$QVZHUV5HVHDUFK-RXUQDO 9 (2016):171–196.
www.answersingenesis.org/arj/v9/radioisotope-decay-contants-half-lives-potassium-40.pdf

Determination of the Radioisotope Decay Constants
and Half-liYes: Potassium-40 (40K)
Andrew A. Snelling, Answers in Genesis, PO Box 510, Hebron, Kentucky, 41048.
Abstract
Over the last 78 years numerous determinations have been made of the total 40K decay half-life, obtained
by direct counting experiments and by comparing radioisotope ages derived from more than one dating
method applied to the same rocks or minerals. The determinations since 1997 have converged with close
agreement toward the total 40K decay half-life value of 1.2524 ± 0.0064 Byr. But that determination in 2011
ignored the two liquid scintillation direct counting determinations in 2002 and 2004 which had agreed on
a slightly lower total 40K decay half-life value of 1.248 ± 0.003 Byr. So neither of these values has yet been
adopted for standard use by the uniformitarian geochronology community. There are important sources of
systematic error in all 40Ar-39Ar (and K-Ar) ages that arise from uncertainties in the two 40K decay constants and
WKH.$ULVRWRSLFGDWDIRUQHXWURQÁXHQFHPRQLWRUV WKH$U$UGDWLQJVWDQGDUGV (YHQWKRXJKLWLVFUXFLDOWR
determination of the total 40K decay half-life, the branching ratio between 40.ǃGHFD\WR40Ca and electron
capture decay to 40$UZLWKǄUD\VHPLWWHGLVVWLOOQRWGHÀQLWLYHO\DJUHHGXSRQ7KHYDOXHRIZDVXVHG
LQ  LQ VSLWH RI WKH YDOXH RI  FDUHIXOO\ GHWHUPLQHG LQ  ZKLFK FRQÀUPHG WKH YDOXH RI
0.1195 ± 0.0014 determined in 1973. The uncertainties in the crucial 40K/K abundance ratio also need to be
considered, because there is no agreement on it. The value of 0.011672 ± 0.000041% determined in 1975 is
still adopted, but the value of 0.011668 ± 0.000008% determined in 2013 has yet to be recognized. Therefore,
when all these factors are considered the total 40K decay half-life is thus known to no better than ± 2% at the
ǔOHYHODQGWKH 40Ar*/40K ratios for individual standards are only known to better than ± 2% in some cases,
while interlaboratory discrepancies of more than 2% in the 40Ar/39Ar ages of secondary standards like the
Fish Canyon Tuff sanidine suggest larger uncertainties. Thus independent determinations of the branching
and 40K/K abundance ratios are still needed, as well as new laboratory investigations to determine the total
40
K decay half-life. Yet, in spite of the many experiments directly measuring the total 40K decay half-life, the
adopted value ultimately depends on deriving it by adjusting (that is, massaging) K-Ar and Ar-Ar ages to
conform to U-Pb and Pb-Pb ages obtained from different minerals respectively in the same rocks. But many
unprovable assumptions are also involved, not the least being that the radioisotope systems closed at the
same time and subsequently remained closed. Furthermore, even this U-Pb “gold standard” has unresolved
uncertainties due to the U decay constants being imprecisely known, and to measured variations of the
238
U/235U ratio in terrestrial rocks, ores, and minerals, and in meteorites. Both of these factors are so critical
to the U-Pb method, as well as the additional factor of knowing the initial concentrations of the daughter
and index isotopes, so it should not be used as a standard to determine other decay constants. There is
also evidence decay rates of the radioisotopes used for rock dating have not been constant in the past,
as well as the possibility of a slight decline in the measured values of the total 40K decay half-life during the
78 years of determinations. This only serves to emphasize that if the K-Ar and Ar-Ar dating methods have
been calibrated against the U-Pb “gold standard” with all its attendant uncertainties, then they cannot be
absolute, and therefore they cannot be used to reject the young-earth creationist timescale. Indeed, current
radioisotope dating methodologies are at best hypotheses based on extrapolating current measurements
and observations back into an assumed deep time history for the cosmos.
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Introduction
Radioisotope dating of rocks and meteorites
is perhaps the most potent claimed proof for the
supposed old age of the earth and the solar system.
The absolute ages provided by the radioisotope dating
methods provide an apparent aura of certainty to the
claimed millions and billions of years for formation
RI WKH HDUWK·V URFNV 0DQ\ LQ ERWK WKH VFLHQWLÀF
community and the general public around the world
thus remain convinced of the earth’s claimed great
antiquity.

However,
accurate
radioisotopic
age
determinations require that the decay constants (or
half-lives) of the respective parent radionuclides be
accurately known and constant in time. Ideally, the
uncertainty of the decay constants should be negligible
compared to, or at least be commensurate with, the
analytical uncertainties of the mass spectrometer
measurements entering the radioisotope age
calculations (Begemann et al. 2001). Clearly, based
on the ongoing discussion in the conventional
literature this is still not the case at present. The
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stunning improvements in the performance of mass
spectrometers during the past four or so decades,
starting with the landmark paper by Wasserburg
et al. (1969), have not been accompanied by any
comparable improvement in the accuracy of the
GHFD\FRQVWDQWV %HJHPDQQHWDO6WHLJHUDQG
Jäger 1977), in spite of ongoing attempts (Miller
2012). The uncertainties associated with direct halflife determinations are, in most cases, still at the
OHYHOZKLFKLVVWLOOVLJQLÀFDQWO\EHWWHUWKDQDQ\
radioisotope method for determining the ages of rock
formations. However, even uncertainties of only 1%
LQWKHKDOIOLYHVOHDGWRYHU\VLJQLÀFDQWGLVFUHSDQFLHV
in the derived radioisotope ages. The recognition of
an urgent need to improve the situation is not new
IRUH[DPSOH5HQQHHWDO0LQHWDOD  It
continues to be mentioned, at one time or another,
by every group active in geo- or cosmochronology
(Schmitz 2012).
)URP D FUHDWLRQLVW SHUVSHFWLYH WKH ²
5$7( Radioisotopes and the Age of The (arth)
project successfully made progress in documenting
some of the pitfalls in the radioisotope dating
methods, and especially in demonstrating that
radioisotope decay rates may not have always been
constant at today’s measured rates (Vardiman,
6QHOOLQJDQG&KDIÀQ <HWPXFKUHVHDUFK
effort remains to be done to make further inroads
LQWRQRWRQO\XQFRYHULQJWKHÁDZVLQWULQVLFWRWKHVH
long-age dating methods, but towards a thorough
understanding of radioisotopes and their decay
during the earth’s history within a biblical creationist
framework.
2QHFUXFLDODUHDWKH5$7(SURMHFWGLGQRWWRXFK
on was the issue of how reliable have been the
determinations of the radioisotope decay rates,
which are so crucial for calibrating these dating
“clocks.” Indeed, before this present series of papers
6QHOOLQJDEDE WKHUHKDYHQRWEHHQDQ\
attempts in the creationist literature to review how
the half-lives of the parent radioisotopes used in longage geological dating have been determined and to
collate all the determinations of them reported in the
literature to discuss the accuracy of their currently
accepted values. After all, accurate radioisotope age
determinations depend on accurate determinations
of the decay constants or half-lives of the respective
parent radioisotopes. The reliability of the other
two assumptions these supposed absolute dating
methods rely on, that is, the starting conditions and
no contamination of closed systems, are unprovable.
<HWWKHVHFDQVXSSRVHGO\EHFLUFXPYHQWHGVRPHZKDW
via the isochron technique, because it is claimed to be
independent of the starting conditions and is claimed
to be sensitive to revealing any contamination, which
LV VWLOO VLJQLÀFDQWO\ EHWWHU WKDQ DQ\ UDGLRLVRWRSH
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method for determining the ages of rock formations.
'DWDSRLQWVWKDWGRQRWÀWRQWKHLVRFKURQDUHVLPSO\
ignored because their values are regarded as due
to contamination. That this is common practice is
LOOXVWUDWHG ZLWK QXPHURXV H[DPSOHV FLWHG IURP WKH
OLWHUDWXUHE\)DXUHDQG0HQVLQJ  DQG'LFNLQ
 2QWKHRWKHUKDQGLWFRXOGEHDUJXHGWKDWWKLV
GLVFDUGLQJRIGDWDSRLQWVZKLFKGRQRWÀWWKHLVRFKURQ
is arbitrary and therefore is not good science, because
it is merely assumed the “aberrant” values are due to
contamination rather than that being proven to be so.
Indeed, in order to discard such outliers in any data
set, one must establish a reason for discarding those
data points which cannot be reasonably questioned.
,QRUGHUWRUHFWLI\WKLVGHÀFLHQF\LQWKHFUHDWLRQLVW
OLWHUDWXUH 6QHOOLQJ D E D E  KDV
documented the methodology behind and history of
determining the decay constants and half-lives of
the parent radioisotopes Rb, 176Lu, Re, and Sm
which are used as the basis for the Rb-Sr, Lu-Hf,
5H2V DQG 6P1G ORQJDJH GDWLQJ PHWKRGV
respectively. He showed that there is still some
uncertainty in what the values for these measures of
the Rb and 176Lu decay rates should be, in contrast to
the apparent agreement on the Re and Sm decay
rates. This uncertainty is especially prominent in
determinations of the176Lu decay rate by physical direct
FRXQWLQJ H[SHULPHQWV )XUWKHUPRUH WKH GHWHUPLQHG
values of the Rb decay rate differ when Rb-Sr ages
DUHFDOLEUDWHGDJDLQVWWKH83EDJHVRIHLWKHUWKHVDPH
terrestrial minerals and rocks or the same meteorites
and lunar rocks. Ironically it is the slow decay rates
of isotopes such as Rb and Sm used for deep time
dating that makes precise measurements of their
GHFD\UDWHVVRGLIÀFXOW7KXVLWFRXOGEHDUJXHGWKDW
direct measurements of their decay rates should be
WKHRQO\DFFHSWDEOHH[SHULPHQWDOHYLGHQFHHVSHFLDOO\
because measurements which are calibrated against
other radioisotope systems are already biased by the
currently accepted methodology employed by the
secular community in their rock dating methods.
<HWWKH Rb, 176Lu, Re, and Sm decay half-lives
KDYHDOOXOWLPDWHO\EHHQFDOLEUDWHGDJDLQVWWKH83E
radioisotope systems. This is the case even for the Sm
decay half-life whose accepted value has not changed
VLQFHLWZDVFDOLEUDWHGDJDLQVWWKH83EGDWLQJRIWZR
meteorites in the 1970s, in spite of the fact that more
UHFHQWWKRURXJKSK\VLFDOGLUHFWFRXQWLQJH[SHULPHQWV
VXJJHVWDKLJKHUYDOXH+RZHYHUFRQÀGHQFHLQ83E
radioisotope dating as the “gold standard” is very
questionable, as there are now known measured
variations in the U/235U ratio that is critical to that
PHWKRG %UHQQHFND DQG :DGKZD  +LHVV HW DO
2012), as well as uncertainties as to the U and 235U
GHFD\ UDWH YDOXHV 0DWWLQVRQ  6FK|Q :LQNOHU
DQG.XWVFKHUD6FKRHQHHWDO 

'HWHUPLQDWLRQRIWKH5DGLRLVRWRSH'HFD\&RQVWDQWVDQG+DOIOLYHV3RWDVVLXP

did contain radiogenic Ar. The theoretical basis for
.$U GDWLQJ PHWKRG ZDV WKXV HVWDEOLVKHG E\ 
and since then it has become an important and
ZLGHO\XVHGPHWKRGIRUGDWLQJ.EHDULQJURFNVDQG
PLQHUDOV 'DOU\PSOH'DOU\PSOHDQG/DQSKHUH
+XQ]LNHU6FKDHIIHUDQG=lKULQJHU 
3RWDVVLXPWKHUHIRUHKDVWKUHHQDWXUDOO\RFFXUULQJ
isotopes whose abundances have been determined
as 39.  . 
and .  *DUQHUHWDO 6LQFH

. PDNHV XS RQO\  RI WRWDO SRWDVVLXP LW
thus effectively falls in the low-ppm concentration
range in rocks and minerals. The isotopic composition
of Ar in the terrestrial atmosphere was measured
by Nier (1950) as Ar = 99.60%, Ar = 0.063%,
and 36Ar = 0.337%, so that the Ar/36Ar ratio is
99.60/0.337 = 295.5.
Naturally-occurring .H[KLELWVDEUDQFKHGGHFD\
scheme to Ca and $U ÀJ   7KH PDMRU EUDQFK
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Potassium, Potassium-40 Decay and
Potassium-Argon Dating
3RWDVVLXP Z=19) is an alkali metal (group IA),
along with Li, Na, Rb, and Cs. It is one of the eight
most abundant chemical elements in the earth’s crust
and is a major constituent of many important rockforming minerals, such as the micas, the feldspars,
the feldspathoids, many clay minerals, and some
HYDSRULWH SUHFLSLWLWH PLQHUDOV 'LFNLQ)DXUH
and Mensing 2005).
7KH LVRWRSLF FRPSRVLWLRQ RI . ZDV ÀUVW VWXGLHG
by Aston (1921), who discovered 39. DQG . 7KH
UDGLRDFWLYLW\ RI . VDOWV ZDV VXJJHVWHG E\ 7KRPVRQ
(1905) and was subsequently demonstrated by
&DPSEHOO   DQG &DPSEHOO DQG :RRG  
However, the naturally-occurring radioisotope

. ZDV QRW LGHQWLÀHG XQWLO 1LHU   SUHVHQWHG
FRQFOXVLYH HYLGHQFH IRU LWV H[LVWHQFH XVLQJ D PXFK
more sensitive mass spectrometer than had been
available to Aston. The possible modes of decay open
to .ZHUHÀUVWGLVFXVVHGE\9RQ:HL]VlFNHU  
who concluded that . XQGHUJRHV EUDQFKHG GHFD\
to Ca and to Ar, based partly on the fact that the
abundance of Ar in the earth’s atmosphere is about
WLPHVJUHDWHUWKDQH[SHFWHGZKHQFRPSDUHGWR
the cosmic abundances of the other noble gases. Von
Weizsäcker (1937) also postulated that radiogenic Ar
VKRXOGEHSUHVHQWLQROG.EHDULQJPLQHUDOV$OGULFK
DQG 1LHU   WKHQ FRQÀUPHG WKDW SUHGLFWLRQ E\
demonstrating that four geologically old minerals
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3RVLWUR
QDQ

Therefore, the aim of this contribution is to
further document the methodology behind and
history of determining the present decay constants
and half-lives of the parent radioisotopes used as
the basis for the long-age dating methods. We need
WR H[SORUH MXVW KRZ DFFXUDWH WKHVH GHWHUPLQDWLRQV
are, whether there really is consensus on standard
values for the half-lives and decay constants, and
just how independent, consistent, and objective the
standard values are for each of the different methods.
2IFRXUVHLWLVWREHH[SHFWHGWKDWHYHU\ORQJOLYHG
radioactive isotope is likely to show similar variation
and uncertainty in half-life measurements because
WKHVH DUH GLIÀFXOW PHDVXUHPHQWV WR PDNH ZLWK
concomitant high statistical errors. This would also
apply to determination of the amount of daughter
isotope produced via the decay process. However,
even small variations and uncertainties in the halflife values result in large variations and uncertainties
in the calculated ages for rocks, and the question
remains as to whether the half-life values for each
long-lived parent radioisotope are independently
determined. We continue here with determinations
RI WKH SRWDVVLXP .  GHFD\ UDWH ZKLFK LV WKH
EDVLVIRUWKH.$UDQG$U$UGDWLQJPHWKRGV
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Fig. 1. 7KHEUDQFKHGǃGHFD\RI.WRAr and Ca (after
)DXUH DQG 0HQVLQJ   7KH GHFD\ WR Ar proceeds
by means of electron capture (e.c.) and positron decay.
7KHPD[LPXPHQHUJ\RIWKHSRVLWURQV 0H9 KDV
been combined in this diagram with the energy of the
DQQLKLODWLRQǄUD\V 0H9 7KHGHFD\E\ QHJDWURQ
emission leads to the ground state of Ca. The energetic
ǄUD\V 0H9 WKDWFKDUDFWHUL]HWKHUDGLRFKHPLFDO
properties of . DUH DVVRFLDWHG ZLWK WKH GRPLQDQW
electron capture mode. (Data from Dalrymple and
/DQSKHUH/LGHDQG)UHGHULNVH
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RI. OHDGVE\QHJDWURQ ǃSDUWLFOH HPLVVLRQ
to Ca, but in most rocks the Ca daughter product
is swamped by common (non-radiogenic) Ca, which
PDNHVXSRIWRWDOFDOFLXP 'LFNLQ 2QO\
DERXWRIWKH .DWRPVGHFD\WR Ar, but by
three different routes, two of which involve capture
RI DQ RUELWDO HOHFWURQ E\ WKH QXFOHXV 2QH RI WKHVH
two electron capture modes leaves the Ar nucleus
LQDQH[FLWHGVWDWHZKLFKWKHQGHH[FLWHVE\PHDQV
RI DQ HQHUJHWLF ǄUD\ 0H9  )DXUH DQG
Mensing 2005). The second electron capture mode
and the positron decay both reach the ground state
of Ar directly. However, the third route by positron
emission makes up only 0.001% of decays to Ar.
Therefore, the electron capture (etc.) decay constant
can be taken to represent all of the routes from .WR

Ar (Dickin 2005).
7KH HOHFWURQ FDSWXUH GHFD\ FRQVWDQW ǌec has
D UHFRPPHQGHG YDOXH RI ð-10 per year,
equivalent to a half-life of 11.93 Byr (Steiger and
-lJHU   EDVHG RQ D ZHLJKWHG PHDQ RI WKH VL[
best counting determinations at the time evaluated
E\ %HFNLQVDOH DQG *DOH   %XW WKH ǃGHFD\ RI

.WR &DKDVLWVRZQGHFD\FRQVWDQWǌǃ which has
to also be taken into account. It has a recommended
YDOXH RI ð-10 per year, equivalent to a halflife of 1.397 Byr (Steiger and Jäger 1977). Thus the
UHFRPPHQGHG YDOXH RI WKH WRWDO GHFD\ FRQVWDQW ǌ
for .GHFD\ZKLFKLVWKHVXPRIWKHWZREUDQFKHV
LV ð-10 per year, equivalent to a half-life of
1.25 Byr (Steiger and Jäger 1977).
As already indicated, there are two parameters
E\ZKLFKWKHGHFD\UDWHLVPHDVXUHGDQGH[SUHVVHG
QDPHO\WKHGHFD\FRQVWDQW ǌ DQGWKHKDOIOLIH t½).
7KHGHFD\FRQVWDQWFDQEHGHÀQHGDVWKHSUREDELOLW\
per unit time of a particular nucleus decaying,
whereas the half-life is the time it takes for half of
a given number of the parent radionuclide atoms
to decay. The two quantities can be almost used
interchangeably, because they are related by the
equation:t

1

2

ln 2
ǌ

0.693
ǌ

(1)

The branching ratio RLVGHÀQHGDV ǌecǌǃ and has a
YDOXHRI )DXUHDQG0HQVLQJ 7KHIUDFWLRQ
of .DWRPVWKDWGHFD\WR$ULVJLYHQE\ ǌecǌ .
ZKLFKLVXVHGWRH[SUHVVWKHJURZWKRIUDGLRJHQLFAr
atoms ($U LQD.EHDULQJURFNRUPLQHUDO
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The total number of Ar atoms is:
40

Ar= Ar + Ar*
40

40

0

(3)

where Ar0 is the number of Ar atoms per unit
weight of sample that were incorporated into the rock
or mineral at the time of its formation. Since Ar is a
noble (or inert) gas and since its solubility in silicate
melts is thus low, Ar0 is assumed to be zero. It could
be argued that this is a questionable assumption to
verify, especially since only a relatively small amount
of Ar is incorporated into the rock via radioactive
decay.
7RGDWHD.EHDULQJURFNRUPLQHUDOE\WKH.$U
method, the number of .DQGAr* atoms in a unit
weight of sample must be measured and then used to
solve equation 2 for t:
1 ª 40 Ar* § ǌ · º
t = ln « 40
¨
¸ +1»

ǌ «¬ K © ǌ ec ¹ »¼
+RZHYHUDV)DXUHDQG0HQVLQJ  HPSKDVL]H
the value of t so calculated is the age (that is, the
model age) of the rock or mineral only when the
IROORZLQJDVVXPSWLRQVDUHVDWLVÀHG
1. No radiogenic Ar* produced by decay of .LQWKH
rock or mineral during its lifetime has escaped.
2. The rock or mineral became closed to Ar soon
after its formation, which means it must have
cooled rapidly after crystallization, unless it
formed at a low temperature.
3. No Ar was incorporated into the rock or mineral
either at the time of its formation or during a later
metamorphic event.
 An appropriate correction is made for the presence
of atmospheric Ar.
5. 7KH URFN RU PLQHUDO ZDV FORVHG WR . WKDW LV LW
QHLWKHU JDLQHG QRU ORVW DQ\ . WKURXJKRXW LWV
lifetime.
6. 7KHLVRWRSLFFRPSRVLWLRQRI.LQWKHURFNRUPLQHUDO
is normal and was not changed by fractionation or
RWKHUSURFHVVHVH[FHSWE\GHFD\RI.
7. The decay constants (or half-lives) of . DUH
known accurately and have not been affected
by the physical or chemical conditions of the
HQYLURQPHQW LQ ZKLFK WKH . KDV H[LVWHG VLQFH LW
was incorporated into the earth.
 7KHFRQFHQWUDWLRQVRI.DQGAr* were determined
accurately.
(YHQ)DXUHDQG0HQVLQJ  DGPLWWKDWWKHVH
assumptions require careful evaluation in each
case and place certain restrictions on the geological
LQWHUSUHWDWLRQRI.$UGDWHV,QGHHG'LFNLQ  
)DXUH DQG 0HQVLQJ   DQG 6QHOOLQJ  
SURYLGH QXPHURXV H[DPSOHV ZKHUH VSXULRXV .$U
and Ar-Ar dates have been obtained for various rocks
and minerals due to the demonstrated failure of some
of these assumptions. The last three assumptions
DUH TXLWH JHQHUDO LQ VFRSH DQG H[SUHVV FHUWDLQ
fundamental conditions of any radioisotope dating
PHWKRG7KHLVRWRSLFFRPSRVLWLRQRI.LQWHUUHVWULDO

'HWHUPLQDWLRQRIWKH5DGLRLVRWRSH'HFD\&RQVWDQWVDQG+DOIOLYHV3RWDVVLXP

samples is usually regarded as constant, even though
IUDFWLRQDWLRQ RI . LVRWRSHV KDV EHHQ REVHUYHG RQ D
small scale across contacts of igneous intrusions
0RUR]RYD DQG $OIHURYVN\  9HUEHHN DQG
Schreiner 1967). However, if the total .KDOIOLIHLV
QRWNQRZQDFFXUDWHO\WKHQWKHFDOFXODWHG.$UDJH
of any rock or mineral cannot be known accurately
either. These problems led to the development of the
argon-argon (Ar-Ar) dating method.
Argon-Argon Dating
In addition, the decay of . WR Ar is also the
basis for the Ar-39Ar dating method, which uses
an unconventional approach to the problem of
PHDVXULQJWKH.FRQFHQWUDWLRQVLQURFNVDQGPLQHUDOV
'DOOPH\HU'DOU\PSOH'DOU\PSOH
DQG/DQSKHUH0F'RXJDOODQG+DUULVRQ 
7KH FRQYHQWLRQDO .$U GDWLQJ PHWKRG GHSHQGV
on the assumptions that the sample contained no
Ar at the time of its formation and all the radiogenic
Ar produced within it was quantitatively retained
)DXUHDQG0HQVLQJ %HFDXVH$UPD\GLIIXVH
out of minerals even at temperatures well below their
PHOWLQJSRLQW.$UGDWHVFDQRQO\SRVVLEO\UHSUHVHQW
the time elapsed since cooling to temperatures at
ZKLFKGLIIXVLRQORVVRI$ULVLQVLJQLÀFDQW+RZHYHU
XQGHU FHUWDLQ FLUFXPVWDQFHV H[FHVV UDGLRJHQLF Ar
PD\ DOVR EH SUHVHQW ZKLFK FDXVHV .$U GDWHV WR
be too old. That this is a common problem has been
ZHOO GRFXPHQWHG LQ WKH OLWHUDWXUH 'LFNLQ 
)DXUH DQG 0HQVLQJ  6QHOOLQJ   $QRWKHU
SUREOHP LV WKDW LQ WKH FRQYHQWLRQDO .$U PHWKRG
the concentrations of $U DQG . DUH PHDVXUHG
separately on different aliquots of the samples,
ZKLFKDOVRVLJQLÀFDQWO\LQFUHDVHVWKHSUREDELOLW\RI
unknown systematic errors. Therefore, the samples
being dated must be homogeneous with respect to
both elements. But this requirement may not be
VDWLVÀHG LQ DOO FDVHV HVSHFLDOO\ E\ ÀQHJUDLQHG RU
glassy volcanic rocks.
7KHYHU\GLIIHUHQWFKHPLFDODIÀQLWLHVRISRWDVVLXP
DQGDUJRQDOVRFDXVHOLPLWDWLRQVLQWKH.$UGDWLQJ
PHWKRG 'LFNLQ   )RU DOO WKHVH UHDVRQV WKH

Ar*-39$UGDWLQJPHWKRGZDVGHYHORSHGÀUVWEHLQJ
described in detail by Merrihue and Turner (1966).
This method can overcome some of the limitations
RI WKH FRQYHQWLRQDO .$U GDWLQJ PHWKRG EHFDXVH
. DQG $U DUH GHWHUPLQHG RQ WKH VDPH VDPSOH DQG
only measurements of the isotope ratios of Ar are
required. The problem of inhomogeneity of samples
DQGWKHQHHGWRPHDVXUHDEVROXWHFRQFHQWUDWLRQVRI.
and Ar are thus eliminated. This method is therefore
claimed to be well suited to the dating of small or
valuable samples such as meteorites or lunar rocks
and minerals, especially when samples are heated
stepwise with a continuous laser.
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The Ar-39Ar dating method is based on the
formation of 39Ar by converting 39. LQ .EHDULQJ
samples to 39Ar in a nuclear reactor by irradiation with
thermal and fast neutrons. This causes the desired n,
p (neutron capture, proton emission) reaction:
39
19

K  n o Ar  p
39
18

(5)

Ar is unstable and decays to 39. E\ ǃHPLVVLRQ
with a half-life of 269 years. Because of its slow
decay rate (comparatively long half-life), 39Ar can
be treated as though it were stable during the short
time involved in the analyses of samples. Merrihue
  ZDV WKH ÀUVW WR SURSRVH WKDW WKH Ar*/39Ar
ratio could be measured by mass spectrometry.
Subsequently Merrihue and Turner (1966) described
such a procedure and reported the Ar-Ar dates for
several stony meteorites that appeared to be in
JRRG DJUHHPHQW ZLWK FRQYHQWLRQDO .$U GDWHV IRU
the same meteorites. The principles of the Ar-39Ar
dating method have been presented by Dallmeyer
(1979), Dalrymple and Lanphere (1971), Dalrymple
 DQG0F'RXJDOODQG+DUULVRQ  
:KHQ D .EHDULQJ VDPSOH LV LUUDGLDWHG ZLWK
neutrons in a reactor, isotopes of Ar are produced
E\VHYHUDOUHDFWLRQVLQYROYLQJ.&DDQG&OLQWKH
target. In the ideal case, 39Ar is produced only by the
n, p reaction with 39.,QWKHIRUPXODWLRQRI0LWFKHOO
  WKH QXPEHU RI 39Ar atoms formed in the
sample by the neutron irradiation is
39

39

A

39

K 'T ³ )(H ) V (H ) dH

(6)

where 39. LV WKH QXPEHU RI DWRPV RI WKLV LVRWRSH
LQ WKH LUUDGLDWHG VDPSOH ƦT is the duration of the
LUUDGLDWLRQǗ ǆ LVWKHQHXWURQÁX[GHQVLW\DWHQHUJ\
ǆǔ ǆ) is the capture cross-section of 39.IRUQHXWURQV
having energy ǆ, and the integration is carried out
over the entire energy spectrum of the neutrons. The
number of radiogenic Ar atoms in the irradiated
sample due to decay of .GXULQJLWVOLIHWLPHLVJLYHQ
by equation 2 above, where Ar* is the radiogenic

$Uǌec is the decay constant of .HOHFWURQFDSWXUH
DQG ǌ LV WKH WRWDO GHFD\ FRQVWDQW RI . 6R DIWHU
neutron irradiation of a sample, its Ar*/39Ar ratio is
obtained by dividing equation 2 above by equation 6
40

Ar *
Ar
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7KHQHXWURQÁX[GHQVLW\DQGWKHFDSWXUHFURVVVHFWLRQV
DUH GLIÀFXOW WR HYDOXDWH IURP ÀUVW SULQFLSOHV EHFDXVH
the energy spectrum of the incident neutrons and the
cross-sections of 39.IRUFDSWXUHRIQHXWURQVRIYDU\LQJ
energies are not well known. So equation 7 can be
VLPSOLÀHGE\LQWURGXFLQJWKHSDUDPHWHUJGHÀQHGDV
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(TXDWLRQVXJJHVWVWKDWJ might be determined by
irradiating samples of known age (which are called
WKHÁX[RUÁXHQFHPRQLWRUV WRJHWKHUZLWKVDPSOHV
whose ages are unknown and are being determined.
7HFKQLFDOO\WKHLUUDGLDWLRQÁX[LVQRWPHDVXUHG,Q
VRPH VHQVH RQH PLJKW FRQVLGHU WKDW WKH ÁXHQFH LV
being measured, but it is the Ar*/39Ar ratio that is
really being measured by this methodology. So after
the Ar*/39Ar ratio of the monitor has been measured,
J can be calculated from equation 9
( e m  1)
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¨ Ar ¸
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39

m

where tm is the known ageRIWKHÁX[PRQLWRUDQG
(Ar*/39Ar)m is the measured value of this ratio in the
ÁX[PRQLWRU
7KHHQHUJ\VSHFWUXPRIWKHQHXWURQÁX[WRZKLFK
DSDUWLFXODUVDPSOHLVH[SRVHGGXULQJWKHLUUDGLDWLRQ
GHSHQGV RQ LWV SRVLWLRQ LQ WKH VDPSOH KROGHU )RU
WKLVUHDVRQVHYHUDOVDPSOHVRIWKHÁX[PRQLWRUDUH
inserted into the sample holder at known positions
between unknown samples. The entire package is
then irradiated for several days in a nuclear reactor
to allow 39Ar to be produced. This of course assumes a
FRQVLVWHQWEHDPSURÀOHRYHUDSHULRGRIVHYHUDOGD\V
ZKLFKH[SHULHQFHVKRZVLVDGLIÀFXOWWDVNWRDFKLHYH
$IWHUWKHLUUDGLDWLRQWKH$ULQWKHÁX[PRQLWRUV RI
known age) is released by fusion in a vacuum system
and their Ar*/39Ar ratios are measured by mass
spectrometry. It is assumed that all the Ar, with no
fractionation occurring, is released from the monitors
and collected for mass spectrometry analyses. Their
J values are then calculated using equation 9 and are
plotted as a function of their position in the sample
holder. The respective J values of the unknown age
samples are then obtained by interpolation of the
resulting graph according to their known positions in
the sample holder. It is only possible to apply these J
values to the samples of unknown ages because both
those samples and the monitors were irradiated at
the same time.
The Ar*/39Ar ratios of the irradiated unknown age
samples are determined similarly by melting them
individually in a vacuum chamber and by measuring
the Ar*/39Ar ratio of the released Ar in a gas source
mass spectrometer. The resulting Ar*/39Ar ratios of
the unknown age samples are then used to calculate
their ages using equation 9 rearranged as

39

(11)

Several different mineral concentrates have been
used as monitors. Their ages must be accurately
known because they are used for calculating values
of J using equation 10. Any errors in the ages of the
monitors are therefore propagated from equations 10
and 11 and result in corresponding systematic errors
in the calculated Ar*/39Ar ages of the samples of
XQNQRZQDJHVWKDWZHUHLUUDGLDWHGZLWKWKRVHÁX[
PRQLWRUV´3UHFLVHµ.$UDJHVRIZLGHO\XVHGÁX[ RU
ÁXHQFH  PRQLWRUV +EJU 00+E /3 )<D
)&V :$PV DQG RWKHUV  KDYH EHHQ SXEOLVKHG E\
-RXUGDQ HW DO   -RXUGDQ 9HUDWL DQG )pUDXG
 -RXUGDQDQG5HQQH  5HQQHHWDO 
2010), Schwartz and Trieloff (2007a), and Roddick
  2I FRXUVH QR PDWWHU KRZ SUHFLVHO\ WKH\
DUHNQRZQWRXVHWKH.$UDJHVRIWKHPRQLWRUVWR
determine the Ar-Ar ages of the samples of unknown
ages still involves circular reasoning.
The estimated analytical error in the calculated
age using equation 11 according to Dalrymple and
Lanphere (1971) is
ª J F (ǔ  V º
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where F = Ar*/39Ar, ǔF2 and ǔj2 are the variances of
F and JUHVSHFWLYHO\H[SUHVVHGLQSHUFHQWt is the
DJHRIWKHVDPSOHDQGǌLVWKHWRWDOGHFD\FRQVWDQW
of .7KHDJHVVRREWDLQHGDUHUHIHUUHGWRDVWRWDO
DUJRQ UHOHDVH DJHV $Q\ HUURUV LQ ǌ GR QRW VHHP WR
EH IDFWRUHG LQWR VXFK DJH GHWHUPLQDWLRQV <HW WKH\
are subject to the same limitations as conventional
.$U DJHV EHFDXVH WKH\ GHSHQG RQ WKH DVVXPSWLRQ
that no radiogenic Ar has escaped from the samples
DQG QR H[FHVV Ar is present. However, such ages
avoid the problems arising from the inhomogeneous
GLVWULEXWLRQRI.DQG$ULQVDPSOHVDQGUHTXLUHRQO\
the measurements of isotope ratios of Ar.
In the ideal case outlined above it is assumed that all
of the Ar in the irradiated samples is either radiogenic
or atmospheric, all of the 36Ar is atmospheric, and the
39
Ar is produced only by the 39. QS WR39Ar reaction
during the irradiation process. In this case the
measured values of the Ar/39Ar and 36Ar/39Ar ratios
can be used to calculate the desired ratio of radiogenic

Ar (Ar*) to 39Ar by the relationship
40

Ar *
Ar

39
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©
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where 295.5 is the Ar/36Ar ratio of atmospheric
Ar, assuming that this ratio has remained constant
over hundreds of millions of years and the only nonradiogenic Ar in the unknown is due to atmospheric
absorption at current isotopic abundance ratios.

'HWHUPLQDWLRQRIWKH5DGLRLVRWRSH'HFD\&RQVWDQWVDQG+DOIOLYHV3RWDVVLXP

Actually, Ar isotopes are also produced by several
interfering reactions caused by interactions of
QHXWURQV ZLWK WKH LVRWRSHV RI &D . DQG &O LQ WKH
samples. Therefore, a series of corrections must be
made that are especially important for apparently
young samples (~106 years) and those having a
&D.UDWLR!7KHLQWHUIHULQJUHDFWLRQVDUHOLVWHG
LQ7DEOHDQGFDQEHVWXGLHGE\UHIHUHQFHWR)LJ
Detailed discussions of these corrections have been
SURYLGHGE\0LWFKHOO  %UHUHWRQ  7XUQHU
(1971), Dalrymple and Lanphere (1971), and Tetley,
0F'RXJDOODQG+H\GHJJHU  
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Fig. 2. Segment of the chart of the nuclides showing most
RI WKH VWDEOH DQG XQVWDEOH LVRWRSHV RI &D . $U DQG
Cl that participate in nuclear reactions with neutrons
DIWHU)DXUHDQG0HQVLQJ 

The most important interfering reactions are
those involving the isotopes of Ca. As listed in
Table 1, Ca isotopes produce every one of the Ar
LVRWRSHVDVGLVFXVVHGLQPRUHGHWDLOE\)DXUHDQG
Mensing (2005). These reactions interfere with
the atmospheric Ar correction, which is based on
36
Ar. It is claimed that the abundance of 37Ar in an
LUUDGLDWHGVDPSOHLVDQLQGLFDWLRQRIWKHH[WHQWRI
Ca interference, but this is not necessarily so if the
production cross-sections for 37$U DUH VLJQLÀFDQWO\
different from those for 36Ar or 39$U <HW 37Ar is
radioactive and decays to stable 37Cl with a short
half-life of 35.1 days. Thus a correction for the decay
of 37Ar after irradiation must be made because
the Ca abundance derived from 37Ar is used to
Table 1. Interfering nuclear reactions caused by neutron
irradiation of mineral samples (after Brereton 1970).
Argon
Produced
36
Ar
37
Ar
38
Ar
39

Ar

Calcium
Ca (n, nD)
Ca (n, D)
42
Ca (n, nD)
40

Ca (n, D)
Ca (n, nD)
43
Ca (n, D)
44
Ca (n, nD)
42
43

40

a

Ar

Potassium

Argon

Chlorine

40

K (n,nd)
K (n,d)
41
K (n, D, E-)
39
K (n, p)a
40
K (n, d)
40
K (n, p)
41
K (n, d)

Ar (n, J)
Ar (n, nd, E-

39

36

39

40

38
40

Cl (n, J, E-)

37

Ar (n, J)
Ar (n, d, E-

This is the principal reaction on which the 40Ar*/39Ar method is based.
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estimate the contributions to Ar. And 39Ar is also
produced by Ca isotopes. Thus Brereton (1970)
derived an equation that relates the age of an
irradiated sample to its Ar*/39Ar ratio corrected for
DOO LQWHUIHULQJ UHDFWLRQV )XUWKHUPRUH 'DOU\PSOH
and Lanphere (1971) reported their measurements
in a reactor to derive correction factors for Ca- and
.GHULYHG$ULVRWRSHVZKLFKWKH\XVHGWRGHYHORS
DPRUHJHQHUDOH[SUHVVLRQIRUWKHLUSDUDPHWHUF in
equation 12 above. However, there is not enough
detail in how their measurements were made to
assess their relevance to determining the amount
of Ar in the unknown due to radioactive decay.
It should be abundantly clear that both these
dating techniques are dependent on knowing
accurately the rate of .GHFD\,QVSLWHRIWKHKLJK
respect in which the Ar-Ar dating technique is held by
the geochronology community because it is claimed
to provide such precise results, it is not independent
RI WKH VDPH SLWIDOOV DV WKH .$U PHWKRG IRU WZR
UHDVRQV)LUVWLWVWLOOGHSHQGVRQKRZDFFXUDWHLVWKH
determination of the total half-life of .EHFDXVHWKH
total .GHFD\FRQVWDQWVWLOODSSHDUVLQWKHUHOHYDQW
HTXDWLRQ  DERYH WKDW GHÀQHV WKH Ar*/39Ar ratio
used in the age equation 11 above. And second, the
NQRZQDJHVRIWKHÁXHQFHPRQLWRUVLUUDGLDWHGZLWK
the samples of unknown age have sometimes been
GHWHUPLQHGE\XVLQJWKH.$UGDWLQJPHWKRGZKLFK
of course depends on accurately knowing the .
decay rate. So it is the determinations of the .WRWDO
KDOIOLIH RQ ZKLFK ZH QH[W IRFXV NHHSLQJ LQ PLQG
that this methodology is still subject to the eight
assumptions listed above.
Determination Methods
Two approaches have been followed to determine
the total decay constant and half-life of long-lived
radioactive .
Direct counting
Because of the branched decay of . ÀJ   WKH
total decay rate has to be determined. Thus there have
EHHQWZRWHFKQLTXHVLQGLUHFWFRXQWLQJH[SHULPHQWV²
PHDVXULQJERWKWKHEHWD ǃ DQGJDPPD Ǆ DFWLYLWLHV
of .
,Q WKH ÀUVW WHFKQLTXH WKH EHWD ǃ  DFWLYLW\ RI .
is counted in a source material, and divided by the
total number of radioactive .DWRPVLQWKHNQRZQ
TXDQWLW\RI.EDVHGRQ$YRJDGUR·VQXPEHUDQGWKH
isotopic abundance of .$PRQJWKHGLIÀFXOWLHVRI
WKLVDSSURDFKDUHWKHVHOIVKLHOGLQJRIÀQLWHWKLFNQHVV
VROLG VDPSOHV WKH ORZ VSHFLÀF DFWLYLWLHV LPSUHFLVH
knowledge of the isotopic composition of the parent

. WKH GHWHFWLRQ RI YHU\ ORZHQHUJ\ GHFD\V DQG
SUREOHPV ZLWK GHWHFWRU HIÀFLHQFLHV DQG JHRPHWU\
factors (Begemann et al. 2001).

178
,Q WKH VHFRQG WHFKQLTXH WKH JDPPD Ǆ  DFWLYLW\
of ., resulting from the electron capture decay
mode, is measured in the relevant energy spectrum
EDQGDQGIURPWKHSHDNWKHQXPEHURIǄUD\FRXQWV
is determined, which is then divided by the total
number of radioactive . DWRPV LQ WKH NQRZQ
TXDQWLW\RI.EDVHGRQ$YRJDGUR·VQXPEHUDQGWKH
isotopic abundance of . $PRQJ WKH GLIÀFXOWLHV
are the geometry and absorption properties of the
detection assembly used, how the internal and
H[WHUQDO EUHPVVWUDKOXQJ RI WKH DEVRUEHU DQG EDFN
scatter events are reduced and accounted for, how
well the Compton interaction is calculated, and how
narrow the energy peak is from which the number
RIǄUD\VDUHFRXQWHG /HXW]6FKXO]DQG:HQQLQJHU
1965). It is estimated that the accuracy of the
DEVRUSWLRQFRHIÀFLHQWVLVXVXDOO\EHWWHUWKDQ
0DQ\ HDUO\ H[SHULPHQWV XVHG ERWK DSSURDFKHV
IRUH[DPSOH+RXWHUPDQV+D[HODQG+HLQW]H  
Leutz, Schulz, and Wenninger (1965), McNair,
Glover and Wilson (1956), Saha and Gupta (1960),
Sawyer and Wiedenbeck (1950), Spiers (1950), and
Suttle and Libby (1955). And many of these and
RWKHUH[SHULPHQWVXVHGDYDULHW\RIVRXUFHPDWHULDOV
and measurement instrumentation. Several also
attempted to measure the electron capture component
of the .GHFD\VFKHPH ÀJ IRUH[DPSOH6DZ\HU
and Wiedenbeck (1950), and Leutz, Schulz, and
:HQQLQJHU  7\SLFDOO\WKHǃDQGǄDFWLYLWLHVLQ
7OGRSHGSRWDVVLXPLRGLGH ., VFLQWLOODWLRQFU\VWDOV
were measured with the corrections of the counting
rates for Tl contents, background, and dead time
RI WKH HOHFWURQLF HTXLSPHQW QRW H[FHHGLQJ  EXW
Leutz, Schulz, and Wenninger (1965) also measured
WKHǄLQWHQVLW\RID .HQULFKHGSRWDVVLXPFKORULGH
.&O VRXUFHZLWK7OGRSHGVRGLXPLRGLGH 1D, DQG
Tl-doped caesium iodide (CsI) crystals. The counting
equipment used has included counting tubes or beta
FRXQWHUV %RUVW DQG )OR\G  )OR\G DQG %RUVW
*RRG*UlIDE+RXWHUPDQV+D[HO
DQG +HLQW]H  6DZ\HU DQG :LHGHQEHFN  
Geiger-Müller tubes or counters (Bramley and
%UHZHU*RSDO6DQMHHYDLDKDQG Sanjeevaiah
*UlI+LU]HODQG:lIÁHU6PDOOHU
0D\ DQG )UHHGPDQ  6XWWOH DQG /LEE\  
an ionization chamber (Burch 1953), a proportional
counter (McNair, Glover, and Wilson 1956),
VFLQWLOODWLRQVSHFWURPHWHUV .HOO\%HDUGDQG3HWHUV
 /HXW] 6FKXO] DQG :HQQLQJHU  6DKD
and Gupta 1960), and liquid scintillation counters
*OHQGHQLQ  *UDX 0DORQGD DQG *UDX &DUOHV
.RVVHUWDQG*QWKHU 
After Gopal, Sanjeevaiah, and Sanjeevaiah in
1972 used a Geiger-Müller counter in their direct
FRXQWLQJ H[SHULPHQW WKHUH ZDV D ORQJ WLPH JDS
of 30 years until the most recent direct counting
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H[SHULPHQWVZKLFKXVHGOLTXLGVFLQWLOODWLRQFRXQWHUV
*UDX0DORQGDDQG*UDX&DUOHV.RVVHUWDQG
*QWKHU   %RWK H[SHULPHQWV XVHG WKH VDPH
methodology. However, Grau Malonda and Grau
&DUOHV   ÀUVW XVHG &HUHQNRY OLJKW SKRWRQV
JHQHUDWHGE\HOHFWURQV FRXQWLQJHIÀFLHQFLHVIRU .
and a calibrated solution of several other nuclides
in 1 M hydrochloric acid (HCl) was measured in a
liquid-scintillation spectrometer to verify the .
ǃUD\ WUDQVLWLRQ VKDSHIDFWRU 7KH\ DOVR FDOFXODWHG
WKH FRXQWLQJ HIÀFLHQFLHV IRU . LQFOXGLQJ WKH
FRQWULEXWLRQV IURP ERWK ǃUD\ DQG HOHFWURQ FDSWXUH
ǄGHFD\SURFHVVHVZKLFKZLOOEHGLIIHUHQW7KHQWKH\
prepared seven . VDPSOHV E\ DGGLQJ PHDVXUHG
amounts of potassium gel to 0.2 mg/l solutions of
SRWDVVLXP QLWUDWH .123) in water. Additionally,
to evaluate the background counting rate for each
of the seven samples of . PO RI GLVWLOOHG ZDWHU
was added to four other samples of potassium gel
to produce unquenched blanks, to which were
added increasing amounts of carbon tetrachloride
(CCl) to achieve a chemical quenching equivalent
to the . VDPSOHV $OO VDPSOHV ZHUH PHDVXUHG LQ
a liquid scintillation counter (spectrometer). The
ÀQDOEDFNJURXQGFRXQWLQJUDWHVIRUHDFKRQHRIWKH
seven samples of .ZHUHREWDLQHGE\LQWHUSRODWLRQ
into the previously measured four-point quench
curve (from the four blanks) versus the background
FRXQWLQJ UDWH 7KH ǃDFWLYLW\ PHDVXUHPHQWV IRU WKH
seven .VDPSOHVZHUHWKHQDYHUDJHG7KDWDYHUDJH
ǃDFWLYLW\ZDVWKHQXVHGZLWKWKHFDOFXODWHGQXPEHU
of . DWRPV REWDLQHG IURP WKH LVRWRSLF DEXQGDQFH
in .VDPSOHVDQGWKHFRQWULEXWLRQRIWKHHOHFWURQ
capture Ǆ-ray component determined from counting
HIÀFLHQFLHVXVLQJWKHWUDFHU3H (tritium), to calculate
the total .KDOIOLIH
2Q WKH RWKHU KDQG .RVVHUW DQG *QWKHU  
prepared four aqueous solutions each of potassium
QLWUDWH .123, 99.995% purity) and potassium
FKORULGH .&O  SXULW\  DW D FRQFHQWUDWLRQ RI
2 g of salt per 10 g of water. To measure background
counting rates, four similar solutions were prepared
ZLWKVPDOODGGLWLRQVRIVRGLXPQLWUDWH 1D123) and
sodium chloride (NaCl) respectively instead of the
potassium salts. To avoid errors in the weighing
procedure due to hygroscopic behaviour of the salts,
two samples were prepared with oven dried salts.
Weighed portions of these 16 solutions were variously
added to three different scintillators. The sample
counting rates varied between 230 and 660 cpm,
while all background counting rates were lower than
50 cpm. This means that the random error in the
measurements had to vary from 6.6% to 3.9% at least
simply due to counting statistics. The total counting
time for potassium and background samples was
more than 60 days, during which the counting rates of
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all samples were stable. The results of the dried salts
agreed perfectly with results obtained with undried
salts. The total . KDOIOLIH ZDV WKHQ FDOFXODWHG IRU
HDFKRIWKHHLJKWǃDFWLYLW\PHDVXUHPHQWVZKLOHWKH
contribution of the electron capture Ǆ-ray component
ZDVDJDLQGHWHUPLQHGIURPFRXQWLQJHIÀFLHQFLHVXVLQJ
the tracer 3H (tritium). The individual uncertainty
contributions to the calculated total .KDOIOLIHZHUH
also meticulously determined and compared between
WKH.123DQG.&OVDOWV7KHVHLQFOXGHGSUHSDUDWLRQ
of the solutions (weighing), preparation of the
samples (weighing), purity of the salts, the statistics,
WKH FRXQWLQJ HIÀFLHQFLHV GHDG WLPH SLOHXS WLPH
and adsorption), impurities of other radioisotopes,
TXHQFKLQJ HIÀFLHQF\ GHFD\ VFKHPH EUDQFKLQJ
ratio), atomic and nuclear data, quench indicator
measurement (long periods), non-representative
background measurement, and isotopic abundance.
The quadratic sum of the uncertainty contributions
was 0.23% for the total . KDOIOLIH GHWHUPLQDWLRQV
XVLQJ.123DQGXVLQJ.&OZKLFKVHHPWREH
small for liquid scintillation counting. The higher value
IRU .&O ZDV SULPDULO\ GXH WR KLJKHU XQFHUWDLQWLHV
IRUVDOWSXULW\DQGVWDWLVWLFV7KXVWKHÀQDOWRWDO .
half-life value was obtained by averaging the four
GHWHUPLQDWLRQVXVLQJ.123, but the measurements
XVLQJ .&O FRQÀUPHG WKH ÀQDO UHVXOW ZKLFK DJUHHG
perfectly with the total .KDOIOLIHYDOXHREWDLQHGE\
*UDX0DORQGDDQG*UDX&DUOHV  .RVVHUWDQG
*QWKHU  QRWHGLQFRQFOXVLRQWKDWWKHODUJHVW
uncertainty contributions stem from the isotopic
abundance of .  DQGWKHEUDQFKLQJUDWLRV
  +RZHYHU WKH\ DSSHDUHG WR JORVV RYHU WKH
uncertainty contributions from the quenching curves
RIXVLQJ.123 DQGXVLQJ.&O
Judged from the fact that many of the earlier
GLUHFW FRXQWLQJ H[SHULPHQWV \LHOGHG UHVXOWV WKDW
are not compatible with one another within the
stated uncertainties, it would appear that not all the
measurement uncertainties may have been accounted
for, and therefore the stated uncertainties may be
unrealistically small. According to Begemann et al.
 PDQ\RIWKRVHH[SHULPHQWVZHUHWKXVSODJXHG
by unrecognized systematic errors. As the nature of
these errors is obscure, it is not straightforward to
GHFLGHZKLFKRIWKHRIWHQPXWXDOO\H[FOXVLYHUHVXOWV
RIVXFKGLUHFWFRXQWLQJH[SHULPHQWVLVFORVHVWWRWKH
true value, although the independent Grau Malonda
DQG *UDX &DUOHV   DQG .RVVHUW DQG *QWKHU
 GHWHUPLQDWLRQVDJUHHSHUIHFWO\)XUWKHUPRUH
the presence of unknown systematic biases makes
any averaging of them all dangerous. It is possible
that reliable results of careful workers, listing realistic
uncertainties, will not be given the weights they
deserve—this aside from the question of whether it
makes sense to average numbers that by far do not
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agree within the stated uncertainties. In any case,
there is a natural tendency for bias towards the most
recent measurements as though the more “modern”
equipment and methodologies (using computers,
for instance) guarantee better results, when in fact
WKH HDUOLHU H[SHULPHQWHUV PD\ KDYH EHHQ PRUH
intimately involved and careful with their equipment
DQGPHWKRGRORJLHVWRREWDLQH[FHOOHQWUHVXOWVUDWKHU
than relying on computers. Also, the fact that the
most recent attempts to “calibrate” the total .KDOI
life value used in geochronology have not relied on
WKH UHFHQW OLTXLG VFLQWLOODWLRQ FRXQWLQJ H[SHULPHQWV
VHHEHORZ LVLQGLFDWLYHRIKRZWKRVHH[SHULPHQWVDUH
viewed as potentially not being well planned.
Geological comparisons of methods
The second approach to the determination of the
total decay constant (and half-life) of .KDVEHHQWR
date geological samples whose ages have also been
measured by other radioisotope dating methods with
presumably more reliable decay constants (Dickin
 )DXUH DQG 0HQVLQJ   7KLV DSSURDFK
in the case of . LV HVSHFLDOO\ DSSHDOLQJ WR VHFXODU
geochronologists because of the large uncertainty
contributions in direct counting total .GHFD\KDOI
life determinations from the isotopic abundance of .
and the .EUDQFKLQJUDWLRV+RZHYHUWKLVVHFRQG
approach essentially involves circular reasoning,
because it is being assumed the other radioisotope
GDWLQJ PHWKRGV SULQFLSDOO\ WKH 83E PHWKRG give
the reliable dates to which the total .GHFD\KDOI
OLIH FDQ EH FDOLEUDWHG WR EULQJ WKH .$U DQG $U$U
radioisotope ages into agreement. It should be noted,
however, that this is hardly objective, because all the
radioisotope ages of rocks could be wrong due to the
underlying unprovable and suspect assumptions on
which all the radioisotope methods are based.
Nevertheless, this approach was used as early as
6PLWK  EXWKDVEHFRPHLQFUHDVLQJO\XVHGVLQFH
5HQQHHWDO  DQGDOPRVWH[FOXVLYHO\XVHGVLQFH
WKH*UDX0DORQGDDQG*UDX&DUOHV  DQG.RVVHUW
DQG*QWKHU  GLUHFWFRXQWLQJGHWHUPLQDWLRQV
It would thus seem that most geologists have come
to accept radioisotope dating as factual and therefore
the only task left is to reconcile all of the methods
into a coherent “deep time” picture of the solar
system. Apart from Renne et al. (1997) who crosscalibrated their Ar-Ar date for the pumice from the
AD 79 Vesuvius eruption with that historic date, and
5HQQHHWDO  ZKRFURVVFDOLEUDWHGWKHLU$U$U
ages for Ar-Ar dating standards with the recognized
DEVROXWH .$U DQG $U$U DJHV IRU WKRVH VWDQGDUGV
all the other geological comparisons have been with
WKH83EV\VWHP2QO\5HQQHHWDO  KDYH
evaluated the geological comparisons together with
the most recent direct counting determinations.
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This geological comparisons approach has
the disadvantage that it involves the geological
uncertainties, such as whether all radioisotopic
systems closed at the same time and remained
closed. However, it is claimed to still provide a useful
check on the laboratory determinations by direct
physical counting. Nevertheless, this approach
entails multi-chronometric dating of minerals and
components in individual rocks and meteorites
and cross-calibration of different radioisotopic age
systems by adjusting the decay constant of the
.$UV\VWHPVRDVWRIRUFHDJUHHPHQWZLWKWKHDJH
obtained via another radioisotope dating system,
XVXDOO\ 83E %HJHPDQQ HW DO   ,Q HVVHQFH
because the half-life of U is claimed to be the most
accurately known of all relevant radionuclides, this
XVXDOO\DPRXQWVWRH[SUHVVLQJDJHVLQXQLWVRIWKH
half-life of U.
Results of the Potassium-40
Decay Determinations
'XULQJWKHODVW\HDUVQXPHURXVGHWHUPLQDWLRQV
of the total decay constant and half-life of .KDYH
been made using these two methods. The results
are listed with details in Table 2. The year of the
determination versus the value of the total .GHFD\
KDOIOLIH LV SORWWHG LQ )LJ  ,Q HDFK FDVH WKH GDWD
points plotted have been color-coded the same to
differentiate the values as determined by the three
approaches that have been used—direct counting,
geological comparisons with other radioisotope
dating methods, and a combination of these.

Discussion
The early determinations
7KH.$U $OGULFKDQG1LHU DQGGHULYDWLYH

Ar-39Ar (Merrihue and Turner 1966) dating methods
are among the most widely applicable in terms of
WLPH UDQJH DQG JHRORJLFDO HQYLURQPHQWV 2ZLQJ WR
the branched decay of .WRERWKCa and Ar, two
decay constants are relevant to the system. The values
of these two decay constants in virtually universal
use when Begemann et al. (2001) were calling for
improved decay constants for geochronology, namely,
ð-10 yr-1 DQG ð-10 yr-1 respectively,
were those recommended by Steiger and Jäger
(1977). Those values are based on ǃ and Ǆ activity
GDWD  ǃJðV DQG  ǄJðV
respectively) for .VXPPDUL]HGE\%HFNLQVDOHDQG
Gale (1969), updated to include ..PHDVXUHPHQWV
(mean 0.01167%) by Garner et al. (1975). Beckinsale
and Gale (1969) also included an estimated value
RI ð-2 dps/g for a hypothetical Ǆ-less decay of

.WRWKHJURXQGVWDWHRI Ar. The total .GHFD\
constant recommended by Steiger and Jäger (1977) of
ð-10 yr-1 corresponds to a half-life of 1.25 Byr.
A later compilation of . ǃ DQG Ǆ DFWLYLW\ GDWD
E\ (QGW DQG 9DQ GHU /HXQ   XVHG D ODUJHU
proportion of available data published before 1969,
DQG GHWHUPLQHG DFWLYLWLHV RI ǃJðV DQG
ǄJðV UHVSHFWLYHO\ 5HOLDEOH ǃ DQG Ǆ
activity data between 1969 and 2002 do not seem to
H[LVW5HVXOWVRI*RSDO6DQMHHYDLDKDQG6DQMHHYDLDK
  GHULYH IURP DQ ´H[SHULPHQW EHOLHYHG WR EH D
good addition to an undergraduate laboratory with
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Fig. 3. 3ORW RI HDFK . KDOIOLIH GHWHUPLQDWLRQ YHUVXV WKH \HDU RI LWV GHWHUPLQDWLRQ FRORUFRGHG DFFRUGLQJ WR WKH
method of its determination. The error bars for each determination are also plotted from the error values listed in
Table 2.
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Table 2. Determinations of the . GHFD\ UDWH H[SUHVVHG LQ WHUPV RI WKH KDOIOLIH XVLQJ GLUHFW SK\VLFDO FRXQWLQJ
H[SHULPHQWVDQGFRPSDULVRQVRIUDGLRLVRWRSHDJHVRIWHUUHVWULDOPLQHUDOVDQGURFNV
Year

Half-Life (Byr)

Uncertainty (Byr)

Method
Direct Counting

Instrument/Procedure
Geiger-Müller Counter

Source(s)

1938

1.42

±0.3

1948

1.54

±0.2

Direct Counting

Beta Counter

Borst and Floyd (1948)

1948

1.37

±0.15

Direct Counting

Beta Counter

Gräf (1948a, b)

1948

1.11

±0.19

Direct Counting

Geiger-Müller Counter

+LU]HODQG:lႉ
HU 

1949

1.61

±0.6

Direct Counting

Beta Counter

Floyd and Borst (1949)

1950

1.5

±0.07

Direct Counting

Geiger-Müller Counter

Gräf (1950)

1950

1.33

±0.08

Direct Counting

Beta Counter

Houtermans et al. (1950)

1950

1.27

±0.05

Direct Counting

Beta Counter

Sawyer and Wiedenbeck (1950)

1950

1.61

±0.2

Direct Counting

Geiger-Müller Counter

Smaller, May, and Freedman (1950)

1951

1.48

±0.05

Direct Counting

Beta Counter

Good (1951)

1953

1.31

±0.04

Direct Counting

Ionization Chamber

Burch (1953)

1955

1.25

±0.04

Direct Counting

Geiger-Müller Counter

Suttle and Libby (1955)

1956

1.28

±0.02

Direct Counting

Proportional Counter

McNair, Glover, and Wilson (1956)

1959

1.47

±0.03

Direct Counting

Scintillation Spectrometer

Kelly, Beard, and Peters (1959)

1960

1.4

±0.08

Direct Counting

Scintillation Spectrometer

Saha and Gupta (1960)

1961

1.41

±0.015

Direct Counting

Liquid Scintillation Counter

Glendenin (1961)

1964

1.31

1965

1.266

Geological
Comparisons
±0.007

Bramley and Brewer (1938)

Smith (1964)

Direct Counting

Scintillation Spectrometer

Leutz, Schulz and Wenninger (1965)

Weighted Mean of Previous
Determinations

Beckinsale and Gale (1969)

1969

1.265

±0.002

Direct Counting

1971

1.345

±0.055

Direct Counting

1972

1.14

±0.08

Direct Counting

Geiger-Müller Counter

Gopal, Sanjeevaiah, and Sanjeevaiah
(1972)

1973

1.277

±0.08

Direct Counting

Adjusted Beckinsale and Gale
1967 Value

Endt and Van der Leun (1973)

1977

1.25

Direct Counting

Adjusted Beckinsale and Gale
1967 Value

Steiger and Jäger (1977)

1997

1.277

Direct Counting

Repeated Reporting in Nuclear
Physics Literature

Audi et al. (1997)

1997

1.29

Geological
Comparisons

Calibration against the 79AD
Vesuvius eruption

Renne et al. (1997)

1998

1.295

Geological
Comparisons

&DOLEUDWLRQRI$U$UÀXHQFH
monitor standards

Renne et al. (1998)

2000

1.255

Direct Counting

Re-evaluation of Activities
Determinations

Min et al. (2000b)

2000

1.269

±0.013

Geological
Comparisons

Calibration of ages for a rock
unit and a meteorite

Min et al. (2000a); Renne (2000)

2002

1.248

±0.004

Direct Counting

Liquid Scintillation Counter

Grau Mahonda and Grau Carles
(2002)

2002

1.265

±0.004

Geological
Comparisons

&DOLEUDWLRQRIDJHVIRU¿YHURFN
units

Kwon et al. (2002)

2004

1.248

±0.003

Direct Counting

Liquid Scintillation Counter

Kossert and Günther (2004)

±0.004

Geological
Comparisons

Adopted Kwon et al. 2002 value
to recalibrate mineral Ar-Ar ages

Krumei et al. (2006)

±0.08

Venkataramaiah, Sanjeevaiah, and
Sanjeevaiah (1971)

2006

1.265

2007

1.255

Geological
Comparisons

Calibration using disparities in
ages for rocks and meteorites

6FKZDU]DQG7ULHORႇ D

1.2476

±0.0064

Combination of
Re-evaluation of
Direct Counting
and Geological
Comparisons

Calibration of U-Pb and Ar$UDJHVRIÀXHQFHPRQLWRU
standards

Renne et al. (2010)

±0.0064

Combination of
Re-evaluation of
Direct Counting
and Geological
Comparisons

Revision of Renne et al. 2010
value without LSC data

Renne et al. (2011)

2010

2011

1.2524
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The use and calibration of Ar-Ar standards
In the Ar-39Ar method, which has now largely
VXSSODQWHG .$U GDWLQJ RQO\ WKH WRWDO . GHFD\

60
50
Age Difference (Ma)

limited resources,” while the impressively precise
ǄDFWLYLW\ ǄJðV UHSRUWHG E\ &HVDQD DQG
Terrani (1977) lists only “the standard deviation
between different determinations” which “does
QRW LQFOXGH WKH HUURUV DVVRFLDWHG ZLWK HIÀFLHQFLHV
geometry factors, chemical purity, etc.” In fairness,
Begemann et al. (2001) claim that many of the
previous studies utilized by Beckinsale and Gale
(1969) also failed to quantify potential systematic
HUURUV LQ WKHLU PHDVXUHPHQWV (QGW DQG 9DQ GHU
Leun (1973) used more appropriate statistical
methods than Beckinsale and Gale (1969), and the
resulting uncertainties for the total activity are much
larger. The lower total activity combined with the use
of a larger value for the ..DEXQGDQFHRI
UHVXOWHGLQDWRWDOGHFD\FRQVWDQWRIð-10 yr-1
(corresponding to a total decay half-life of 1.277 Byr)
for .ORZHUE\WKDQWKDWRI6WHLJHUDQG-lJHU
(1977). The data of Garner et al. (1975) for the
isotope abundance of . ZHUH QRW LQFRUSRUDWHG LQ
WKHFRPSLODWLRQRI(QGWDQG9DQGHU/HXQ  QRU
was the hypothetical Ǆ-less electron capture decay.
The more recent summary of . GHFD\ GDWD E\
Audi et al. (1997) reported the same total decay
FRQVWDQW RI ð-10 yr-1 (total decay half-life of
1.277 Byr) as previously cited in the nuclear physics
literature, but with a different branching ratio of
 ǃ/ǃ + Ǆ and a .. DEXQGDQFH RI 
The implicit reevaluation of activity data was not
discussed by Audi et al. (1997).
Begemann et al. (2001) noted that outstanding
problems remaining to be addressed in evaluating
the . GHFD\ FRQVWDQWV LQFOXGHG L  LPSURYLQJ
GLVLQWHJUDWLRQ FRXQWLQJ H[SHULPHQWV WR SURYLGH
better data for ǃ and ǄDFWLYLWLHVDQG LL YHULI\LQJWKH
H[LVWHQFH DQG PDJQLWXGH RI WKH K\SRWKHWLFDO Ǆ-less
electron capture decay directly to Ar in the ground
state.
$VVKRZQE\0LQHWDO D FRPELQLQJWKH(QGW
and Van der Leun (1973) compilation of activity data
with other modern values of physical constants yields
a total .GHFD\FRQVWDQWRI  ð-10 yr-1
FRUUHVSRQGLQJWRDKDOIOLIHRI%\U0LQ
et al. (2000a) also graphically illustrated how the use
of different total .KDOIOLIHYDOXHVKDGDGUDPDWLF
HIIHFWRQWKHUHVXOWDQW.$UDJHVGHWHUPLQHGYDU\LQJ
by tens of millions of years for rocks supposedly more
WKDQ %\U ROG ÀJ   8VLQJ WKHVH XSGDWHG YDOXHV
Renne (2000) showed that certain unshocked and
rapidly cooled meteorites (acapulcoites) yield Ar39
Ar ages indistinguishable from ages determined
with other radioisotope systems.
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Fig. 4. 'LIIHUHQFHV EHWZHHQ .$U DQG $U$U DJHV
calculated from the decay constants of Audi et el. (1997)
DQG RI (QGW DQG 9DQ GHU /HXQ   FRUUHFWHG  DQG
the “traditional age” based on the decay constant of
Steiger and Jäger (1977) (corrected), after Min et al.
(2000a).

constant is needed provided the absolute ages of the

Ar-39Ar standards (neutron monitors) are known
E\PHDQVRWKHUWKDQ.$UGDWLQJ IRUH[DPSOH0LQ
HWDOD5HQQHDQG0LQ 8QFHUWDLQWLHVLQ
the . GHFD\ FRQVWDQWV KDYH JRQH XQUHFRJQL]HG LQ
SDUWEHFDXVHWKH\DUHGLIÀFXOWWRGHFRQYROYHIURPWKH
effects of the standards (see detailed discussion by Min
et al. 2000a). Active programs have been underway
now for more than a decade to improve the accuracy
of both the total .GHFD\FRQVWDQWDQGWKHDJHVRI
the Ar-39Ar standards, including development of
appropriate statistical methods for their simultaneous
determination from geological comparison data (Min
et al. 2000b). Thus many attempts have been made
to determine more accurately the absolute ages
RI WKH QHXWURQ ÁXHQFH PRQLWRUV RU VWDQGDUGV IRU

Ar-39$UGDWLQJ IRUH[DPSOH%DFKPDQQHWDO
-RXUGDQDQG5HQQH-RXUGDQHWDO.XLSHU
HWDO/DQSKHUHDQG%DDGVJDDUG1RPDGH
HW DO  3KLOOLSV DQG 0DWFKDQ  5HQQH HW
DO    6FKZDU] HW DO  6FKZDU]
DQG 7ULHORII E 6SHOO DQG 0F'RXJDOO   2I
particular focus in many of these studies has been
WKHVDQLGLQHVWDQGDUGIURPWKH)LVK&DQ\RQ7XIILQ
southwestern Colorado.
The methods used to determine and calibrate
WKH DEVROXWH DJH RI WKLV )LVK &DQ\RQ 7XII VDQLGLQH
VWDQGDUG KDYH LQFOXGHG .$U DJHV RI WKH VDQLGLQH
Ar-Ar ages of the sanidine, plagioclase, hornblende,
DQG ELRWLWH IURP WKH )LVK &DQ\RQ 7XII $U$U DJHV
of other standards of sanidine, plagioclase, biotite,
muscovite, and hornblende analyzed concurrently
ZLWK WKH )LVK &DQ\RQ 7XII VDQLGLQH VWDQGDUG 5E
Sr ages of sanidine, plagioclase, and biotite from
WKH)LVK&DQ\RQ7XIIPXOWLSOH83EDJHVRIPDQ\
]LUFRQ JUDLQV IURP WKH )LVK &DQ\RQ 7XII DQG

'HWHUPLQDWLRQRIWKH5DGLRLVRWRSH'HFD\&RQVWDQWVDQG+DOIOLYHV3RWDVVLXP

FDOLEUDWLRQ RI WKH )LVK &DQ\RQ 7XII VDQLGLQH ZLWK
WKH$U$UDJHVRIVLQJOHVDQLGLQHFU\VWDOVH[WUDFWHG
IURP WHSKUD OD\HUV DW DQG QHDU WKH .7 ERXQGDU\
intercalated in the astronomically “tuned” marine
succession of the Melilla Basin in Morocco. Space
here precludes detailed discussion of the objectivity
of, and assumptions implicit in, these determinations
and calibrations. However, in summary it must be
emphasized that none of these calibrations is truly
independent and thus objective due to the interwoven
circular reasoning between all methods by which
one method is calibrated against another and then
that method is used to calibrate the original method,
or another method which is then used to calibrate
the original method. And all assumptions involved
DUH QRW SURYDEOH )XUWKHUPRUH WKH RYHUULGLQJ
assumption is that presently measured process rates
FDQEHH[WUDSRODWHGXQLIRUPO\DQGLQGHÀQLWHO\EDFN
into the remote past.
The usual rejoinder is that multiple radioisotope
methods used on the same rocks and meteorites,
and minerals from them, yield identical ages so
the methods must work, which of course is the
rationale for such calibration studies. However,
6QHOOLQJ   KDV H[WHQVLYHO\ GRFXPHQWHG ZLWK
PDQ\H[DPSOHVIURPWKHOLWHUDWXUHRIWKHQXPHURXV
failures of each of the radioisotope dating methods
because of inheritance and contamination, contrary
to two of the three underlying assumptions involved
LQ WKH PHWKRGV )XUWKHUPRUH $XVWLQ   DQG
Snelling (2005) have studied and reported numerous
H[DPSOHV ZKHUH WKHUH DUH SURQRXQFHG GLVFRUGDQW
ages between the radioisotope dating methods due
to past accelerated radioisotope decay rates, and
Snelling (2015c) has demonstrated that meteorite
ages determined by the many different radioisotope
methods have been calibrated against, to bring
DJUHHPHQW ZLWK WKHLU 3E3E PRGHO DQG LVRFKURQ
ages.
Nevertheless, the increasing popularity of the
astronomical tuning method is based on its presumed
independence of the radioisotope dating methods
and the assumption that the orbital motions of the
HDUWKFDQEHH[WUDSRODWHGEDFNLQWRWKHUHPRWHSDVW
uniformly because the earth is billions of years old
and has to have been stable in such orbital behavior
through much of that time. In other words, the
billions of years are assumed so then the method can
calibrate the rocks deposited during millions of years.
However, even the astronomical tuning method is
calibrated against the radioisotope dating methods.
)RU H[DPSOH LQ WKH .XLSHU HW DO   VWXG\ WKH
tephra layers intercalated in the marine succession
ZHUHÀUVW$U$UGDWHGDQGWKHQWKHDVWURQRPLFDOO\
tuned marine succession was used to revise the
$U$UDJHVRIWKHWHSKUDEHGV<HWWKHDVWURQRPLFDO
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tuning of this marine succession in Morocco had
already been calibrated against the astronomical
tuning of the composite sedimentary succession
in the Sorbas and Nijar Basins in Spain, which
in turn was calibrated against the geomagnetic
polarity timescale. However, the geomagnetic
timescale itself has been established and calibrated
E\ WKH .$U DQG $U$U UDGLRLVRWRSH GDWLQJ RI WKH
rocks, particularly volcanic rocks, which contain
the geomagnetic polarity time intervals and which
PDUNWKHJHRPDJQHWLFSRODULW\WLPHERXQGDULHV 2JJ
2012). Thus this lengthy chain of reasoning begins
ZLWK .$U DQG $U$U UDGLRLVRWRSH GDWLQJ RI WKH
geomagnetic polarity timescale, and ends with the
astronomically tuned marine succession calibrated
by the geomagnetic polarity timescale being used to
calibrate the Ar-Ar ages of the tephra layers, and the
$U$UDJHRIWKH)LVK&DQ\RQ7XIIVDQLGLQHVWDQGDUG
VRZLGHO\XVHGDVDÁXHQFHPRQLWRULQ$U$UGDWLQJ
In other words, because there is no objective standard
the Ar-Ar method is calibrated against itself! And
the astronomical tuning or astrochronology method
is not independent of radioisotope dating, as clearly
documented by Hinnov and Hilgen (2012).
The branching ratio
It is claimed that there are two parameters for
which accurate values are not needed in the Ar-Ar
radioisotope dating method, namely, the branching
ratio of .DQGWKHDPRXQWRI .LQRUWKHLVRWRSLF
composition of, natural potassium (Renne et al.
 9HUPHHVFK   +RZHYHU VXFK LV FOHDUO\
QRWWKHFDVHDVUHLWHUDWHGE\.RVVHUWDQG*QWKHU
  DQG 6FKZDU] HW DO   EHFDXVH ERWK
the branching ratio for . DQG WKH DPRXQW RI .
in natural potassium need to be known in order to
determine the total . GHFD\ FRQVWDQW DQG KDOI
OLIH>VHHHTXDWLRQ  DERYHDQGWKHOLVWRIQHFHVVDU\
DVVXPSWLRQV )DXUHDQG0HQVLQJ @
The branching ratio attempts to quantify how
much .GHFD\VYLDHOHFWURQFDSWXUHWRAr compared
WRKRZPXFKGHFD\VYLDǃHPLVVLRQWR &D VHHÀJ
 DJDLQ  (DUO\ HIIRUWV WR GHWHUPLQH WKLV EUDQFKLQJ
UDWLR ZHUH XQGHUWDNHQ E\ WKUHH PHWKRGV )LUVW
Ceccarelli, Quareni and Rostagni (1950), and Sawyer
and Wiedenbeck (1950) used Geiger-Müller counters
WRPHDVXUHWKH[UD\VHPLWWHGE\.LQ.)DQG.&O
respectively decaying via electron capture to Ar
FRPSDUHGWRWKHPHDVXUHGǃUD\VDV.GHFD\VWRCa.
6HFRQG)DXVW  )OR\GDQG%RUVW  6DZ\HU
DQG:LHGHQEHFN  6PDOOHU0D\DQG)UHHGPDQ
(1950), and Spiers (1950) used scintillation counters
RULRQLVDWLRQFKDPEHUVWRPHDVXUHWKHǄUD\VHPLWWHG
by .LQ.&OIRU.GHFD\LQJYLDHOHFWURQFDSWXUHWR

$UFRPSDUHGWRWKHPHDVXUHGǄUD\VHPLWWHGE\D
known added amount of .RUWKHPHDVXUHGǃUD\V
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as .GHFD\VWR&D7KLUG$OGULFKDQG1LHU  
Inghram et al. (1950), Mousuf (1952), and Russell et
al. (1953) used mass spectrometers to analyse for the

Ar and Ca derived from . GHFD\ LQ .EHDULQJ
PLQHUDOVVXFKDVV\OYLWH .&O DQGPXOWLSOHVDPSOHV
RI PLFURFOLQH .IHOGVSDU  IURP YDULRXV SHJPDWLWHV
of “known age,” as determined by their provenance
DQG LQ PDQ\ FDVHV E\ 83E UDGLRLVRWRSH GDWLQJ RI
DVVRFLDWHG XUDQLQLWH 822). Russell et al. (1953)
QRWHG WKDW WKH [UD\ PHDVXUHPHQWV KDG \LHOGHG
branching ratio to Ar values from <0.7 to 1.9, the
ǄUD\ PHDVXUHPHQWV KDG \LHOGHG YDOXHV IURP 
to 0.15, and the measurements by others of the Ar
FRQWHQWV RI ´ROGµ .EHDULQJ PLQHUDOV KDG \LHOGHG
branching ratio to Ar values from 0.02 to 0.10.
7KHLUGHWHUPLQDWLRQVXVLQJÀYHGLIIHUHQWPLFURFOLQH
VDPSOHV\LHOGHGDYDOXHRI
Beckinsale and Gale (1969) reviewed all the early
PHDVXUHPHQWV RI WKH ǃ DQG Ǆ DFWLYLWLHV IURP .
decay in order to determine the best estimates for
the branching ratio, as well as the total . GHFD\
FRQVWDQW DQG KDOIOLIH 6PLWK   KDG HVWLPDWHG
WKH EUDQFKLQJ UDWLR DV  EXW %HFNLQVDOH DQG
Gale (1969) from their analysis of all the then
DYDLODEOH GDWD HVWLPDWHG LW WR EH  ,Q
WKHLU DVVHVVPHQW (QGW DQG 9DQ GHU /HXQ  
concluded that from the direct measurements with
the smallest stated errors of the ratio between the
ǃ DQG Ǆ DFWLYLWLHV IURP . GHFD\ \LHOG D ZHLJKWHG
DYHUDJH IRU WKH EUDQFKLQJ UDWLR RI 
Subsequently, Steiger and Jäger (1977) made no
recommendation for the value of the branching ratio
but merely implied acceptance of the Beckinsale
DQG *DOH   YDOXH RI  DQG $XGL HW
DO  PHUHO\UHLWHUDWHGWKHVWDWXVTXRH[FHSWIRU
claiming a branching ratio of 0.120.
Nägler and Villa (2000) utilized an entirely
different approach to determine the branching
ratio. They successfully attempted both .Ca and
39
Ar-Ar dating of the same samples of muscovite
from an unsheared pegmatite intruded into a South
African Archaean greenstone belt, and of sanidine
IURPDQ2UGRYLFLDQSHJPDWLWHLQ0DGDJDVFDU7KH\
determined the amounts of radiogenic Ar and Ca
derived from the .GHFD\WKH\PHDVXUHGLQWKHVH
muscovite and sanidine samples by the normal

Ar-39Ar dating procedure, and by using a double

Ca-Ca double spike added to the total Ca
separated from the samples, respectively. Then using
those amounts they calculated a branching ratio
for $U HTXLYDOHQW WR  7KLV LV DOPRVW
LGHQWLFDO WR WKH EUDQFKLQJ UDWLR RI 
GHWHUPLQHGE\(QGWDQG9DQGHU/HXQ  DVWKH
weighted average of the direct measurements with
the smallest stated errors of the ratio between the ǃ
DQGǄDFWLYLWLHVIURP .GHFD\%XWWKH1lJOHUDQG
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Villa (2000) value has a halved uncertainty. And it
LVDOVRLQGHSHQGHQWYHULÀFDWLRQRIWKH(QGWDQG9DQ
der Leun (1973) value.
Interestingly, subsequent efforts to determine
the total . GHFD\ FRQVWDQW DQG KDOIOLIH LJQRUHG
this work by Nägler and Villa (2000). Instead,
Grau Malonda and Grau Carles (2002), adopted a
YDOXH RI  ZKLFK WKH\ REWDLQHG IURP %URZQH
'DLULNL DQG 'RHEOHU   ZKLOH .RVVHUW DQG
*QWKHU   DGRSWHG D YDOXH RI  ZKLFK
WKH\ REWDLQHG IURP +HOPHU   7KHQ 5HQQH HW
al. (2010) adopted a branching ratio value of 0.1157
DGMXVWHGIURPWKHYDOXHRIVXJJHVWHGE\0LQ
et al. (2000a), likewise calculated from the individual
decay constants for . GHFD\ WR Ar via electron
capture versus to &D YLD ǃGHFD\ ,Q UHVSRQVH WR
comments from Schwarz et al. (2011), Renne et al.
(2011) adjusted their estimate of the branching
ratio to 0.1162 by ignoring the liquid scintillation
counting determinations of the decay constants by
*UDX0DORQGDDQG*UDX&DUOHV  DQG.RVVHUW
DQG *QWKHU   %XW DV .RVVHUW DQG *QWKHU
 DVVHUWHGWKHEUDQFKLQJUDWLRLVRQHRIWKHWZR
major sources of uncertainty in determinations of the
total . GHFD\ FRQVWDQW DQG KDOIOLIH 5HQQH HW DO
(2010, 2011) agreed and suggested the uncertainty
LVZKLFKLVZK\WKH\DQGRWKHUVDUHVHHNLQJ
to calibrate the total .GHFD\FRQVWDQWDQGKDOIOLIH
using mineral standards and rocks of known ages,
as determined by other radioisotope dating methods,
SULQFLSDOO\WKH83EPHWKRG
Isotopic composition of potassium
The other major source of uncertainty in
determinations of the total . GHFD\ FRQVWDQW DQG
KDOIOLIHDFFRUGLQJWR.RVVHUWDQG*QWKHU  LVWKH
value for the .FRQFHQWUDWLRQLQQDWXUDOSRWDVVLXP
Renne et al. (2010) estimated that uncertainty as
 1LHU   XVHG PDVV VSHFWURPHWU\ RQ
VDPSOHV RI WKH PLQHUDO V\OYLWH .&O  WR GHWHUPLQH
the .. DEXQGDQFH UDWLR DV 
Subsequently Burnett, Lippolt, and Wasserburg
(1966) used multiple mass spectrometry analyses of
three terrestrial samples (two mineral samples and
DEDVDOWVDPSOH DQGHLJKWPHWHRULWHV VL[FKRQGULWHV
and two eucrites) to determine whether there was
any variation in their .. DEXQGDQFH UDWLR 7KH\
found that the .. DEXQGDQFH UDWLR YDULHG LQ
the three terrestrial samples between 0.0113 and
0.0121%, while the ..DEXQGDQFHUDWLRYDULHGLQ
WKHPHWHRULWHVEHWZHHQDQG
Beckinsale and Gale (1969) adopted a ..
DEXQGDQFH UDWLR RI  EDVHG RQ VHYHUDO
determinations more recent than that by Nier (1950)
DVVXPPDUL]HGE\/HGHUHU+ROODQGHUDQG3HUOPDQ
(1967). However, Garner et al. (1975) subsequently
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analyzed the newly produced NIST standard
UHIHUHQFH PDWHULDO 650  DQG UHSRUWHG D ..
DEXQGDQFH UDWLR RI  7KLV ZDV
the value then adopted by Steiger and Jäger (1977),
ZKHUHDV(QGWDQG9DQGHU/HXQ  XVHGDYDOXH
RI  6XEVHTXHQWO\ $XGL HW DO
(1997) adopted a ..DEXQGDQFHUDWLRRI
perhaps a rounding up of the Garner et al. (1975)
YDOXH RI  1HYHUWKHOHVV 'H
Laeter et al. (2003) similarly adopted a value of 0.0117
(1) % due to its adoption by the International Union
RI 3XUH DQG $SSOLHG &KHPLVWU\ ,83$&  ZKHUHDV
*UDX0DORQGDDQG*UDX&DUOHV  DQG.RVVHUW
DQG *QWKHU   ERWK XVHG D .. DEXQGDQFH
ratio of 0.01167%, and Renne et al. (2010) a value
RIDGRSWHGIURP*DUQHUHWDO
(1975). Thus to this day the Garner et al. (1975) value
is the value for the terrestrial .LVRWRSHFRPSRVLWLRQ
UHFRPPHQGHGE\WKH,83$&
Concern about the level at which the ..
abundance ratio might vary was heightened as a
result of Verbeek and Schreiner (1967) reporting
VLJQLÀFDQWOLJKW39.LVRWRSHHQULFKPHQWVIURPZLWKLQD
few centimeters of potassium-metasomatized granitic
contact rocks in South Africa. However, that concern
over isotopic fractionation was greatly reduced, at
least for terrestrial samples, by the measurements
of Humayun and Clayton (1995) which indicated the
FRPSOHWHDEVHQFHRILVRWRSLFYDULDWLRQVLQǅ.DPRQJ
terrestrial materials at the 0.5% level and thus a near
constancy in the ..DEXQGDQFHUDWLR%\LQIHUHQFH
Begemann et al. (2001) stated that variations in
the relative abundance of . VKRXOG EH DERXW KDOI
that determined by Humayun and Clayton (1995),
although they considered it important to emphasize
that the Humayun and Clayton (1995) study had
FODULÀHG WKH H[WHQW RI YDULDWLRQ UDWKHU WKDQ WKH
absolute value of the ..DEXQGDQFHUDWLR
Nevertheless, the geochronology community has
continued its efforts to reduce the uncertainties in
.$U DQG $U$U UDGLRLVRWRSH DJHV IURP DURXQG 
down to around 0.1%. Thus Naumenko et al. (2013)
obtained high precision .39. GDWD XVLQJ WKHUPDO
ionization mass spectrometry (TIMS) by three
different measurement protocols for the two standard
UHIHUHQFH PDWHULDOV 650 E DQG 650  WKH
latter being the same standard reference material
analyzed by Garner et al. (1975). As a result, they
obtained a .39.YDOXHIRU650WKDWZLWKLQWKH
XQFHUWDLQWLHV LV FRLQFLGHQW ZLWK WKH ,83$& YDOXH
adopted since 1975 (De Laeter et al. 2003), but with
D VLJQLÀFDQWO\ LPSURYHG PHDVXUHPHQW XQFHUWDLQW\
Their value corresponds to a ..DEXQGDQFHUDWLR
RI    1DXPHQNR HW DO  
commented that this now reduced the uncertainty in
the abundance of .IURPWREXWWKDW
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LQRUGHUWRUHGXFHWKHJRDORI.$UDQG$U$UDJHV
with an absolute uncertainty of 0.1% there have to
be further improvements in the determination of the
total .GHFD\FRQVWDQWDQGKDOIOLIH
The most recent 40K half-life determinations
So we need to return to the most recent
determinations of the total . GHFD\ FRQVWDQW DQG
KDOIOLIHDVXOWLPDWHO\WKH.$UDQG$U$UUDGLRLVRWRSH
dating methods depend on accurately knowing those
values, as well as the electron capture/positron
branching ratio. The only two recent direct counting
determinations are those performed by Grau Malonda
DQG *UDX &DUOHV   DQG .RVVHUW DQG *QWKHU
  7KHLU PHWKRGRORJLHV KDYH EHHQ GHVFULEHG
already in detail above. Unlike most previous direct
FRXQWLQJH[SHULPHQWVWKHVHLQYHVWLJDWRUVXVHGOLTXLG
VFLQWLOODWLRQFRXQWHUVWRPHDVXUHWKHVSHFLÀFDFWLYLW\
of . ǃGHFD\V WKRXJK KRZ WKH\ ZHQW DERXW WKHLU
H[SHULPHQWVZHUHVRPHZKDWGLIIHUHQW1HYHUWKHOHVV
they obtained essentially the same results, total

. GHFD\ KDOIOLIH YDOXHV RI %\U DQG
%\UUHVSHFWLYHO\
Renne et al. (2010) initially included the Grau
0DORQGD DQG *UDX &DUOHV   DQG .RVVHUW DQG
*QWKHU  GDWDIRU.VSHFLÀFDFWLYLW\LQWKHLU
reassessment of the total . GHFD\ FRQVWDQW DQG
KDOIOLIH %XW WKH\ SULPDULO\ XVHG .$U LVRWRSLF
data and pairs of U-2063E DQG Ar-39Ar data for
ULJRURXVO\ VHOHFWHG URFNV DQG PLQHUDOV H[WUDFWHG
IURPWKHPPDQ\XWLOL]HGDV$U$UÁXHQFHPRQLWRU
standards, to calibrate the total .GHFD\FRQVWDQW
DQGKDOIOLIHDQGWKH)LVK&DQ\RQ7XIIVDQLGLQH$U
Ar dating standard. They obtained a half-life value of
%\U+RZHYHU6FKZDU]HWDO  
pointed out that liquid scintillation counting data
have a sensitive dependence for the determination of
the total .GHFD\KDOIOLIHRQWKHVSHFLÀFDOO\DGRSWHG
EUDQFKLQJUDWLRIRUWKHSUREDELOLW\RIǃ--decay to Ca
and electron capture to Ar, the latter including
both possible decays (electron capture to the ground
VWDWHDQGHOHFWURQFDSWXUHIROORZHGE\ǄHPLVVLRQ³
VHHÀJDJDLQ 7KLVGHSHQGHQFHLVHPERGLHGLQD
FRUUHFWLRQ IRU WKH UHODWLYH GHWHFWLRQ HIÀFLHQF\ RI Ǆ
YHUVXV ǃ- radiation, and the equation(s) governing
WKLV HIÀFLHQF\ GHSHQGHQFH ZHUH QRW SURYLGHG E\
HLWKHU SDLU RI H[SHULPHQWHUV 7KXV 5HQQH HW DO
(2011) noted that while those two liquid scintillation
FRXQWLQJ H[SHULPHQWV REWDLQHG LGHQWLFDO WRWDO .
GHFD\ KDOIOLIH YDOXHV WKH H[SHULPHQWHUV KDG XVHG
different values for the branching ratio without
justifying their choices. Consequently, Renne et al.
(2011) revised their Renne et al. (2010) determination
of the total .GHFD\KDOIOLIHWR%\U
by discounting that liquid scintillation counting
data.
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In the meantime, several other studies had
been done using geological comparisons, that is,
FDOLEUDWLQJ WKH .$U LVRWRSLF V\VWHP XVLQJ RWKHU
UDGLRLVRWRSHDJHVSULPDULO\83EDJHVIRUPLQHUDOV
from the same rock units. Indeed, apart from the two
direct counting determinations performed by Grau
0DORQGD DQG *UDX &DUOHV   DQG .RVVHUW DQG
*QWKHU   DOO GHWHUPLQDWLRQV RI WKH WRWDO .
decay half-life in the last two decades have been done
using such geological comparisons, with or without
any reassessment of the earlier direct counting
H[SHULPHQWV
0LQ HW DO D  REWDLQHG KLJK SUHFLVLRQ 83E
and Ar-Ar ages for zircon and alkali feldspar grains
UHVSHFWLYHO\VHSDUDWHGIURPWKH3DOLVDGH5K\ROLWHRI
WKH1RUWK6KRUH9ROFDQLF*URXSLQWKH.HZHHQDZDQ
3URYLQFH 0LQQHVRWD )RXUWHHQ DQDO\VHV RI 
]LUFRQ JUDLQV \LHOGHG D ZHLJKWHG PHDQ 3E3E DJH
RI 0\U RU 0\U LI GHFD\
constant errors are ignored. Nine single alkali
feldspar phenocrysts providing undisturbed Ar-Ar
age spectra yielded an error-weighted mean plateau
$U$U DJH RI 0\U GLVWLQFWO\ GLIIHUHQW
WR WKH ]LUFRQ 3E3E DJH 7KHVH DJHV FRXOG RQO\ EH
reconciled if the systematic errors were included so
that their uncertainties overlapped. The mean ArAr age was then recalculated to agree within the
XQFHUWDLQWLHVWRWKH3E3E]LUFRQDJHE\´XSGDWLQJµ
GHFD\ FRQVWDQWV DQG HUURUV RI (QGW DQG 9DQ GHU
Leun (1973) and Audi et al. (1997). However, among
WKH $U$U VWDQGDUGV XVHG DV ÁXHQFH PRQLWRUV LQ
obtaining this alkali feldspar Ar-Ar data for the
3DOLVDGHV 5K\ROLWH ZDV WKH )LVK &DQ\RQ 7XII
sanidine standard, so using the published age data
IRULW 5HQQHHWDO WKHWRWDO.GHFD\FRQVWDQW
DQG KDOIOLIH ZHUH GHWHUPLQHG IURP WKH 3DOLVDGH
Rhyolite data. And simultaneously using the Ar-Ar
data for the historic Vesuvius eruption (Renne et al.
1997), the total .GHFD\FRQVWDQWDQGKDOIOLIHDQG
WKHDGMXVWHG´DEVROXWHµDJHRIWKH)LVK&DQ\RQ7XII
VDQLGLQH VWDQGDUG ZHUH FRQÀUPHG 7KLV UHSUHVHQWV
a series of convoluted steps in adjusting mineral
ages and the total . GHFD\ FRQVWDQW DQG KDOIOLIH
to get the desired consilience, with many unstated
DVVXPSWLRQVLQHDFKVWHS<HW0LQHWDO D VWLOO
RSLQHGIRUPRUHFRQFRUGDQW83EDQDO\VHVWRSURYLGH
much more powerful constraints by minimizing the
effects of uncertainty in the U decay constants, and
suggested additional .GHFD\FRXQWLQJH[SHULPHQWV
would be desirable.
.ZRQHWDO  GLGVWDWLVWLFDODQDO\VHVRIWKH
$U$UGDWLQJGDWDIRUÀYHURFNXQLWVZLWKUHVSHFWWR
WKH )LVK &DQ\RQ 7XII VDQLGLQH VWDQGDUG FRPSDUHG
with well-constrained “reference age” data for these
ÀYHURFNXQLWV 0LQHWDOD0LQ5HQQHDQG+XII
5HQQH5HQQHHWDO5HQQHDQG0LQ

A. A. Snelling

  7KH 9HVXYLXV HUXSWLRQ LV KLVWRULFDOO\ GDWHG
6LJXUGVVRQ&DVKGROODUDQG6SDUNV ZKHUHDV
WKH 0HLVKDQ EDVDOW &KLQD  'HLFNH .EHQWRQLWH
3DOLVDGH5K\ROLWHDQGWKH$FDSXOFRPHWHRULWHKDYH
EHHQ83EGDWHG *|SHO0DQKqVDQG$OOqJUH
0LQ HW DO D 0XQGLO 0HLHU DQG 2EHUOL 
Tucker 1992). The problems of estimating the total

.GHFD\FRQVWDQWDQGKDOIOLIHDQG´DEVROXWHµDJHRI
WKH)LVK&DQ\RQ7XIIVDQLGLQHVWDQGDUGZHUHVWXGLHG
using a (Gaussian) nonlinear errors-in-variables
UHJUHVVLRQ PRGHO DQG WKH PD[LPXP OLNHOLKRRG
method was applied for point estimates, while the
parametric bootstrap method was used to estimate
UHDVRQDEOH FRQÀGHQFH UHJLRQV IRU WKH HVWLPDWHV
7KHVHVWDWLVWLFDODQDO\VHV\LHOGHGZKDW.ZRQHWDO
(2002) regarded as the “most appropriate estimates”
for the total . GHFD\ FRQVWDQW DQG KDOIOLIH DQG
´DEVROXWHµ DJH RI WKH )LVK &DQ\RQ 7XII VDQLGLQH
standard, which were in between previously reported
YDOXHV EXW KDG VLJQLÀFDQWO\ VPDOOHU XQFHUWDLQWLHV
Their sensitivity analysis also showed them that
their solution was reasonably robust against misVSHFLÀHGHUURUGLVWULEXWLRQV
.UXPUHL HW DO   $U$U GDWHG ODUJH .ULFK
DPSKLEROH FU\VWDOV DQG 83E GDWHG EDGGHOH\LWH
=U22) crystals from augite syenite and alkali
granite, and related rocks and pegmatite, in the
,OtPDXVVDTFRPSOH[RI6RXWK*UHHQODQG8VLQJWKH
decay constant of Steiger and Jäger (1977) and the
ÁXHQFH PRQLWRU WKH 00KE VWDQGDUG  FDOLEUDWLRQ
RI 5HQQH HW DO   WKH\ REWDLQHG DPSKLEROH
Ar-Ar ages that were systematically inconsistent
ZLWK WKHLU EDGGHOH\LWH 83E DJH DQG ZLWK 83E
results from previous studies (Upton et al. 2003). So
LQRUGHUWRUHFRQFLOHWKHVHGLVSDUDWH$U$UDQG83E
DJHV.UXPUHLHWDO  FKRVHWRPRGLI\ERWKWKH
total .GHFD\KDOIOLIHWKH\XVHGLQWKHFDOFXODWLRQRI
WKHLU$U$UDJHVDQGWKHDJHRIWKH)LVK&DQ\RQ7XII
sanidine standard that had been used to calibrate
the MMhb standard they used. This was the same
DSSURDFKDVDGRSWHGE\.ZRQHWDO  VRWKHQHZ

.GHFD\KDOIOLIHYDOXHSURSRVHGE\.UXPUHLHWDO
(2006) was essentially identical to that proposed by
.ZRQHWDO  $JDLQLWVKRXOGEHQRWHGWKDWWKH
resultant value chosen for the total .GHFD\KDOIOLIH
GHSHQGV RQ DVVXPSWLRQV DERXW ERWK WKH 83E DJH
DQGWKHFKRVHQDJHRIWKH)LVK&DQ\RQ7XIIVDQLGLQH
standard.
Schwarz and Trieloff (2007a) similarly sought to
revise the total .GHFD\KDOIOLIHE\FROODWLQJGDWD
RQWKHDSSDUHQWV\VWHPDWLFRIIVHWRI$U$UDQG83E
mineral ages of various rocks. These included those
WKDWUDSLGO\FRROHGDVVWXGLHGE\.ZRQHWDO  
Then using the supposed cooling history of the H
chondrite parent body (Schwarz et al. 2006 Trieloff
et al. 2003), it was possible for Schwarz and Trieloff
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(2007a) to calculate the apparent age offset of Ar$UDQG83EDJHVIRUa%\UROGURFNVDWa0\U
7ULHORII -HVVEHUJHU DQG )LpQL   VLJQLÀFDQWO\
VPDOOHUWKDQZKLFKLVDOVRQRWHGE\.ZRQHWDO
 DQG.UXPUHLHWDO  )XUWKHUPRUHELRWLWH
IURP WKH *UHDW '\NH LQWUXVLRQ LQ =LPEDEZH ZLWK
DQ DJH RI a%\U KDG DQ .$U DJH GLVFUHSDQF\ RI
~20 Myr (Allsopp 1965), and the Ar-Ar age data for the
~2.0 Byr old Vredefort impact structure (Trieloff et al.
 UHFDOFXODWHGXVLQJWKHQHZ1/KRUQEOHQGH
standard age (Schwarz and Trieloff 2007b), has a
GLIIHUHQFHRIa0\U)URPWKHVHGDWD6FKZDU]DQG
Trieloff (2007a) determined a revised total .GHFD\
constant and half-life (table 2), the latter only very
slightly larger than that determined by Steiger and
Jäger (1977). Their total .KDOIOLIHYDOXHZDVDOVR
a little larger than the value determined by liquid
scintillation counting by Grau Malonda and Grau
&DUOHV  DQG.RVVHUWDQG*QWKHU  ZKR
used different ..DEXQGDQFHDQGEUDQFKLQJUDWLRV
in their calculations.
Schwarz and Trieloff (2007a) concluded that for
FRQYHQWLRQDO.$UDQG$U$UGDWLQJZKHUHWKHDJH
calculation depends on mineral standards dated by
WKH FRQYHQWLRQDO .$U WHFKQLTXH WKH YDOXHV RI WKH
total .GHFD\FRQVWDQWDQGKDOIOLIHDQGWKH ..
abundance and branching ratios are all needed in
the age equation, and that the accuracy of current
.$U DJH FDOFXODWLRQV DUH VHULRXVO\ OLPLWHG E\ WKH
uncertainties of the total .GHFD\FRQVWDQWDQGKDOI
life. Subsequently Renne et al. (2010) insisted that,
since their values for the total .GHFD\FRQVWDQWDQG
half-life and the Ar*/. UDWLR RI WKH )LVK &DQ\RQ
7XII VDQLGLQH VWDQGDUG EHVW ÀWWHG FRQVWUDLQWV IURP

. DFWLYLW\EDVHG PHDVXUHPHQWV LQGHSHQGHQW
PHDVXUHPHQWV RI WKH DJH RI WKH )LVK &DQ\RQ 7XII
VDQLGLQHVWDQGDUGDQGSDLUHG83EDQG$U$UDJHV
of carefully selected rock units, their results implied
DSSUR[LPDWHO\DQRUGHURIPDJQLWXGHLPSURYHPHQW
in the accuracy of the Ar-Ar method relative to
previous calibrations, in spite of the principal sources
of uncertainties in the systematic errors. But Schwarz
et al. (2011) then claimed it was evident that the new
total . GHFD\ FRQVWDQW DQG KDOIOLIH SURSRVHG E\
Renne et al. (2010) should not be used for calculating
Ar-Ar ages before issues such as the branching and

..DEXQGDQFHUDWLRVWKHELDVEHWZHHQ$U$UDQG
83E DJHV DQG WKH QHHG IRU PRUH GLUHFW FRXQWLQJ
data on the . GHFD\ FRQVWDQWV DUH FODULÀHG DQG
UHVROYHGE\JHQHUDOFRQVHQVXVEHLQJUHDFKHGRIÀFLDOO\
by the Subcommission on Geochronology of the
International Union of Geological Sciences (IUGS).
(YHQVR5HQQHHWDO  VWLOOLQVLVWHGWKDWWKHLU
values for the .GHFD\FRQVWDQWVDQGWKH Ar*/.
UDWLRRIWKH)LVK&DQ\RQ7XIIVDQLGLQHVWDQGDUGWKHQ
UHYLVHGE\H[FOXGLQJWKHOLTXLGVFLQWLOODWLRQFRXQWLQJ
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data but by using an appropriate branching ratio, can
still be used to compute Ar-Ar ages and uncertainties,
and that their values provide the most accurate and
precise comprehensive calibration of the Ar-39Ar
V\VWHP DYDLODEOH <HW 6FKPLW]   UHSRUWHG WKDW
in the compilation of the geochronological data for
WKH  YHUVLRQ RI WKH ´RIÀFLDOµ JHRORJLF WLPHVFDOH
by Gradstein et al. (2012) all the Ar-Ar ages utilized
as timescale calibration points were recalculated to
WKH.XLSHUHWDO  DJHIRUWKH)LVK&DQ\RQ7XII
sanidine monitor standard using the total .GHFD\
constant and half-life value of Min et al. (2000a) and
(QGWDQG9DQGHU/HXQ  
Quite clearly there is still much uncertainty in
the geochronology community about the value of the
total .GHFD\FRQVWDQWDQGKDOIOLIH7KXVDFFRUGLQJ
to Renne et al. (2011) independent determinations of
the branching and .. DEXQGDQFH UDWLRV DUH VWLOO
welcome, as well as new laboratory investigations to
determine the total .GHFD\FRQVWDQWDQGKDOIOLIH
<HW WKHUH DUH VWLOO IXQGDPHQWDO SUREOHPV ZLWK WKH
routine measurements of the isotope ratios of argon
H[WUDFWHGIURPVDPSOHVEHLQJGDWHGWKDWKDYHJRQH
unanswered. Trieloff et al. (2005) reported diffusion
theory-based model calculations which predict that
WKH URXWLQHO\XVHG VWHSZLVH WKHUPDO H[WUDFWLRQ
process from mineral phases induces isotope
fractionation and, hence, adulterates the original
argon isotopic compositions of the samples being
dated. According to Trieloff et al. (2005) such effects
are largely unconsidered, as they are small and a
FRPSHOOLQJ H[SHULPHQWDO REVHUYDWLRQ LV ODFNLQJ
1HYHUWKHOHVV WKH\ UHSRUWHG WKH ÀUVW XQHTXLYRFDO
HYLGHQFHIRUVLJQLÀFDQWPDVVIUDFWLRQDWLRQRIDUJRQ
LVRWRSHVGXULQJWKHUPDOH[WUDFWLRQ7KH\FRQFOXGHG
that in Ar-39Ar stepwise heating, the isotope
fractionation effect could cause systematic underHVWLPDWLRQVRISODWHDXDJHVEHWZHHQDQG
depending on age, or considerably higher if samples
contain appreciable atmospheric Ar.
Is there a trend in the total 40K half-life data?
In spite of all the ongoing discussions in the
geochronology community, as they try to increase
the precision and decrease the uncertainties in the
DJHVWKH\REWDLQE\WKH$U$UDQG.$UWHFKQLTXHV
LWLVFOHDUIURP7DEOHDQG)LJWKDWVLQFHWKH
values determined for the total .GHFD\KDOIOLIHKDYH
FRQYHUJHG WRZDUGV D YHU\ QDUURZ UDQJH RI ²
1.295 Byr from eight geological comparisons studies,
the former value being virtually indistinguishable
IURPWKH%\UYDOXHREWDLQHGE\WKHWZRUHFHQW
OLTXLGVFLQWLOODWLRQFRXQWLQJH[SHULPHQWV<HWHDUOLHU
total .GHFD\KDOIOLIHYDOXHVGHWHUPLQHGEHIRUHWKH
WZHQW\\HDU ² JDSDUHVFDWWHUHGEHWZHHQ
 DQG %\U 2I WKHVH RQO\ RQH GHWHUPLQDWLRQ
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ZDV EDVHG RQ JHRORJLFDO FRPSDULVRQV 6PLWK  
while the other 22 determinations were all based on
GLUHFWFRXQWLQJH[SHULPHQWV
So it may be important to consider whether there
is any trend in all these total .GHFD\KDOIOLIHGDWD
As stated earlier there is a natural tendency for bias
towards the most recent measurements as though the
more “modern” equipment and methodologies (using
computers, for instance) guarantee better results,
ZKHQ LQ IDFW WKH HDUOLHU H[SHULPHQWHUV PD\ KDYH
been more intimately involved and careful with their
HTXLSPHQW DQG PHWKRGRORJLHV WR REWDLQ H[FHOOHQW
results rather than relying on computers. Indeed,
DV HDUO\ DV  H[SHULPHQWHUV ZHUH UHSRUWLQJ
XQFHUWDLQWLHVLQWKHLUPHDVXUHPHQWVDVORZDV
DQG E\  DV ORZ DV  +RZHYHU %HJHPDQQ
et al. (2001) claimed that judging from the fact that
PDQ\ RI WKRVH HDUOLHU GLUHFW FRXQWLQJ H[SHULPHQWV
yielded results that are not compatible with one
another within the stated uncertainties, it appeared
to them that not all the measurement uncertainties
were accounted for, and therefore the stated
uncertainties are unrealistically small. So according
WR%HJHPDQQHWDO  PDQ\RIWKRVHH[SHULPHQWV
were apparently plagued by unrecognized random
and/or systematic errors.
However, it needs to be emphasized here that
from the perspective of uniformitarians the total .
decay half-life is assumed to have been constant,
at least from the time when the earth supposedly
DFFUHWHGIURPWKHVRODUQHEXODRYHU%\UDJR7KXV
they have to automatically assume these disparities
between the results of the earlier direct counting
H[SHULPHQWVDUHGXHWRWKHOLPLWDWLRQVRIWKH´ROGHUµ
equipment and systematic errors unrecognized
E\ WKH H[SHULPHQWHUV 2Q WKH RWKHU KDQG ELEOLFDO
creationists are not bound by uniformitarian
DVVXPSWLRQVZKHQH[DPLQLQJWKHVHWRWDO .GHFD\
KDOIOLIHGDWDHVSHFLDOO\LQWKHOLJKWRIWKHH[WHQVLYH
evidence provided by Vardiman, Snelling, and
&KDIÀQ  WKDWQXFOHDUGHFD\UDWHVZHUHOLNHO\
accelerated by orders of magnitude in at least one
SDVW FDWDVWURSKLF HYHQW WKH JOREDO )ORRG FDWDFO\VP
RQO\ DERXW  \HDUV DJR 7KXV LI WKDW ZHUH VR
ELEOLFDOFUHDWLRQLVWVPLJKWH[SHFWWKDWDWWKHHQGRI
that catastrophic event when the nuclear decay rates
were drastically decelerating, some of that residual
GHFHOHUDWLRQPD\KDYHFRQWLQXHGLQWRRXUSRVW)ORRG
era, even almost imperceptibly up to the present day.
So is there a trend in the total .GHFD\KDOIOLIH
data? To determine if there is a trend and what it
LVLWÀUVWQHHGVWREHGHFLGHGZKHWKHUWKHUHDUHDQ\
RXWO\LQJ GDWD SRLQWV WKDW QHHG WR EH H[FOXGHG IURP
VXFKDQDQDO\VLV)RUH[DPSOHDUHWKHGHWHUPLQDWLRQV
RI %\U LQ  DQG %\U LQ  DQG 
WRRH[WUHPHDQGVRVKRXOGEHFRQVLGHUHGRXWOLHUVDQG

A. A. Snelling

GLVFRXQWHG VHH ÀJ " +RZHYHU FRQVLGHULQJ WKHP
´H[WUHPHµ LV QRW VXIÀFLHQWUHDVRQ WR H[FOXGH WKHP
$ ÁDZLQ WKH H[SHULPHQWDO PHWKRGRORJ\ RU NQRZQ
HUURUV LQ SURFHGXUH E\ WKH H[SHULPHQWHUV ZRXOG
H[FOXGHWKHPRWKHUZLVHWKH\KDYHWREHFRQVLGHUHG
DV VWDWLVWLFDO RXWOLHUV $FWXDOO\ WKH  DQG 
determinations of 1.11 Byr and 1.61 Byr respectively
were both obtained using Geiger-Müller counters,
ZKLOH WKH  GHWHUPLQDWLRQ RI %\U ZDV
REWDLQHGXVLQJDEHWDGLVLQWHJUDWLRQVFRXQWHU)OR\G
DQG %RUVW   GLG QRW GHVFULEH WKH LQVWUXPHQW
they used, but given the sample was mounted in
the counter on aluminium foil, the instrument
may not have been unlike a Geiger-Müller or a gas
SURSRUWLRQDO FRXQWHU )XUWKHUPRUH LI WKHVH WKUHH
determinations are discounted as outliers, then
WKH  GHWHUPLQDWLRQ RI %\U VKRXOG DOVR EH
GLVFRXQWHGDVDQRXWOLHU VHHÀJDJDLQ $QGWKHQ
ZKDWDERXWWKHGHWHUPLQDWLRQRI%\UZKLFK
also was obtained on a beta counter instrument, and
E\ WKH VDPH LQYHVWLJDWRUV %RUVW DQG )OR\G  
DV WKH  GHWHUPLQDWLRQ RI %\U ZKLFK OLNHO\
was obtained on the same instrument? Actually, the
HUURU XQFHUWDLQWLHV RI WKHVH %\U DQG %\U
determinations overlap, and since they were likely
obtained on the same instrument, they could be
potentially averaged at 1.575 Byr and be included in
the analysis to determine any trends.
Ultimately every determination could be similarly
scrutinized to decide whether it should be included in
the analysis to determine any trends. Many of the 19
SUH GLUHFW FRXQWLQJ H[SHULPHQWV ZHUH FRQGXFWHG
using Geiger-Müller, beta and proportional counters RU
DQ LRQL]DWLRQ FKDPEHU ZLWK IRXU H[SHULPHQWV
using scintillation spectrometers or counters (table
  &KRLFHV WR H[FOXGH DQ\ GHWHUPLQDWLRQ ZRXOG VHHP
DUELWUDU\ %XW HYHQ LI WKH IRXU H[WUHPH RXWOLHUV DUH
H[FOXGHGWKHWZR%\UDQGWKH%\UDQG
Byr determinations, there are still some obvious
SRVVLEOH WUHQGV DV WKH IRXU GHSLFWHG LQ )LJ  7KHQ
should the chosen trend be linear, or should it be akin WR
DQ H[SRQHQWLDOO\ GHFOLQLQJ FXUYH" ,W DOO GHSHQGV RQ
which measurements are given the most “weight”
There appear to be two groupings of determinations—
those that lie along the curved trend numbered 1
LQ )LJ  DQG WKRVH WKDW DUH HQFRPSDVVHG E\ WKH
ORZHU WZR RI WKH OLQHDU WUHQGV QXPEHUHG  DQG If
the half-life values along the upper curved trend DUH
H[FOXGHG WKHQ WKH OLQHDU WUHQGV QXPEHUHG DQG 
ZRXOG DSSUR[LPDWH WKH RYHUDOO WUHQG LQ WKH
remaining determinations, whereas if the half-life
values along the upper curved trend are included,
WKHQ WKH OLQHDU WUHQG QXPEHUHG  PLJKW DSSUR[LPDWH
the overall trend.
+RZHYHU UHJDUGOHVV RI KRZ D VSHFLILF WUHQG LV
chosen, the obvious conclusion is that it is conceivable

'HWHUPLQDWLRQRIWKH5DGLRLVRWRSH'HFD\&RQVWDQWVDQG+DOIOLYHV3RWDVVLXP
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the total .GHFD\KDOIOLIHPD\KDYHGHFOLQHGVOLJKWO\
VLQFHPHDVXUHPHQWVRILWEHJDQLQ2EYLRXVO\LW
is simply not possible to be dogmatic about this, since
ZHFDQQRWJREDFNDQGUHGRWKHHDUOLHUH[SHULPHQWV
with the same more “modern” equipment to test
whether the total . GHFD\ KDOIOLIH ZDV VOLJKWO\
KLJKHU LQ WKH SDVW 2I FRXUVH WKH XQLIRUPLWDULDQ
geochronology community has already discarded the
HDUOLHU H[SHULPHQWDO GHWHUPLQDWLRQV IRU H[DPSOH
Begemann et al. 2001, Renne et al. 2010), although
they are still embodied in the total . GHFD\ KDOI
OLIHYDOHVDGRSWHGE\(QGWDQGVan der Leun (1973)
and Steiger and Jäger (1977), and thus by Min et al.
(2000b) and Schmitz (2012). Nevertheless, a slightly
declining total . GHFD\ KDOIOLIH RYHU WKH ODVW 
\HDUVLVQRWXQH[SHFWHGE\ELEOLFDOFUHDWLRQLVWVZKR
have postulated based on available sound evidence
that nuclear decay rates were accelerated by orders
RIPDJQLWXGHGXULQJWKHJOREDO)ORRGFDWDFO\VPRQO\
DERXW\HDUVDJRDQGWKHQGHFHOHUDWHGUDSLGO\
as that cataclysm ended (Vardiman, Snelling, and
&KDIÀQ 3HUKDSVZHFDQVHHFRQÀUPDWLRQRID
slight residual decline in the total .GHFD\KDOIOLIH
LQWKHSDVW\HDUVRIGHWHUPLQDWLRQVWRWKHSUHVHQW
DVPLJKWEHH[SHFWHGIURPEHLQJDWWKHWDLOHQGRIDQ
H[SRQHQWLDO GHFHOHUDWLRQ FXUYH VLQFH WKH FDWDFO\VP
HQGHGRQO\DERXW\HDUVDJR,IWKLVLVVRWKHQ
LW LV IXUWKHU FRQÀUPDWLRQ WKDW QXFOHDU GHFD\ UDWHV
have not always been constant at today’s measured
rates as assumed by uniformitarians as a mandatory
requirement for their radioisotope clocks to work
reliably.

Dependence on the 238U and 235U half-lives
and the 238U/235U ratio
7KHGHSHQGHQFHRI$U$U DQGKHQFH.$U GDWLQJ
RQWKH83EGDWLQJPHWKRGDQGWKXVWKHYDOXHVRI
the U and 235U half-lives and the U/235U ratio,
LV ZHOO LOOXVWUDWHG E\ DQ HPEDUUDVVLQJ H[DPSOH LQ
the literature. Melchor, de Valais and Genise (2002)
were studying fossilized bird-like footprints in the
6DQWR 'RPLQJR )RUPDWLRQ RI QRUWKZHVW $UJHQWLQD
and in order to date them they used the Ar-Ar
PHWKRG WR GDWH DQ LQWHUEHGGHG EDVDOW ÁRZ DERXW
P DERYH WKH IRVVLO WUDFNEHDULQJ KRUL]RQV 7KH\
obtained a Ar/39$U SODWHDX DJH RI 0\U
by step-heating analysis of an albite crystal, which
made the fossilized bird-like footprints Late Triassic
in age, which appeared to be consistent with fossil
wood found lower in the same stratigraphic section.
However, such an age was considered problematical,
given that the “known history” of birds does not begin
until the Late Jurassic. So further investigations were
undertaken, particularly when it was realized the
fossilized bird tracks were identical to the footprints
made in sand by sandpipers today (Genise et al. 2009).
Consequently, Melchor, Buchwaldt, and Bowring
 XVHGWKH83EPHWKRGWRGDWH]LUFRQFU\VWDOV
from a tuff (volcanic ash) bed also interbedded within
the same stratigraphic unit and obtained a weighted
mean U/2063E DJH RI 0\U )XUWKHUPRUH 9L]iQ
et al. (2013) used paleomagnetic measurements
of samples of sandstones and conglomerates from
the now revised red bed stratigraphic succession
containing the fossilized bird tracks to further

190
constrain the age of the formation hosting the fossil
ELUGWUDFNVWRWKH(RFHQH7KXVWKH$U$UGDWHZDV
DEDQGRQHG ZLWKRXW H[SODQDWLRQ EHFDXVH WKH 83E
date was regarded as more reliable and superior,
even though the paleomagnetic timescale also used
WRVXSSRUWWKH83EGDWHLVPRVWO\FDOLEUDWHGE\.$U
and Ar-Ar dating anchored to assumed projections
RI RFHDQ ÁRRU VSUHDGLQJ UDWHV 2JJ   DQRWKHU
H[DPSOH RI FLUFXODU UHDVRQLQJ LQ WKH XVH RI WKHVH
various long-age dating methods.
,Q DQ\ FDVH 5HQQH HW DO    XQGHUWRRN
huge analytical programs of Ar-Ar analyses to attempt
to accurately intercalibrate eight monitor standards
routinely used in the Ar-Ar dating technique relative
WRWKH)LVK&DQ\RQ7XIIVDQLGLQHVWDQGDUG+RZHYHU
as admitted by Min et al. (2000a) the Ar*/.UDWLRV
for individual standards are only known to better than
LQVRPHFDVHVDQGLQWHUODERUDWRU\GLVFUHSDQFLHV
of more than 2% in the Ar-39Ar ages of secondary
VWDQGDUGVOLNHWKH)LVK&DQ\RQ7XIIVDQLGLQH )&7V 
suggest larger uncertainties. Therefore, Renne,
.DUQHUDQG/XGZLJ  DUJXHGWKDWWKH´SUHFLVHO\
known” decay constants for U and 235U, as well as
WKHH[LVWHQFHRILQWHUQDOUHOLDELOLW\FULWHULDLQWKH83E
systems, offer a “gold standard” for geochronology
DQG FRVPRFKURQRORJ\ LQFOXGLQJ .$U DQG $U$U
dating. They stated that this would be achieved by
normalization of other radioactive systems’ decay
constants to those of U and 235U, either directly or
indirectly by comparison with the 2073E2063EV\VWHP
which they reasoned provides advantages over
GLVLQWHJUDWLRQ FRXQWLQJ LQ H[SHULPHQWDOO\ GLIÀFXOW
cases, such as in determining the total . GHFD\
constant and half-life. Thus all non-direct counting
DWWHPSWVVLQFHWRPRUHDFFXUDWHO\GHWHUPLQHWKH
total .GHFD\FRQVWDQWDQGKDOIOLIHKDYHXOWLPDWHO\
XVHG WKH 83E V\VWHPV DV WKH ´JROG VWDQGDUGµ WR EH
FDOLEUDWHGDJDLQVW IRUH[DPSOH.UXPUHLHWDO
.ZRQ HW DO  0LQ HW DO D 6FKZDrz and
7ULHORII D 6FKZDU] HW DO   )XUWKHUPRUH
6QHOOLQJ DEDE KDVDOUHDG\GHPRQVWUDWHG
in detail how the Rb, 176Lu, Re, and Sm decay
half-lives have also all ultimately been calibrated
DJDLQVWWKH83EUDGLRLVRWRSHV\VWHP
Nevertheless, even as they were promoting
WKH DGRSWLRQ RI WKH 83E V\VWHP ´JROG VWDQGDUGµ
5HQQH .DUQHU DQG /XGZLJ   DGPLWWHG WKDW
because the Ar-39Ar system depends on two decay
constants because of the branched decay of .
and also on standards that introduce additional
decay constant uncertainty, the age uncertainty in

Ar-39$UDJHVDW%\UGXHWRGHFD\FRQVWDQWHIIHFWV
DORQHLVa0\UDQGWKHUHIRUHDFULWLFDOYDOXHWHVW
requires a minimum difference of 35 Myr between
207
3E2063E DQG Ar-39Ar ages (neglecting analytical
errors and errors in .Ar data for the standards)

A. A. Snelling

to infer that the ages are only resolvable at the 95%
FRQÀGHQFHOHYHO7KLVGLVFUHSDQF\EHWZHHQDSSDUHQW

Ar-39Ar and 2073E2063EDJHVZDVDOVRVXEVHTXHQWO\
highlighted by Schwarz and Trieloff (2007a) and
Schwarz et al. (2011). In all instances, to resolve this
glaring discrepancy the total .GHFD\KDOIOLIHZDV
“normalized” (that is, adjusted or massaged) so that
the Ar-39Ar ages then agreed with, or conformed to,
the 2073E2063EDJHV7KH.UXPUHLHWDO  VWXG\
LVDJRRGH[DPSOHRIKRZLWKDVEHHQGRQH
+RZHYHUWKH83E´JROGVWDQGDUGµGDWLQJPHWKRG
has itself come under much scrutiny in the two last
decades. Ludwig (2000) has demonstrated that,
although almost universally ignored, the effect of the
HUURUVLQWKH8GHFD\FRQVWDQWVRQ83EFRQFRUGLD
3E3ELQWHUFHSWDJHVDUHVLJQLÀFDQWEHLQJD0\U
error for a 500 Myr age, which amounts to almost a 1%
HUURU7KH83EPHWKRGDOVRGHSHQGVRQWKHFUXFLDO

U/235U ratio, but discrepancies and variations
have been found recently between the U/235U ratio
in U-bearing terrestrial minerals and rocks and
the U/235U ratio in meteorites (Brennecka and
:DGKZD+LHVVHWDO 0XFKHDUOLHU$SW
HWDO  KDGUHSRUWHGWKDWWKH 235U/U ratio in
XUDQLXPRUHVLQ&DQDGD%UD]LO=DLUHDQG$XVWUDOLD
YDULHG IURP  WR  ZKHQ WKH UHFRJQL]HG
value is 0.72. Such variations in uranium ores have
been further documented by Bopp et al. (2009). These
GLVFUHSDQFLHV DQG YDULDWLRQV UHPDLQ XQH[SODLQHG
HVSHFLDOO\ LQ WKH FRQWH[W RI WKH U and 235U decay
FRQVWDQWVDQGKDOIOLYHV)XUWKHUPRUHWKHIDFWWKDW
there are these variations in the crucial U/235U
ratio in terrestrial minerals and rocks on which
WKH 83E GDWLQJ V\VWHPV ´JROG VWDQGDUGµ GHSHQGV
ZKLFKKDVEHHQXVHGWRUHFDOLEUDWH.$UDQG$U$U
radioisotope ages to determine the total . GHFD\
half-life and decay constant, only underscores that
these radioisotope methods cannot provide the
DEVROXWH LQYDULDEOH ´GDWHVµ WKH\ DUH VR FRQÀGHQWO\
proclaimed to provide.
In any case, there is the additional assumption
in all the radioisotope dating methods of having to
know the original concentrations of the daughter
DQG LQGH[ LVRWRSHV ZKLFK LV YHU\ VLJQLÀFDQW LQ WKH
83E PHWKRG EHFDXVH WKH RULJLQDO FRQFHQWUDWLRQV
DUHDVVXPHGQRWWREH]HURLQFRQWUDVWWRWKH.$U
PHWKRG <HW WKHUH PXVW EH JUHDW XQFHUWDLQW\ DV WR
what those initial values were in the unobserved
past, despite the isochron and concordia techniques
attempting to negate the necessity for knowing those
initial values, and despite the assumption ever since
3DWWHUVRQ  DQG7DWVXPRWR.QLJKWDQG$OOqJUH
 WKDWWKH3ELVRWRSLFFRPSRVLWLRQRIWKHWURLOLWH
)H6 LQWKH&DQ\RQ'LDEORLURQPHWHRULWHUHSUHVHQWV
WKHLQLWLDO´SULPRUGLDO3EµRIWKHHDUWKDQGWKHVRODU
V\VWHP 'LFNLQ)DXUHDQG0HQVLQJ 7KXV

'HWHUPLQDWLRQRIWKH5DGLRLVRWRSH'HFD\&RQVWDQWVDQG+DOIOLYHV3RWDVVLXP

WKH83EPHWKRGVKRXOGQRWDQGFDQQRWEHXVHGDV
a supposedly objective standard to determine other
parent radioisotope half-lives and decay constants.
Indeed, it would remain prudent to be very
careful with these geological comparison methods
IRU WZR RWKHU UHDVRQV )LUVW WKHUH DUH VLJQLÀFDQW
ÁDZV LQ WKH EDVLF DVVXPSWLRQV RQ ZKLFK DOO WKH
radioisotope dating methods depend, not least being
the assumption that the decay rates of the parent
radioisotopes have always been constant in the past
at today’s measured decay rates. And there is a hint
of this non-constant nuclear decay rate in the possible
slight decline in the total .KDOIOLIHRYHUWKHODVW
\HDUV RI H[SHULPHQWDO PHDVXUHPHQWV DV GLVFXVVHG
DERYH6HFRQGWKH83EPHWKRGUHOLHVSULPDULO\RQ
ǂGHFD\LQFRQWUDVWWRWKH.$UDQG$U$UPHWKRGV
ZKLFKDUHEDVHGRQǃGHFD\<HWERWK$XVWLQ  
and Snelling (2005) have reported that the parent U
ǂGHFD\LQJUDGLRLVRWRSHVVHHPWR\LHOGV\VWHPDWLFDOO\
GLIIHUHQW 3E3E LVRFKURQ DJHV FRPSDUHG WR .$U
LVRFKURQ DJHV IURP WKH SDUHQW ǃGHFD\LQJ . IRU
some earth rocks using the same samples with
essentially the same methodology. Additionally, they
suggested the pattern of differences was potentially
related to the parent radioisotopes’ atomic weights
and half-lives, which could be indicative of parent
radioisotopes’ decay rates having not been constant
in the past but instead were substantially faster.
)XUWKHUPRUH WKHVH GLIIHUHQW UDGLRLVRWRSH DJHV
yielded by the same earth rocks are often widely
GLYHUJHQW HYHQ XS WR ² GLIIHUHQW ZKLFK LV
such a huge divergence that it renders these dating
methods highly suspect, even if the differences in
the determinations of the half-lives of the parent
radioisotopes seem miniscule and therefore trivial
by comparison. However, it was considered prudent
to still document here these seemingly miniscule
differences in half-life values, because they may be
indicative of other underlying factors at work, and
WKH\FDQVWLOOOHDGWRYHU\VLJQLÀFDQWGLVFUHSDQFLHVLQ
the derived radioisotope ages that might otherwise
appear to be acceptably accurate to uniformitarians.
1HYHUWKHOHVV 83E DQG 3E3E UDGLRLVRWRSH DJH
comparisons have ultimately been used to determine
the total . KDOIOLIH LQ VSLWH RI WKH WZR PRVW
UHFHQW KLJKTXDOLW\ GLUHFW FRXQWLQJ H[SHULPHQWDO
determinations being in agreement with a different
total .GHFD\KDOIOLIHYDOXH,QDQ\FDVHWKHUHLVVWLOO
disagreement in the uniformitarian geochronology
community over whose value of the total . GHFD\
half-life should be adopted (compare Renne et al.
 ZLWK 6FKPLW]   <HW HYHQ WKHQ ZKHQ WKH
83EV\VWHPV´JROGVWDQGDUGµLVXVHGWRFDOLEUDWHWKH
$U$UDQG.$UV\VWHPVWKHWRWDO .GHFD\KDOIOLIH
values of Min et al. (2000a), as preferred by Schmitz
(2012), and of Renee et al. (2011) have uncertainties



.

191

of 1.0% and 0.5% respectively. This is in part because
WKH XQFHUWDLQWLHV FRQWULEXWHG E\ WKH 83E V\VWHPV
“gold standard” depend on whether the U decay
constants are accurately and precisely known, and
on the crucial U/235U ratio. Indeed, discrepancies
and variations have been found between the U/235U
ratio in U-bearing terrestrial minerals and rocks
and the U/235U ratio in meteorites which remain
XQH[SODLQHG7KLVRQO\VHUYHVWRKLJKOLJKWWKDWLIWKH
.$UDQG$U$UGDWLQJPHWKRGVKDYHEHHQFDOLEUDWHG
DJDLQVW WKH 83E ´JROG VWDQGDUGµ ZLWK LWV RZQ
uncertainties, then the claimed accurately-determined
total.GHFD\KDOIOLIHFDQQRWEHDEVROXWHHVSHFLDOO\
given the evidence in some earth rocks of past higher
radioisotope decay rates and the evidence from the
GLUHFW FRXQWLQJ H[SHULPHQWV WKDW WKHUH PD\ KDYH
been a slight decline in the total . KDOIOLIH YDOXHV
RYHU WKH SDVW  \HDUV <HW HYHQ WKRXJK LW LV WR EH
H[SHFWHGWKHVHKDOIOLIHPHDVXUHPHQWVYDU\EHFDXVHRI
WKHGLIÀFXOWLHVLQPHDVXULQJVXFKDORQJKDOIOLIHWKH
resultant calculated radioisotope ages end up being
different from one another and so require adjustment,
which is far too “inaccurate” in providing the absolute
ages required by uniformitarians. Thus without an
accurately known .GHFD\KDOIOLIH.$UDQG$U$U
radioisotope ages cannot be accurately determined.
7KHUHIRUH.$UDQG$U$UGDWLQJFDQQRWEHXVHGWR
reject the young-earth creationist timescale, especially
as current radioisotope dating methodologies are
DW EHVW K\SRWKHVHV EDVHG RQ H[WUDSRODWLQJ FXUUHQW
measurements and observations back into an assumed
deep time history for the cosmos.
Conclusions
There have been numerous attempts to determine
the total . GHFD\ KDOIOLIH LQ WKH ODVW  \HDUV E\
two primary techniques—by physical direct counting
H[SHULPHQWV XVLQJ *HLJHU0OOHU DQG EHWD FRXQWHUV
LRQL]DWLRQFKDPEHUVDQGOLTXLGVFLQWLOODWLRQFRXQWHUV
and by radioisotope age comparisons of rocks, minerals,
and meteorites. The determinations since 1997 have
converged with close agreement on the total .GHFD\
KDOIOLIHYDOXHRI%\U 5HQQHHWDO 
although this value has not yet been adopted for standard
use by the uniformitarian geological community which
still prefers the Min et al. (2000a) determined total

.GHFD\KDOIOLIHYDOXHRI%\U 6FKPLW]
2012). The Renne et al. (2011) total . GHFD\ KDOI
life value ignores the two recent liquid scintillation
direct counting determinations by Grau Malonda and
*UDX&DUOHV  DQG.RVVHUWDQG*QWKHU  
which agreed on a slightly lower total .GHFD\KDOI
OLIH YDOXH RI %\U ,QVWHDG WKH WRWDO .
decay half-life value preferred by Renne et al. (2011)
GHSHQGVRQ.$ULVRWRSLFGDWDDQGSDLUVRI U-2063E
and Ar-39Ar data for rigorously selected rocks and
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PLQHUDOV H[WUDFWHG IURP WKHP PDQ\ XWLOL]HG DV
$U$U ÁXHQFH PRQLWRU VWDQGDUGV WR FDOLEUDWH LW DQG
WKH)LVK&DQ\RQ7XIIVDQLGLQH$U$UGDWLQJVWDQGDUG
Nevertheless, both the Min et al. (2000a) and Renne
et al. (2011) total .GHFD\KDOIOLIHYDOXHVXOWLPDWHO\
GHSHQG RQ DGMXVWLQJ WKDW LV PDVVDJLQJ  .$U DQG
$U$UDJHVWRFRQIRUPWR83EDQG3E3EDJHVRIWHQ
obtained from different minerals respectively in the
same rocks.
Min et al. (2000a) stated that important sources
of systematic error in Ar-39$U DQG .$U  GDWLQJ
arise from uncertainties in the two . GHFD\
FRQVWDQWV DQG WKH .$U LVRWRSLF GDWD IRU QHXWURQ
PRQLWRUV VWDQGDUGV  7KH\ DGPLWWHG WKDW WKH ǃ
DQGǄDFWLYLW\GDWDXQGHUO\LQJWKHGHFD\FRQVWDQWV
used in geochronology since Steiger and Jäger
(1977) are more dispersed than acknowledged by
the geochronological-oriented summaries previous
to theirs, and that compilations of essentially the
same data in the nuclear physics and chemistry
literature since (QGW DQG 9DQ GHU /HXQ (1973)
have consistently produced lower estimates (and
larger assigned uncertainties) of the constants
for .ńAr and .ńCa decay and thus
WKH EUDQFKLQJ UDWLR (YHQ WKRXJK LW LV FUXFLDO WR
determination of the total . GHFD\ KDOIOLIH WKH
EUDQFKLQJUDWLRLVVWLOOQRWGHÀQLWLYHO\DJUHHGXSRQ
the value of 0.1162 being adopted by Renne et al.
(2011) in spite of the carefully-determined Nägler
DQG 9LOOD   YDOXH RI  ZKLFK
FRQÀUPHG WKH YDOXH RI  GHWHUPLQHG
E\(QGWDQG9DQGHU/HXQ  0LQHWDO D 
then conceded that the uncertainties in the crucial

.. DEXQGDQFH UDWLR DOVR QHHG WR EH FRQVLGHUHG
because there is no agreement on it. Min et al. (2000a)
adopted the Garner et al. (1975) determined value
RI  ZKLFK 5HQQH HW DO 
 DOVRDGRSWHGDVSHU,83$&UHFRPPHQGDWLRQ
EXW WKH YDOXH RI  GHWHUPLQHG
by Naumenko et al. (2013) has yet to be recognized.
Added to that there is the uncertainty over the
TXHVWLRQDEOH H[LVWHQFH RI D ǄOHVV HOHFWURQ FDSWXUH

.ńAr decay direct to ground state. Therefore,
when all these factors are considered, Min et al.
(2000a) concluded that the total .GHFD\FRQVWDQW
DQGKDOIOLIHDUHWKXVNQRZQWRQREHWWHUWKDQDW
WKHǔOHYHODQGWKDWAr*/.UDWLRVIRULQGLYLGXDO
VWDQGDUGV DUH NQRZQ WR EHWWHU WKDQ  LQ VRPH
cases, while interlaboratory discrepancies of more
than 2% in the Ar/39Ar ages of secondary standards
OLNH WKH )LVK &DQ\RQ 7XII VDQLGLQH VXJJHVW ODUJHU
uncertainties. Thus according to Renne et al. (2011)
independent determinations of the branching and

..DEXQGDQFHUDWLRVDUHVWLOOZHOFRPHDVZHOODV
new laboratory investigations to determine the total

.GHFD\FRQVWDQWDQGKDOIOLIH

A. A. Snelling

<HW HYHQ WKRXJK WKHUH LV QRZ FORVH DJUHHPHQW
between the many recently determined values,
ultimately the total . GHFD\ KDOIOLIH KDV EHHQ
GHWHUPLQHG E\ UHFDOLEUDWLQJ WKH $U$U DQG .$U 
DJHVRIURFNVDQGPLQHUDOVZLWKWKH83EDQG3E3E
ages of minerals from the same rocks by adjusting
(or massaging) the total . GHFD\ KDOIOLIH 7KXV
such radioisotope age comparisons have been given
preference over the values obtained by direct counting
H[SHULPHQWVZKLFKGLUHFWO\PHDVXUH.GHFD\<HWWKH
latter are independent of all the assumptions involved
with the radioisotope dating methods. Indeed, model
dependent results should not take precedence over the
GLUHFWH[SHULPHQWDOHYLGHQFH
Since all but one of the age comparisons on rocks
and minerals used to determine the total .GHFD\
KDOIOLIH XOWLPDWHO\ LQYROYHG WKH 83E PHWKRG DOO
.$UDQG$U$UDJHFDOFXODWLRQVDUHWKXVFDOLEUDWHG
DJDLQVWWKH83EPHWKRG+RZHYHUWKLV83E´JROG
standard” depends on having precisely determined

U and 235U decay constants, as well as on the
crucial U/2358UDWLREHLQJNQRZQDQGFRQVWDQW<HW
there are still uncertainties in the measured U decay
constants, and discrepancies and variations have
been found between the U/235U ratio in U-bearing
terrestrial minerals, rocks, and uranium ores, and
the U/235U ratio in meteorites. These discrepancies
DQG YDULDWLRQV UHPDLQ XQH[SODLQHG 7KLV RQO\
VHUYHVWRKLJKOLJKWWKDWLIWKH.$UDQG$U$UGDWLQJ
PHWKRGVKDYHEHHQFDOLEUDWHGDJDLQVWWKH83E´JROG
standard” with its own uncertainties, then they
cannot be absolute.
)XUWKHUPRUHWKHUHLVHYLGHQFHWKDWQXFOHDUGHFD\
rates have not been constant in the past, including the
possibility of a slight decline in the measured values
of the total .GHFD\KDOIOLIHGXULQJWKH\HDUVRI
determinations. Thus without an accurately known

. GHFD\ KDOIOLIH .$U DQG $U$U UDGLRLVRWRSH
ages cannot be accurately determined. Therefore,
.$U DQG $U$U GDWLQJ FDQQRW EH XVHG WR UHMHFW
the young-earth creationist timescale, especially
as current radioisotope dating methodologies are
DW EHVW K\SRWKHVHV EDVHG RQ H[WUDSRODWLQJ FXUUHQW
measurements and observations back into an
assumed deep time history for the cosmos.
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