a
particular reaction

A4 Activity in millicuries at 20 days for a

particular reaction
Sums of AO, A2, A3, A4 when several re-
actions have the same product nuclide.
Sums of activities at 0, 2, 7, and 20 days.
Sums of product activities for summary total.

S0, 82, 83. 54,

720, 72, 173, 74,
L(J)
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COMPUTER PROGRAMS
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10 FRINT "NEUTRON 2 (VER, 1réa7780"

20 FRINT “ACTIVITY FREDICTION FOR U.85.0.8. TRIGA REACTOR"

0 REM - BY G. BRENT DALRYMFLE. U.S.G.8.y MENLO FARKs CA

40 FRINT DATHOX)

e FREINTNPRINT

40 FRINT "MATERIAL CHOLCES? "NPRINT

A FRINT “4-BIOTITE" s "S~ACTINOLITE" » *9~AUGITE" » "1 3~-RHYOLITE"
2e-MUSCOVITE" » "6~ HORNBLENDE* » *10~CAF2" y "14-AL TURE®
CR-RASALT Ty " 7-PLAGTOCLASE "y "11-K2804"y "15-QTZ VIALS®
- MORAYWACKE " y "8-K-FELDSPAR® » "12-ANDESITE® » *99-YOUR CHOICE"
INTNFRINTNFRINT

0 GOSUR 7600MGO5UR 78600

L0 DIM ECLE) o MBCLE20) s KO1PI oL (19 yRE(20)

108 OIM T4 (2067

For t=1 TO 19

INT "TREADTATION NO,Y5
170 INPUT I+
FRINT *SAMPLE NOL "3
R%
VWGT CGME) "G
1w
T U TRRAD, TIME (HRS) 3
1
*3600
NT "MATERIAL NO"3
FUT M
ML THEN 350
MElS THEN 310

430

IF M=a99 THEN 350
GOTD 400
NT "INVALID MATERIAL®

R "MATERIALYS
INFUT M$CL?

TETM e NINPUT ECL)
ALY e NINPUT EC2)

TFET y NINFUT ECH)

MGy NINFUT EC4)

YAy NINPUT ECE)

ATy NINPUT ECA)

TRy SNINPUT O ECY)

TMNT Y NINFUT EC8)

TR e NINFUT B9

TR RNINPUT OECLO)

TREY s NINFUT ECLLD)

aAa0 T OCCUS e NINFUT ECL2S

A%0 FRINT "Z"« NINFUT ECL3)

S &0 GOTO 1000

R0 MECLr="RBIOTITE " \M$ (22="HMUSCAVITE"\M$ (3)="RASALT"

L0 ME (A= METAGRAYWACKE *\M$ (5 ="ACTINOLITE*\H$ (&) ="HORNRLENDE"

F20 M$ () ="PLAGTOCLASE "\Ms ()= "K-FELISFAR"\M$ (P)="AUGITE"

730 MECLOI="CAF2 " \ME L1 )= "KIBOA" NMECL2)="ANDESTTE"\M$ (13)="RHYOLITE"
740 MECLAY="Aal. TURE"\MEC1S)="ATZ VIALE"

o
540
550
50
570
50
550
600
610
620
S0




COMPUTER PROGRAMS

750 FRINT M$(ﬁ)
1000 X
1010 EP]NT\P‘“ 0

1020 Fh1N\ “Phﬁh“f)"?fﬁﬁ(’s)ﬁ“ﬁ CTIVETY (MCID) AFTER COOLING®
1030 PRI g 0 DAYSE " 2 DAYE"y" 7 DAYS " 20 DAYS®

1040
1100
1116

SI»RS(NyP)ALMR8
LHPRLE-D
.%\u—,5/\nva17\N: JIBERD

(Nvﬁ)hLMES

w1¢7Fl%\N =2 2BER2
7100

7400

- P3N AL -28
!”NWIIIU)*iL"“

B, LOND=ZE12\N=1, 94E22
GOSUE 7100

GUOSUR 7400

GOsUR 7500

FRINT "AL-2B°»80,82+83,54
K{1) =80

REM - SI-30(NsGI8I-31
TWM*E(1)* 0309E~2

H=9 o hﬁ\B LIND=1 PELSNN=2, O LEZ
Gl’ll&'iU.B FOVG

REM -~ 1~%J(er* 3131
T=WkE (LOYKLE~2

Rez g LANN=1  PAEZ2N\=1,6E13
GOSUR 7100

GOSUER 7400

GHSUB 7500

INT "SI-31%»50y52+:53+54

27 (N GINA~24

-

1800 3 :
1810 T w*h( 2yRE-
1820 H=S,4E4\R=, 14\D=ZEL12\N=2 , 23E22
1830 GOSUE #0770
L1900 REM -~ MOE-24(NyFINA-24
1710 Tw=WRE(4) %, 7BZE-2
1920 B=,20\D=L1ELSN\N=2,31E2
1930 GOSUR 7100
1940 GOSUE 7400
2000 REM ~ NA-23(N»GINA-Z
2010 T=WE (Y RLE-2
2020 RB=,03\D=1,7E13\N=2,62E22
2030 GOSUR 7100
2040 GOSUR 7400
2100 GUSUR 7300
FRINT "MA-24"280,82,53,54
K(3)=850Q
REM ~ FE~S54(MeGIFE-35
T=WKEC3 )k, QHB2E-2
= NBe=2 G ONN=1 . L2E22

FRINT “FE-S5"yA0rA2y A3y A4
K{CA)Y=A0

REM — FE~S4 My )MN-54

H=2 cAZE7NB=0,023

GOSURE 7010

FRINT "MN-54%sA0:A2+AZ A4
K(H)=A0

REM - FE-S54(NsAYCR-51
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26Q0

ﬁOOO
3010
3020
30E0
3040
2050
3100
3110
32120
2130
3140
1150

500
3510
3E20
BE30
3600
3510
3620
THEQ
XF00
3710
X720
G800
3810

IRRADIATION OF SAMPLES FOR *°Ar/3%Ar DATING

G4SN B=
B FQ7N
2 - CR-S50(NsGICR-G1
EbE (9 IR, 043 1E-2
FaHNN=1 L 2ER22

7100

F400

+00037

GOSUE
GOSUR 7500

PRINT "CR-51"580y 82y 53,84
K(6) =60

SRR AN @O()(Mﬂl\ﬂ =R L 2NN=1 L, OBER2
GOEUR 7
REM -~
Tk (B )k T1E-2

AL B NI FELBNN=1 , LE2
B 7100

7400

7E00

LBy 83r54

EM - FE-S8INyGIFE-G9

WalE (3 ) % 33E -4

e, FEESNR=  FHNN=1 04E22
GOSUR 7010

FRINT "FE-59"yA0sA2 A3y A4
KOBY=A0

REM ~ UA-4Z(NsFIK-43

T 'U*! {5YRLBGE~7

PAEANT= . INN=L L AER22N =
P01L0
TRed3 " e A0 Y AR A3 A4
et ]

 CA-44 (N () CA-A5

Tl R S RR0BE &
Ml e AZEPNE= o 67\ N
GOSUR 2010

FRINT "CA-45"sACsAZ+yAZ A4
RELGY=n0

REM - l]mﬂﬂ(Nyb;IA 2 3

1 JELE

Lo A7E22\N=1,7E13

49

BE22

101()

TCA-49EEC-49 " s AQ Y A2 A3 A4

=0

REM - K-41l(NyGIK~42
T=WRE (7 ) kb
H 4

BHE -6
AGEANE=1  1\N=1, 47ERD
B 7010

NT PK-42% A0y ARy A3y A4
K12y =m0

REM = Fe31(NyGIF-32
TWKE (1O KLE-2

Hesl o BAEG\Rs  L9\N=1  94E22
GOSUE 7070

REM = S-32{NyF)FP-32
mexﬁ<13>* 95

IVINY PR32ty 80852953954
K{13)=80
REM — S-33(NsFIFP-33
T=WAECL3 KT SE~6




COMPUTER PROGRAMS

G20 H=2 16ESNR=, 015 \D=1, 7E13\N=1 . 82E22
230 GOSUR 7010

3840 PRINT "F-33"yA0rA2yA3vA4

AFB0 Ki14)=a0

IP00  REM ~ S-34(NsGI5~35

3710 T=WEE(LR)%422F

3920 P AEANRE  2ON\N=1 7 7ER22

3930 7010

2940
I950
4000
4010
4030
4030
4040
4100
4110
4120
413X0
4140
41 50

ity A0YAZrAZrAY

- H-34(NyA)E-Z1
G AE3NER= . LAND=1E13
GOGUR 7010
PRINT "&8-31°
KOLAY=A0
REM — RE-BS(NrGIRB-B4
TelWkE 1Lk PRIBE-2
SEANE= BNN= ZOQER2\ =1, 7F13
7010
o CRE-E6"y A0 A2,AT A4

(173 =A0
: = QU=-43(NyGICU-64
: .é?iﬁ“?

rB0rARYA3 A4

H4 s ACrAR ATy A4

TS
K{18Y=a0
FRINT
FRIMNT
h\T?)“;O

Ih[NY

TTOTALSY v Z0y 22y ¥35 724

510 3\)
HO3G

5040
S0E0
G060
H06H

EHR70

IFINT
INFUT

I

GOsUR
GOTa

DATA OK"$

4

=G
FHEOONFRINT
L&

THEN 5080

HOBO
GO0
:LOO

FllR J=1 T 19
LCIy =L R
NEXT
FRINT "MORE SAMFLES"S
E$
H N l:} "
7400

TMPUT
IF

El e THEN 5300
UR
+1

GOTO

160

- FRINT
FHO0
ACTIVITY SUMMARY AT T=0*
SEOQCHRONQLOGY PROJECT: MENLO FARK®
"ACCOMFANIES RADICISOTOFE REQUEST FORM NOLY
NATHCX)
BIRRADIATION NO, "5
SAMPLES®

SQUMMARY TARLE

FRINT
FRINT
FRINT
FRINT F§*
PRINTNFPRINTSFRINT

I$

HS&O
Ju/O
HEE0
HERO
G400
410
J4’0

CFRODUCT S TARCL? )8 "MOT"
“Al ’&"yL(1)

FRINT

L (9)

FINT "K-43"




IRRADIATION OF SAMPLES FOR “°Ar/3°Ar DATING

HA80  FRINT "Ca-45% L (10)

H4%0  PFRINT "CA-49+8C-49%»L (112

HEO0 FRINT *K-42%sL412)

FRINT *P-32%s1.{13)

PFRINT "F~-33"eL.(14)

FRINT *8-35%,L.(13)

FRINT “€~-31"sL.(16)

FRINT "RE-88"¢L(17)

: FRINT *CU-44"+L.C18)

SE70 PRINT

G580 FRINT "TOTAL"L{19)

A000  FRINTAFRINTNPRINTANFRINTNFRINT

4010 STOR

7000 REM -~ SURROUTINES

7010 REM - SUBR CALL L

7020 GBOBUR 100

7030 GOSUR 7300

7040 GOBUR 7400

7050 GOSUR FHEGO

7060 RETURN

7070 REM - SGUBR Call 2

7073 GOSUR 7100

7080 GOSUR 7300

7085  GOSUR 7400

7090  RETURN

7100 REM - CALCULATE ACTIVITY

110 A0=TRRHENKBEXLE-2LK (1-EXF (~, 69315KkX/H) Y /3. 7ELQ
7130 G=-5.989E4/H

7130  IF AQ:x1E-4 THEN 7160

140 AQ=0NARZ=0NAZ=0NA4=(0

JUH0 GOTO 7190

7160  AZ=A0XEXF (2%E)

Fré&2  IF AR:IE-4 THEN 7170

7164 AR2=0NAZ=0NA4=0

71466 GOTO 7190

7170 AZ=AQKEXF(7XE)

7172 IF A3Zx1E-4 THEN 7180

2174 AZ=0NAg=
7174 GATO 7190

7180 A4=a0XEXF(20%6)

7182  IF A4F1E-4 THEN 7190

7184 A4=Q

7190 RETURM

X0 REM - INITIALIZE SUM VARIARLES

ZEL0 0 B0=0NE2=0\8F=0\54=0

J3I20 RETURN

7400  REM -~ UM INDIVIDUAL FRODUCT ACTIVITIES
7410 50+40

7420
FA4X0
7440
7450 RETURN
7500 REM - SUM SAMPLE TOTAL ACTIVITIES
ZE10 (

7H20
7a30
7540
7550
400 FPRINTAPRINTNFRINTNPRINTAPRINTANPFRINTAPRINTAFRINTANPRINT\PRINT
7610 PRINTANPRINTANFRINTAPRINTNPRINTAFRINTAPRINTAFRINTNFRINTNFRINT
7620 PRINTNFRINTNFRINTSPRINTAPRINTAPRINTAPRINTNPRINTAFRINTNAFRINT
7630 RETURN

FO00  HEM -~ COMFOSITION DATA

2010 REM ~ BIOTITE <12

Q020 DATA 17.997:.4:18,554.85.649.3754.99,0790+05050+0




COMPUTER PROGRAMS ol

ehe 570 s 06 4298669 409200029 .085040

PO30  REM -~ MUSOQVITE (2)

RCGA0 DATA 22,1918 .5

050 REM ~ THOLELITIC BASALT (3

FOA0  DATH 2X.697 6599765954456 2589 1947 0129127 .060.0950:2050
FOZ0  REM ~ METAGRAYWAUKE (4)

POBO DIATA 34.896.023.0v1.59 951,89 0659.05505.0520¢050
PO REM - aCTINCOLITE (5

FLCGO DATA 2631135882997 107:3821.01 7257 ,052090504020
G110 REM - HORNELENDE (67

QLI20 UATA Z22.8:5e8,. 78,7585 ,845 e 12,.2903020+050
P130  REM - FLAGIOCLASE (7)

2140 DATA 25.3v15: 85y 0Ly 01s 799352 035200050+ 05050
PL50  REM -~ K-FELDSFAR (8)

P1IH0  UATA 30:110:32 3704y ,8r3:097:8v05050¢.086+040
PL70  REM - AUGITE (%)

QLB DATA 23.6x 1321152799 12:49.27,02¢:32020:020,0
D190 REM - CAF2 (10)

G200 DATA  0s0sDy 028137020302 020202020

310 REM -~ K2804 (11)

Q220 DATA 0rv0+0505020244.920202020¢0518.4

PR30 REM ~ AMNOESITE {132)

G240 0ATA Z2B.1sPe4¢4, 222,154,553, 01 50 .12020v,1205050
DA REM - RHYDLITE (13)

GRAH0 0 UATA Z4.427.4y 1.4y 291 93e3.67,.2209.04205050
270 REM - Al TURE (14)

Q280 DATA 62972572 1900050209 220202 ,2720

D290 REM ~ QTZ Vials (15

PIOC DATA 446.890902020+050:05050502050

PR END

AR 37 —Ar DECAY CORRECTION PROGRAM
INTRODUCTION

This program calculates the 3'Ar decay correction
factor used in *°Ar/*°Ar dating. The calculation allows
for episodic irradiation at various reactor power levels
and is equal to

n

2. [

i=o0

tix ekt'i ]
1 —eM

where P; = power (megawatts) for the increment,
ti = length (hours) of increment,
ti = time (hours) between irradiation
increment and ¥Ar measurement,

X\ = decay constant of ¥Ar = 8.25 X 10~*hr™
(half-life = 351 days),
I = E Piti N and
i=0
n = number of increments in the irradiation.

The derivation of the formula is given above.

DESCRIPTION

The irradiation history of each irradiation is stored in
a file (IRHIST.DA) called by the program upon entry of

the irradiation number. This file is maintained using a
symbolic editor, available on most computer systems.
If the data for that irradiation are not in the file, an
error message results.

Upon execution, a limited amount of information
about the irradiation (number of increments, date and
time the last increment ended, and total MWH) is
printed so the operator can verify that the irradiation
history is correct. The operator also has the option of
printing the entire irradiation history.

Data for each sample are entered (sample number,
day, and time measured) and the program prints the
37Ar correction factor, which is applied as a multiplier
directly to the measured *’Ar/*°Ar ratio. The day
measured should be the Julian day, that is, Jan.1 =
1, Dec. 31 = 365. As the day numbers are subtracted
to determine the decay times, it may be necessary to
add 365 to the day number if the measurement was
made in the year following the irradiation. (If a sam-
ple was irradiated in December and measured on the
mass spectrometer the following January 15, for in-
stance, then the day number would be entered as
380.) The hour is entered as a decimal in 24-hour no-
tation, so 3:12 in the afternoon is entered as 15.2.

The program continues to request sample data and
calculates correction factors until execution is halted
by the operator.

A sample program execution is given below.
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IRRADIATION OF SAMPLES FOR “’Ar/*°Ar DATING

E$
E1$
E2$
E3$
E4$

T(J)
E(J)
H(J)
w(d)

Sample No. [DIM (20)]
Irradiation number

Date last increment ended

Last person to modify file

Date modified

Number of increments in the irradiation
Total MWH =X W(J) =X Pie t;
Length of increment ( hrs)

Day increment ended

Hour

Power level of increment

REANY
Kl
BRE? B

QFSEG80

LTREADTIATION
& INCRERME
NG

UeGelic,

Téwd  ON

FREENMT TRRADIATION HISTORYFYES

FLME

AR 3

ey

L
101
La2
1oz
134

106

HOUE

e 3, 30324

AR-EY CORRECTION FACTOR= 2.8987

40078

VARIABLE LIST
Ml Day measured
M2 Hour
X  Number of sets in data file
Z  Set counter ‘
Q(J) =W(J)*T(J) =Plet;
D(J) =t}
P(J) =Pt/ =Q(J)/Y
AD =au/(le ™)
) =A(J) *P(J)* i
C =23 C(J) = correction factor
w141 R UL ~E0

v MENLO PARK

LTEARRLISRO

b

Bt i b e :



X

E3$
E4$
E1$
E2$
N

T(1) E(1) H(1) W(1)

T(N)E(N)H(N)W(N) |

AQ0
&0

P00
10
R0
730
g00
310

FRINT
CINTANFRINTSFRINT

TNFUTHL X0
INFUTHL TES$
TNEUTHL S
THEUTHL N O
FOR .
TNFUT#
NEXT .|
IF E!

GOTO

COMPUTER PROGRAMS

FILE FORMAT

Data used by the program are stored in an ASCII file
called IRHIST.DA. These data consist of irradiation his-

tories, which occur in the file in
low. The file can be maintained

the format shown be-
or updated using any

symbolic editor. Variables are explained in the variable

list.

File information

Irradiation E1$ history

LaTH )

E#1 " IRHIZT . OA"

=1 T N

THEN 400

=g

1
Zum¥Xb L THEN S35
400
Ed1

CINPUT ERROR"
200

CMENTS "
THOREMENT ENDED

"LAST

AT"SHINY S

E1$
E2$

N

T(1) E(1) H(1) W(1)

T(N) B(N) H(N)W(N)

itT(J)yE(J)yH(JJyW(J)yC

N "FE2Y

53

Irradiation E1$ history




54 IRRADIATION OF SAMPLES FOR “’Ar/*Ar DATING

FRINT "TOTAL MWH="3Y
RINTANFRINTNVFRINT

FRINT "FRINT IRRAIIATION HISTORY®S
INEUT E$

IF Ege
GOTO 500

FRINT "TIME"$TARCL&) "DAY S TARC29) 5 "HOUR® 5 TABC44) 5 "FUWR "
FRINT

FOR J=1 T N

FRINT TCLy B oMY oW 0D

o]

THEN 860

HED
290 TSFPRINTNPRINT

MFLE NOL " §

QoG
ERRL
P20 BURED ON DAY NOL, %3

T30 INFLUT
G40 FRINT TAB(CL&YE"TIME"S
E2eTH INFUT M2

P60
LOad
1016
1020
1030
1040
1950
1060
1070 » N
1100 PRINT “AR-37 CORRECTION FACTOR="iG
1110 ! T
1120 PRINT
L1300 FRINTNPRY
1140 GOTO ®O0
PR END

SELECTED been set up in the table. An “x” indicates that a par-
BIBLIOGRAPHY ticular subject category is covered in varying degree in
the reference. The bibliography is not a complete list of

The following bibliography (table 10) was selected to | *°Ar/*°Ar dating references, but it should give the in-
illustrate the use of “°Ar/*Ar data in terrestrial, lunar, | terested reader an introduction to the *’Ar/*Ar litera-
and cosmological studies. Ten subject categories have | ture.

TABLE 10.— Selected bibliography of use of 49Ar/3%Ar data in terrestrial, lunar, and cosmological studies

References Theory Technique Irradiation Lunar Meteorites Terrestrial Age  Excess Argon Isochrons/
development parameters/ samples samples spectra  4°Ar loss correlation
reactors diagrams
Alexander( 1975) - oo -- X X X -- X
Alexander and Davis (1974) .. ..o X X - -- X -- - --
Alexander and Kahl (1974) ... oo - X -- -- X -- -- X
Berger(1975) .o X - X X .- X .-
Berger and York(1970) ..o X X -- X -- -- .- X
Bogard, Husain, and Wright (1976) ... ... oee . .- X -- X .- -- --
Breretong 1970% _____________________________________________________ X X -- -- -- -- .- =
Brereton(1972) . oo X X X -- -- X
Dallmeyer 1975a; __________________________________________________ .. X X X X -
Dallmeyer ( 1975b) .o .. .. X X .- X R
Dallmeyer (1975¢) oo e .- - X X --
Dallmeyer, Maybin, and Durocher(1975) ..o oooeemeeee . .- .- X X
Dallmeyer and Sutter (1976) .. ..ol . - X X
Dalrymple and Clague (1976) __.._.......ocoooooe . -- X X X X X
Dalrymple and Lanphereg 1971 X X X - =
Dalrymple and Lanphere (1974 X -- X X X
Davis (1977) <o X X X X -
Dunham and others(1968) ... ... oo, .- X -- X --
Fitch, Miller, and Mitchell (1969) . ... . X - X X -- --
Fitch, Hooker, and Miller (1976) - oo oo, .- X X - X
Fleck, Sutter, and Eltiot (1977) ..o oo X X X X
Hanson, Simmons, and Bence(1975) ..o ... .- .- -- -- X X X --
Horn and others(1975) . oo -- X .- X -- X --
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TABLE 10.— Selected bibiography of use of “°Ar/*°Ar data in terrestrial, lunar, and cosmological studies — Continued

References Theory  Technique Irradiation Lunar Meteorites Terrestrial Age Excess Argon Isochrons/
development parameters/ samples samples spectra *°Ar loss correlation
reactors diagrams
Huneke (1976) - oo X - B X - X X
Huneke and others {1973) ..o oo, .- .- X - X - - X
Huneke and Smith (1976) .. ...._........._............oooco.... X X - - X - X =
Jessberger and others (1974) .. ... oo i, .- - X - X - - X
Kaneoka (1974) - oo e -- .- - X X X -
Kirsten, Horn, and Kiko( 1973) ... oo - -- X - - - -
Kirsten, Horn, and Heymann (1973) ... ..ooooiiiiimaaao.. - X - .- -
Lanphere and Albee (1974) ... oo e .- .- -- - - X X X
Lanphere and Dalrymple E 197 lg ................................... .- X - - - X X X X -
Lanphere and Dalrymple (1976) ... ...ooooiiiiimmiieaaann... - X - -- -- X X X -- X
MecDougall (1974) ..o eaene -- - X -- - -- -- -- - -
McDougall and Roksandic (1974) - ..o oo - - X - - X -- -- -- -
Mateen and Green (1974) oo e - -- X .- - X - -- -- --
Merrihue and Turner(1966) ....... X X .- .- X - . .- - X
Miller, Mitchell, and Evans (1970). -~ X .- -- X - -- -- --
Mitchell (1968) ...« ooeeeeeaene.. e X X X -- .- X -- -- -- --
Ozima and Saito (1973) ... .. oot -- - - -- .- X X X - X
Pankhurst and others{1973) ... .. . i i, - - -- X X X -- -
Podosek (1971) ..o e aes -- -- X - X - -- X
Podosek and Huneke ( 1973) ..o ooom oo -- -- X X - --
Schaeffer and Husain (1974) . ... oo e eaaens - - - X -- X - --
Sigurgeirsson (1962) ... ....oooiiiimim e X - X - - - -
Stettler and others (1973) Lo i aeeaen - - -~ X X -~ X
Turner { 1969) « oo e X -- -~ X X X -
Turner (19708) -« . oo oo e e - -- X .- X X X
Turner (19718) . oo oo X -~ X - X - X
Turner( 107 1b) e - X -- -- -- -- -
TUrner (1972) <. e - .- X - X X
Turner and Cadogang 1974) oo e X X -- X X
Turner and Cadogan(1975) _..o. oo oeeoe e - X -- X -
Turner, Miller, and Grasty(1966) _._......cooiimeeeeaaaaaee.. -- - X X
Turner and others (1971) ..o oo -- - -- X - -- X X X
York and Berger(1970) . ..o oot .- X - - - X --

GPO 791-267




