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Abstract

The accuracy of ages measured using the 40Ar/39Ar technique is affected by uncertainties in the age of radiation
fluence-monitor minerals. At present, there is lack of agreement about the ages of certain minerals used as fluence monitors.
The accuracy of the age of a standard may be improved if the age can be measured using different decay schemes. This has
been done by measuring ages on minerals from the Oligocene Fish Canyon Tuff (FCT) using the K—Ar, “Ar /39Ar, Rb-Sr
and U/Pb methods. K—Ar and 40Ar/39Ar total fusion ages of sanidine, biotite and hornblende yielded a mean age of
27.57 + 0.36 Ma. The weighted mean “°Ar /*%Ar plateau age of sanidine and biotite is 27.57 + 0.18 Ma. A biotite—feldspar
Rb-Sr isochron yielded an age of 27.44 + 0.16 Ma. The U—Pb data for zircon are complex because of the presence of
Precambrian zircons and inheritance of radiogenic Pb. Zircons with 2’Pb/?**U < 0.4 yielded a discordia line with a lower
concordia intercept of 27.52 + 0.09 Ma. Evaluation of the combined data suggests that the best age for FCT is 27.51 Ma.
Published by Elsevier Science B.V.
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1. Introduction relative to the age of a mineral standard (neutron

fluence monitor). Thus, the ultimate accuracy of the

The precision of age measurements by most of the
principal decay schemes is now substantially better
than accuracy. For example, the analytical precision
of “Ar /% Ar ages is commonly better than +0.25%.
However, the “Ar / SAr technique is arelative dating
method, in which the age of a mineral is calculated
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method is limited by the accuracy with which the
ages of mineral standards used as fluence monitors
are known.

Recently, considerable attention has been focused
on systematic errors in “’Ar /*Ar geochronology (see
for example Min et al., 2000). The principal sources
of systematic errors are the precision and accuracy of
ages of mineral standards used as fluence monitors
and uncertainties in the “°K decay constants. The
decay constants of “’K are currently being investi-
gated, but at present, there is no agreement to change
the decay constants.
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There is lack of agreement about the ages of
certain mineral standards used as fluence monitors.
The ages of monitor minerals measured in the USGS
Menlo Park laboratory and those reported by Renne
et al. (1998) differ by nearly 2%. Lanphere and
Dalrymple (2000) made first-principles calibrations
of *¥*Ar tracers using measured quantities of commer-
cial purified air Ar. These tracers were then used to
calibrate the “Ar,_, content of a primary mineral
standard. Two laboratories in Japan that have made
first-principles calibrations of *Ar tracers report good
agreement with the 40Arrad content of a primary
mineral standard determined in the Menlo Park labo-
ratory (Lanphere and Darymple, 2000). In contrast,
the “Ar,,, content of the primary mineral standard,
GA1550 biotite, adopted by Renne et al. (1998) has
been calibrated by first principles in only one labora-
tory. Lanphere and Dalrymple (2000) concluded that
it is unwise to use the values suggested by Renne et
al. (1998) for ages of fluence monitors until the
“Ar , content of their primary standard is measured
by first principles in another laboratory.

An impasse exists in the K—Ar and “Ar/*Ar
ages of primary mineral standards, and this impasse
carries over to the ages of secondary minera stan-
dards derived by intercalibration or determined inde-
pendently. The lack of agreement on the ages of
minerals used as fluence monitors is a systematic
error, affecting the accuracy of “Ar/*Ar ages. It is
important to eliminate this systematic error. An alter-
native way to determine the accuracy of the age of a
mineral standard is to measure ages using different
parent—daughter decay systems. If two or more ra-
diometric clocks, that is, different radiometric dating
methods, running at different rates, give the same
age, thisis powerful evidence that the age is correct.
This was the objective of the current project in
which we measured the ages of minerals from the
Fish Canyon Tuff (FCT) using the K—Ar, Rb—Sr and
U—Pb dating methods. Sanidine from the FCT has
been used widely as a fluence monitor mineral in
“Ar /*Ar dating. That is why it is particularly im-
portant to establish an accurate age for the FCT.

The Oligocene FCT (see Lipman, 1975; Whitney
and Stormer, 1985) was erupted from the La Garita
caldera, part of the central caldera complex of the
San Juan Mountains of southwestern Colorado. The
FCT is a vast ash-flow sheet of uniform, pheno-

cryst-rich, dacite that had a volume of about 5000
km?®. Several preparations of minerals from the FCT
have been made by us and by other workers. All of
the samples used in this work were collected in the
same area on the north side of Colorado Highway
160, opposite Fun Valley Resort west of South Fork,
Colorado.

2. K-Ar and “Ar /*Ar analyses

K—Ar and “Ar /*Ar ages were measured on sani-
dine, biotite and hornblende separated from
79COLE-5 collected by P.W. Lipman, on FCT-2
sanidine and biotite and FCT-3 biotite prepared by J.
F. Sutter and M. J. Kunk from samples collected at
the same location, on FCT87 sanidine and biotite
collected and prepared by H. Baadsgaard in 1987, on
FCT92 hictite collected and prepared by H. Baads-
gaard in 1992, and on FCT (BGC) sanidine prepared
by P. R. Renne. All ages are relative to an intralabo-
ratory standard, SB-3 biotite, whose age of 162.9 +
0.9 Ma was determined using ®Ar tracers calibrated
against purified air Ar using first principles (Lanphere
and Dalrymple, 2000). The analytical procedures for
K—Ar dating were described by Darymple and Lan-
phere (1969) and Hildreth and Lanphere (1994) and
the analytical procedures for “°Ar /*Ar dating were
described by Darymple and Duffield (1988) and
Lanphere (2000).

The decay constants for “K are: A, = 4.962 X
10~*° year ' and A, = 0581 x 10™*° year ' (Be-
ckinsale and Gale, 1969). The isotopic abundance of
K is 1.167 x 10~* mol /mol (Garner et al., 1976).

K-Ar ages of biotite and hornblende from
79COLE-5 are 27.55+ 0.34 and 27.53 4+ 0.46 Ma,
respectively (Table 1). “Ar /39Ar total fusion ages of
bulk samples of sanidine and biotite from 79COLE-5

Table 1
K—Ar ages and analytical data for biotite and hornblende from
sample 79COLE-5

Mineral  K,O Wt%) “Ar, “Ar,.q Age(Ma)
(107 1° mol /@) (%)

Biotite 9.235+0.015 3.691 819 27.55+0.34

Hornblende 0.857+0.001 0.3423 523 27.53+0.46
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Table 2

““Ar /*Ar ages and analytical data for bulk samples of sanidine and biotite from sample 79COLE-5

40ar /FAr 3ar /*Ar BAr/*Ar AT, . (%) FAre, (%) BAre, (%) K/Ca Age (Ma)
Sanidine [J = 0.0069475] — 0.3808 g

2419 0.008253 0.0006969 91.3 < 0.001 0.31 59.4 27.46 + 0.34
Biotite [J = 0.0043127] — 0.2613 g

4.713 0.02300 0.003787 76.2 0.002 0.16 213 27.72+0.42

are 27.46 + 0.34 and 27.72 + 0.42 Ma, respectively
(Table 2). All analytical errors cited in this paper are
+20.

Laser-fusion 40Ar/?’gAr ages were measured on
2—6 grains of severa preparations of sanidine and
biotite from FCT. The usua practice is to fuse 4-6
aliquants of grains and then pool the ages of the
individual aiquants. Six aliquants of sanidine and
four aiquants of biotite from 79COLE-5 yielded
pooled ages of 27.62 4+ 0.13 and 27.62 + 0.16 Ma,
respectively (Table 3).

A comparison of several preparations of minerals
from the FCT was made in March 1997 utilizing
laser fusion on 4-8 grains. Sanidine from the Taylor
Creek Rhyoalite of New Mexico (age=27.92 Ma)
was used as the flux-monitor mineral. The Taylor
Creek sanidine is a secondary standard that was
calibrated using SB-3 biotite as the primary standard.
The “Ar/*Ar ages are given in Table 4, and the
numbers in parentheses are the number of aiquants
of each mineral separate that were fused.

Five “Ar/*Ar incremental-heating experiments
were made on sanidine and biotite from three differ-
ent preparations of FCT. Samples were heated to a
series of temperatures in a resistance-heated furnace,
and an apparent age was calculated for the gas
extracted at each temperature. In calculating an ap-
parent age, it was assumed that the non-radiogenic
Ar in a sample is of atmospheric isotopic composi-
tion. The data from incremental-heating experiments
are commonly displayed on either an age spectrum
diagram or on isotope correlation diagrams. The
derivative ages for an incremental-heating experi-
ment are the plateau age for the age spectrum dia-
gram, the isochron age on the “°Ar /*Ar vs. ®Ar /*Ar
isotope correlation diagram, and the inverse isochron
age on the *Ar/“Ar vs. *Ar/*Ar isotope correla-
tion diagram. Diagrams for 79COLE-5 sanidine are
shown in Fig. la—c. The analytical data for
79COLE-5 sanidine are given in Table 5.

The various ages for the five incremental-heating
experiments are given in Table 6. The plateau and

Table 3

Laser-fusion “°Ar /*Ar ages and analytical data for sanidine and biotite from sample 79COLE-5

“0ar /FAr 3ar /% Ar 3BAr /> Ar AT, (%) 3Arc, (%) ®Arc, (%) K/Ca Age (Ma)

Sanidine [J = 0.003545]

4.398 0.009359 0.0001344 99.1 < 0.001 1.6 524 27.65+ 0.32

4.375 0.01052 0.0000578 99.6 < 0.001 4.2 46.6 27.65+ 0.32

4.389 0.01157 0.0001816 98.8 < 0.001 15 42.4 2751 +0.32

4.388 0.01113 0.0001290 99.1 < 0.001 2.0 44.0 27.60 4+ 0.32

4.403 0.01225 0.000161 98.9 < 0.001 1.8 40.0 27.64 + 0.32

4.388 0.01194 0.000107 99.3 < 0.001 2.6 41.0 27.64 +0.32
Mean age: 27.62+0.13

Biotite [J = 0.00347]

4.933 0.02365 0.001636 90.2 0.0015 0.34 20.7 2764 +0.34

4.920 0.02318 0.001616 90.3 0.0015 0.33 21.1 27.60 4+ 0.32

4.899 0.02178 0.0015 90.9 0.0014 0.34 225 27.65+ 0.32

4.860 0.003547 0.001409 91.4 0.0023 0.59 13.8 27.614+0.32
Mean age: 27.62 +0.16
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Table 4

Laser-fusion ages for sanidine and biotite from several different
samples of FCT

Mineral Age(Ma)

FCT (BGC) sanidine 27.70+0.14 (6)
FCT87 sanidine 27.54+0.16 (6)
FCT87 bictite 27.41+0.14 (6)
FCT92 biotite 27.70+0.20 (6)
79COLE-5 sanidine 27.76+0.14 (6)
79COLE-5 bictite 27.67+0.16 (6)

isotope correlation (isochron) ages for the five min-
erals are in excellent agreement. Isochron ages are

preferred because they do not require any assump-
tion about the isotopic composition of non-radio-
genic Ar in the mineral. For the five minerals, the
intercepts of the isochrons agreed with the value of
atmospheric 40Ar/36Ar within +20. The weighted
mean age (Taylor, 1982) of the plateau and isochron
ages is 27.57 + 0.18 Ma.

3. Rb—Sr dating of biotite and feldspar

A Rb-Sr age was determined for the FCT using
biotite and cogenetic feldspar to obtain an isochron
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Fig. 1. (@ 40Ar/39Ar age spectrum for FCT 79COLE-5 sanidine. Half of vertical dimension of increment boxes is estimated standard
deviation of increment age. (b) Isotope correlation diagram (isochron) for FCT 79COLE-5 sanidine. SUMS is the weighted sum of the
squares of the residuals (York, 1969). (c) Isotope correlation diagram (inverse isochron) for FCT 79COLE-5 sanidine.
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Table 5

Analytical data for incremental-heating experiment on 79COLE-5 Sanidine

[J=0.00377747]

Temperature  “Ar/*Ar  3Ar/*Ar  %Ar/*Ar Moles®Ar,y  “Ar., FAre, FAr,, K/Ca FAr Age  +sd.

&) (%) (%) (%) (%) (Ma)
450 12.690 0.5841 0.02556 1.459E-15 40.8 0.070  0.040 0.61 0.839 3491 +16.8
500 7.076 0.18648 0.010437 1.357E-14 56.5 0.13 0.013 0.48 263 2703 +140
575 4574 0.006223  0.001713  3.700E-14 88.7 0.19 0.000 0.097 787 2743 +054
600 4.492 0.16018 0.001582  4.152E-14 89.7 0.20 0.011 27 306 2723 +048
625 4.372 0.03539 0.001153  3.841E-14 92.1 0.20 0.002 0.82 13.8 2720 +0.52
650 4.341 0.02829 0.000893  5.102E-14 93.8 0.20 0.002 0.84 17.3 2751 +0.40
675 4.282 0.07065 0.000843  5.972E-14 94.1 0.21 0.005 2.2 6.94 2724 +036
700 4.245 0.008886  0.000604  7.546E-14 95.6 0.21 0.001 0.39 55.1 2742 +0.30
725 4.178 0.06351 0.000462  9.754E-14 96.6 0.21 0.004 3.7 772 2729 4026
750 4.153 0.06841 0.000335 1.119E-13 97.5 0.21 0.005 54 716 2738 +024
775 4.137 0.12887 0.000300  1.397E-13 97.9 0.21 0.009 114 380 2737 +0.22
800 4.116 0.05595 0.000230  1.661E-13 98.2 0.22 0.004 6.5 876 2733 +0.20
825 4.174 0.05604 0.000453  3.454E-13 96.7 0.21 0.004 33 874 2728 +0.18
840 4.143 0.002845 0.000295  2.342E-13 97.7 0.21 0.000 026 1722 2735 +0.18
855 4.089 0.03372 0.000108  2.268E-13 9.1 0.22 0.002 8.3 145 2738 +0.18
870 4.083 0.04708 0.000109  2.270E-13 99.1 0.22 0.003 115 10.4 2734 +0.18
885 4.083 0.06430 0.000114  2.367E-13 9.1 0.22 0.004 15.0 762 2734 +018
900 4.081 0.04437 0.000117  2.455E-13 99.0 0.22 0.003 101 11.0 2731 +0.18
915 4.092 0.06285 0.000119  2.832E-13 99.0 0.22 0.004 140 780 2739 +0.18
930 4.086 0.04297 0.000113  3.044E-13 99.0 0.22 0.003 101 11.4 2735 +0.18
945 4231 0.04912 0.000554  3.422E-13 96.0 0.21 0.003 24 998 2745 +0.18
955 4.086 0.06517 0.000112  3.218E-13 99.1 0.22 0.004 155 752 2736 +0.18
965 4.077 0.003643  0.000063  1.873E-13 9.3 0.22 0.000 15 1345 2737  +0.20
980 4.073 0.003801 0.000016  1.801E-13 99.7 0.22 0.000 6.2 128.9 2743 +0.20

1000 4.078 0.003523  0.000033  1.943E-13 99.6 0.22 0.000 29 139.1 2743 +0.20

1050 4.074 0.003853 0.000026  1.777E-13 99.6 0.22 0.000 39 127.2 27.42 0.20

slope. An essentially two-point isochron is obtained
unless the biotite is of variable purity or Rb-content.
To test the effect of sample impurities on the Rb—Sr
data, the biotite was purified in increasing stages and
analyzed at each stage (see Table 7). After magnetic
separation, during which, the more abundant horn-

blende was not removed, a single heavy-liquid sepa-
ration yielded fairly impure biotite. The gravity sepa-
ration was repeated with only slight improvement in
sample purity. In the next stage, different aliquots of
the preceding separate were ground lightly under
acetone, washed in water and again subjected to

Table 6

Summary of age spectrum and isotope correlation ages for minerals from the FCT

Minera Plateau age (Ma) Plateau *°Ar? (% [steps] ) Isochron age (Ma) Inverse age (Ma)
79COLE-5 sanidine 27.37 +0.28 100[27 of 27] 27.61 +0.30 27.37 +0.28
79COLE-5 biotite 27.47 + 0.40 995 of 8] 27.62 + 0.52 27.64 £ 0.48
FCT-2 sanidine 2755+ 0.20 99 (7 of 9] 2770 +£ 0.32 2758 + 0.28
FCT-2 bictite 2755+ 0.24 986 of 8] 27.97 £ 0.28 27.96 + 0.28
FCT-3 bictite 2742 +0.34 100[12 of 13] 27.35+0.38 27.37+0.38

Plus-or-minus values are two standard deviations of analytical precision (20 ).
%% is proportion of total *Ar defini ng plateau. Steps are number of gas increments on plateau.
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heavy liquid separation. This procedure removed
most of the remaining hornblende, and the biotite
separate improved markedly in purity. The remaining
separate was sieved into two size ranges and (A)
subjected to vibration and rolling away of rounded
grains on a stiff paper and (B) thoroughly ground
under acetone and washed. These two latter proce-
dures produced the purest biotite separates. The data
for sequential analyses are given in Table 7 and
shown in a Sr evolution diagram (Fig. 2). The slope
produced by a regression of al the sample data
yielded an isochron age of 27.39+ 0.12 (20 ) Ma,
and that obtained using only the best biotite with the
feldspars yielded an isochron age of 27.44 + 0.16
(20) Mawith an initial ¥ Sr /%S ratio = 0.70635 +
0.00016 (20). The effect of the impurities is to
move the data along the isochron. It is difficult to

NBS Certificate of Analysis
Rubidium 523.90 + 1.01 (20) ppm
Strontium 65.485 + 0.320 (20 ) ppm

Isotopic ratio ®Sr /%S

Parameters for the regression of Rb—Sr isochrons
were derived from 16 analyses of the standard. The
standard deviation (+ 1) of the ' Rb/*°Sr ratio is
+2.25%o and that for the ¥ Sr/®Sr ratio is 0.222%o.
The calculated correlation coefficient is 0.56. The
decay constant used is A (*'Rb)=1.42x 101!
year ! (Davis et a., 1977).

4. Uranium—lead dating of FCT zircons
4.1. Macrobomb method on large bulk samples

Zircon (containing abundant inclusions) was sepa-
rated from a 100-kg sample of the FCT (FCT87) by
crushing, sieving and a repeated combination of
heavy liquid and magnetic separation. A portion of
acid-washed purified bulk zircon was ground in a
cleaned agate mortar to an impalpable powder and
then stirred in the mortar to homogenize it. The
remainder of the unground bulk zircon sample was
sieved into various size fractions. To remove oc-

1.20039 + 0.00020 (2¢°)

remove all impurities from the biotite because it
contains inclusions of apatite and occasional feldspar
(see Fig. 3). Any small amount of impurities remain-
ing in the “best” samples should not influence the
age significantly.

Analytical notes. The Rb—Sr analyses were car-
ried out using a mixed *Sr—*Rb spike. The *Sr-
spike was calibrated against NBS SRM 988, and the
¥ Rb was 99.8% pure * Rb obtained from Oak Ridge
National Laboratory. The mixed spike was check-
calibrated for Sr with NBS SRM 987 standard SrCO;,
and the ¥Rb vs. Johnson—Matthey “Spec—pure”
normal rubidium chloride. The spike calibration and
analytical procedures (Cavell, 1986) were checked
by periodically anadyzing NBS SRM 607 K-feldspar
with the following results (up to and during the
period of the FCT analyses):

Comparison results

523.8 + 1.4 (20°) ppm

65.37 + 0.16 (20 ) ppm

1.20098 + 0.00032 (20 )
(normalized to NBS 987 = 0.71024)

cluded HF-soluble impurities, such as feldspar and
apatite, aliquots from severa size fractions were
ground, washed with concentrated HNO;, with cold,
concentrated HF and thoroughly with H,O before
analysis.

Analytical notes: The method used 20 ml of
HF-HNO, dissolution medium in a 25 ml teflon
bomb (Macrobomb), but the procedure of Krogh
(1973) was varied by coprecipitating Pb with
highly-purified Ba(NO,), (see Cavell, 1986). A
mixed *®Pb—>°U isotope tracer or spike was added
to an aliquot of the dissolved zircon sample to obtain
U—Pb concentrations. A solution prepared from en-
riched 2°U (99.74% #*°U obtained from Oak Ridge
National Laboratory) was calibrated vs. a standard
solution prepared from NBS SRM 950a U;O; (nor-
mal isotope abundance). A solution prepared from
enriched “®Pb (99.75% *°°Pb obtained from Oak
Ridge National Laboratory) was calibrated vs. stan-
dard solutions prepared from NBS SRM standard
leads of three kinds: “equal atom lead” (982), radio-
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Table 7
FCT Rb-Sr Isotope analyses (in order of purification and analy-
sis)

Sample 8Rh  8g 8Rb/®sr ¥ /B 120
Plagioclase 138 1015 0.0135 0.70641+6
Plagioclase-rpt 142 97.08 0.0144 0.70633 + 4
Sanidine 19.77 9098 0.215 0.70642 + 15
Sanidine-rpt 1849 8535 0.214 0.70640+ 6
Initial single separation of biotite

Biotite 1 79.86  4.049 19.28 0.71395+6
Biotite 2 8043 4197 1895 0.71368 + 8
Biotite 3 7447 4374 16.67 0.71288+4
Biotite 4 7347 4465 16.11 0.71278 £ 5
Biotite 5 7463  4.406 16.58 0.71300+ 2
Biotite 6 62.82 5133 11.99 0.71123+6
Repurification of first batch

Biotite A 8439  3.064 27.23 0.71701+ 10
Biotite B 8544 3159 26.74 0.71698 + 6
Biotite C 81.29 3510 22.89 0.71547+ 10
Biotite D 78.00 3.644 21.16 0.71439+ 12
Biotite E 76.96  3.804 20.00 0.71416 + 26
Biotite F 7716  3.754 20.32 0.71445+ 8
Ground lightly under acetone and again separated

Biotite A + 96.12  1.684 56.41 0.72834+2
Biotite B + 9555  1.792 52.72 0.72696 + 12
Biotite A 106.3 1.726 60.90 0.73014+ 11
Biotite B 107.4 1.746 60.78 0.72996 + 6
Biotite C 106.7 1.829 57.69 0.72872+ 14
Biotite D 107.2 1.822 58.17 0.72909 + 20
Biotite E 106.63  1.880 56.06 0.72807+ 6
B 60-80NR  105.02 1.719 6041 0.73003+ 6
B140-80NR 103.70  1.725 59.42 0.72962+ 4

Two purifications then rolled (R) (or not (NR)) from stiff paper

B60-801R 10406  1.233 8342 0.73893+ 7
B60-802R 10436  1.228 84.03 0.73913+5
B 140-801R 101.70 1.274 7888 0.73698 + 4
B 140-802R 10340  1.286 79.47 0.73735+5
Thoroughly ground under acetone and washed

B>60A 106.24  1.286 81.65 0.73815+4
B>60B 105.08  1.274 81.54 0.73820+ 11
B> 60D 10546  1.278 82.34 0.73847+5
B 60-100A 10588 1.267 8258 0.73841+9
B60-100B 10469 1255 8243 0.73840+ 5

genic lead (983) and common lead (981). These
standard leads were all furnished as pure lead metal
for the weighing form, and standard solutions made
by simple dissolution in HNO,. Mass measurements
were made on a VG Micromass-30 mass spectrome-

ter, and all lead isotope measurements were normal-
ized to NBS SRM 981 standard lead by mass dis-
crimination corrections, which averaged 0.15% per
atomic mass unit. Decay constants used in age com-
putations are: A%°U = 1.55125 x 107 1° year !,
A?°U = 9.8485 X 1010 year ! and the atomic ratio
28y /%y = 137.88 (Jaffey et a., 1971; Shields,
1960).

The results of the analyses are given in Table 8.
The repeat analyses of the homogeneous powdered
bulk zircon sample show the reproducibility of the
measurements and give a measure of the precision of
the data.

The data yield a discordia line (see Fig. 4) with
concordia intercepts at 27.65 + 0.34 and 1561 + 106
Ma (errors +20 ). The discordance of the data
appears to increase with the size of the zircons in the
sample. The HF-washed ground samples give results
that differ little from those for the unwashed sam-
ples, and the loss of acid-soluble lead-bearing inclu-
sions (mainly apatite) does not cause significant
variations in data, except for a slight decrease in
uranium, radiogenic lead and common lead content.
In the bulk samples, there is an “older” lead contam-
inant, which comes from xenocrystic zircon grains
and/or older “cores” or inclusions in the younger
zircons. The analyses yielded data that was too
discordant for precise age determination, and further
work was initiated.

4.2. Microbomb method using *°°

tant

Pb as isotope dilu-

In 1992, a second sample of FCT was collected
close to the first location. Zircon from this second
sample was separated and sieved into several size
fractions. Portions of the 74—98 and 98-148 pm
size fractions were subjected to abrasion (Krogh,
1982) in the presence of pyrite, cleaned and the
abraded fractions were analyzed. The best-quality
zircons from these abraded fractions were hand-
picked for separate analysis; zircons from unabraded
coarser-size fractions were also hand-picked for
analysis. During picking, there appeared to be three
recognizable types of zircons in the FCT: (1) abun-
dant, euhedral, amber-colored with plentiful inclu-
sions and often broken, (2) much less abundant,
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Fig. 2. Sr evolution diagram for analyses of FCT sanidine, plagioclase and biotite of varying purity.

euhedral, pale to colorless with fewer inclusions, and Analytical notes: The method for U/Pb mi-
(3) rare, very well-rounded, light to dark-pink grains. crobomb (2 ml maximum capacity) analysis was
Two samples of only amber zircons, one sample essentially that used by the GSC in Ottawa (Parrish
containing only “pale” zircons and one sample of the et al., 1987), except that separation of the lead and
pink well-rounded zircons were picked for analy- uranium is accomplished by adsorption on a bead or
sis. beads of ion exchange resin introduced directly into

Fig. 3. Inclusions of apatite and feldspar in selected grains of FCT biotite X 36.
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Table 8

FCT 87 “bulk” zircon analysis results. “Macrobomb” method with analysis on VG MM-30 mass spectrometer

Sample microns Weight (mg) 206 ppy (ppm) U (ppm) Pb-com (ppm) 206y /238 207pypy /235
Purified bulk sample — all sizes — ground to impalpable powder — homogenized?

Sample-1 53.51 2222 535.7 0.0535 0.00483 0.0346
Sample-2 64.52 2.229 532.4 0.0814 0.00487 0.0351
Sample-3 158.97 2.224 532.6 0.0214 0.00486 0.0351
Sample-4 69.63 2.215 533.8 0.0184 0.00483 0.0347
Sample-5 68.93 2.219 536.8 0.0168 0.00481 0.0345
Sizefractions

—44 61.18 2.394 598.2 0.0517 0.00466 0.0326
—44 57.16 2.406 600.6 0.0555 0.00466 0.0327
—44 60.14 2.408 601.8 0.0502 0.00466 0.0326
+44-53 56.21 2.270 554.6 0.117 0.00476 0.0340
+44-53 60.74 2.270 553.9 0.0960 0.00477 0.0340
+53-63 54.05 2.137 521.8 0.130 0.00477 0.0340
+53-63 54.76 2.155 530.2 0.171 0.00473 0.0334
+63-74 57.03 2.047 486.1 0.125 0.00490 0.0355
+63-74 46.88 2.019 486.3 0.136 0.00483 0.0348
Size fractions — HF-washed after grinding

—44 4527 2.382 595.7 0.0117 0.00465 0.0324
+44-53 56.24 2211 543.6 0.0235 0.00473 0.0335
+53-63 25.67 2.070 510.4 0.1418 0.00469 0.0329
+74 15.27 1.858 435.2 0.213 0.00497 0.0367

FCT sanidine Pb (normalized) 1:18.440:15.580:37.736.
FCT plagioclase Pb (normalized) 1:18.430:15.576:37.716.
Average Pb used for common Pb 1:18.435:15.578:37.726.
All Pb isotope values normalized to NBS SRM 981.

Pb total blank = 0.80-0.90 ng.

Measurement errors in 207 /206 = 4 0.02% and in 208 /206 + 0.01%.

Common Pb varied from 1.1 to 5.2 ng, 26pyy rag from 140 to 190 ng and 27phyrad from 7.4 to 8.9 ng.
aMean values are °Pb/*8U = 0.00484 + 6 and *°"Pb/?°U = 0.0348 + 6. Reproducibility of *°Pb/?8U: 20-= +1.2%; and for

D7pp /25 20 = +1.7%.

the prepared sample solutions (Manton, 1988). A
modified method is described by Duke (1993). An
aliquot of °Pb was obtained from T. Krogh (Krogh
and Davis, 1975 ; Parrish and Krogh, 1987) and
calibrated with the same NBS standards mentioned
above for the macrobomb method. Previously cali-
brated “°U spike solution was added to a suitable
amount of “°Pb to make up a mixed “°Pb—>*°U
spike. Mass measurements were made on a VG-354
mass spectrometer and Pb normalized to NBS SRM
981 lead.

The results of the microbomb analyses are given
in Table 9. Two concordia diagrams of the data are
shown in Fig. 5a and b. The most discordant data
points are not included in Fig. 5b.

Results for the analyses of the bulk samples are
similar to those from the earlier study. Several of the

hand-picked samples yielded more concordant points
than the bulk samples, and the pink well-rounded
zircons were Precambrian in age. The “pale” zircon
sample, picked to give the clearest and “best” zir-
cons, proved to be very highly contaminated with
older radiogenic lead (see Fig. 5a). The “pale” sam-
ple contained no pink zircons, and the higher content
of older radiogenic lead is derived from sources not
recognizable under the optical microscope as older
exotic material.

4.3. Contamination of the Oligocene FCT zrcons
with inherited lead

In order for the extrapolated lower discordia—con-
cordia intercept to be interpreted as the age of crys-
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Fig. 4. Concordia plot of U /Pb macrobomb results on FCT87 “bulk” zircon samples.

Table 9

FCT 1992 zircon analyses. A mixed “°Pb+2°U isotope dilutant used. “Microbomb” method with isotope analyses on MM-354.

AB = abraded, p = picked, amb = amber-colored and Ig = large

0.038

0.040

Sample microns Weight 206 ppya U (ppm) Pb-com® 26pyp /238 W7py /2%y
(mg) (ppm) (ppm) (£10% — rms) (+10% — rms)
“Bulk ” samples
<40 5.55 2.252 553 0.0590 0.00474 + 0.66 0.03356 + 1.2
<40 14.26 2.256 559.5 0.0201 0.00469 + 0.10 0.03311 + 0.12
40-74 14.32 2.003 468.9 0.0320 0.00497 + 0.10 0.03654 + 0.15
40-74 2.76 1.944 460 0.0416 0.00492 + .03 0.03610 + 0.17
74-98 AB 7.06 1.704 437.9 0.0981 0.00453 + 0.48 0.03081 + 0.71
98-148 AB 3.85 1.768 403.6 0.1645 0.00510 + 0.21 0.03822 + 0.44
120-148 5.77 1.381 352.5 0.1963 0.00456 + 0.53 0.03112+ 1.0
1987 “Bulk homogeneous sample ” (comparison analysis with microbomb)
Ground < 10 p 13.47 2.228 534.2 0.039%4 0.00485 + 0.69 0.03510 + 0.83
Mean values from Table 1 - 2222 534 0.0383 0.00484 + 0.6 0.0348 +£ 0.6
> 148, plg amb 0.727 1.023 267.8 0.5624 0.00444 + 0.19 0.02950 + 1.3
98-148 AB, p 191 1.755 3134 0.188 0.00652 + 0.16 0.05710 + 0.52
98-148, plg 1.200 1212 314 0.121 0.00449 + 0.13 0.03009 + 0.36
98-148, p amb 0.900 1.203 323 0.038 0.00433 + 0.11 0.02809 + 0.65
74-98 AB, p 1.001 1.466 341 0.034 0.00500 + 0.27 0.03692 + 0.38
74-98, p 4.70 1.368 342 0.0993 0.00465 + 0.48 0.03222 + 0.6
“pae’ p 0.850 3.167 229 1.326 0.01607 + 0.50 0.1797 + 0.78
“pink” p 0.025 90.32 346 1.404 0.30420 + 0.05 5.827 + 0.08

Pb total blank varied from 5.2—-11.3 pg.

Corrections for common Pb and mass discrimination same as in Table 1 footnote.
#Radiogenic lead after blank and common Pb correction.
®Common Pb (feldspar Pb composition used).
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tallization of the zrcons, the nature, extent and
source of the contamination by older radiogenic lead
and/or common lead must be ascertained.

4.3.1. Sensitive High Resolution lon MicroProbe
(SHRIMP) analyses of the well-rounded « pink” zr-
cons

Microbomb U /Pb chemical anaysis showed the
pink zircon sample to be Precambrian in age (see
Table 9). A further eight pink zircons were obtained
from previously unpicked size fractions of the FCT
and individually analyzed for U /Pb on the SHRIMP
— model Il. A description and the mode of opera-
tion of the instrument may be found in Compston et
al. (1984), Williams and Clagesson (1987), and Stern
(1997). An ~ 25-um diameter shallow hole was
etched on a portion of each polished zircon grain by
afocused 25 KV O, beam during mass analysis of
the ionized material. Ceylon gem zircon SL13 was
used as the standard (Compston and Williams, 1992;
Roddick and van Breemen, 1994). The SHRIMP
results are given in Table 10 and plotted on a
concordia diagram in Fig. 6.

Table 10

M.A. Lanphere, H. Baadsgaard / Chemical Geology 175 (2001) 653-671

The pink well-rounded zircons are very variable
in age, and it is possible that the “pink” zircons are
from a source that was variably reset in a later
metamorphism around 1400 Ma. They were then
incorporated into the FCT when it formed and al-
tered to their present shape. Unless they are removed
from the samples, the variability in age of pink
contaminant zircon grains makes the establishment
of areliable discordia line very difficult. Fortunately,
these colored grains are very easy to recognize and
they can be picked from alarger FCT zircon popula-
tion using a binocular microscope.

4.3.2. SHRIMP analyses on “ pale” zrcons

To document sources of older radiogenic lead
other than the “pink” zircon xenocrysts, a number of
non-amber or “pale” zircons were again picked; and
62 zircons from this subset (called FCTL) were
mounted, polished for SHRIMP analysis and sub-
jected to cathodoluminescence scanning. From the
62 zircons, some 23 zircons were analyzed with Nos.
2, 7 and 14 analyzed at two sites and No. 13 at three
sites. In some cases, the SHRIMP analysis site was

FCT U /Pb SHRIMP analyses of selected Precambrian “pink” and “pale” zircons. Correction for common lead made using the 204-method.

All errors are + 1o

Sample U(pm  Th P’ 206,204 4py  D6pypy /28y 27py /2% D7pp /2% pp
(ppm) (ppm) measurement (ppb) age (Ma)
“Pink ” well-rounded zircons
FCTH-1.1 212 229 80 4009 14 0.3105 + 0.0048 4.627 + 0.093 1767 + 20
FCTH-2.1 489 31 210 5726 30 0.4153 + 0.0054 8.154 + 0.119 2257+ 9
FCTH-2.2 190 11 78 4387 16 0.4168 + 0.0086 8.641 + 0.198 2350 + 13
FCTH-3.1 206 65 69 5155 11 0.3224 + 0.0048 4.965 + 0.089 1827 + 15
FCTH-4.1 101 54 42 5422 6 0.3716 + 0.0096 6.672 + 0.226 2101+ 34
FCTH-5.1 103 44 45 2535 14 0.3996 + 0.0075 8.239 + 0.188 2341+ 19
FCTH-6.1 260 91 83 5145 13 0.3069 + 0.0044 4.668 + 0.081 1805 + 15
FCTH-7.1 820 4 253 15,092 15 0.3224 + 0.0039 5.017 + 0.071 1846 + 11
FCTH-8.1 424 152 136 10,907 10 0.3073 + 0.0042 4.600 + 0.076 1775+ 14
FCTL-3.1 50 24 18 2242 6 0.3344 + 0.0083 5.437 + 0.183 1916 + 36
Euhedral zirconsin “pale” sample
FCTL-7.1 238 107 56 6926 7 0.2228 + 0.0041 2.839 + 0.067 1476 + 25
FCTL-7.2 278 225 78 6572 9 0.2431 + 0.0037 3.064 + 0.058 1455 + 18
FCTL-13.1 2316 65 517 55,191 8 0.2361 + 0.0042 2.967 + 0.072 1450 + 27
FCTL-13.2 1838 111 392 36,139 10 0.2255 + 0.0030 2.822 + 0.050 1442 + 19
FCTL-13.3 1472 121 282 30,921 8 0.2021 + 0.0027 2.530 + 0.045 1442 + 19
FCTI-18.1 1185 124 361 100,000 3 0.3117 + 0.0035 4.541 + 0.059 1725+ 13

Pb" is radiogenic Pb.
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Fig. 6. Concordia plot of SHRIMP analyses yielding Precambrian ages from “pink” and “pal€” samples.

chosen to impinge on an inclusion reveded by scope (see Fig. 7). The results are given in Table 11
cathodoluminescence scanning on an electron micro- (the “pale” FCTL Precambrian zircons are also listed

x1508 pB1a

Fig. 7. Cathodoluminescence scans on selected “pale” FCT zircons subjected to SHRIMP analysis. The ring outlines the area of the
ionization site. Spot 9-1 is an inclusion with mostly common lead, 18-1 is a Precambrian zircon, 2-2 is an overgrowth ring, while 2-1 is an
inherited core on zircon grain 2, 11-1 and 1-1 are small areas containing above-average common lead, and 10-1 appears to be a concordant
Cretaceous zircon core.
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Table 11
SHRIMP analytical results on FCT “pale” (FCTL) zircons

M.A. Lanphere, H. Baadsgaard / Chemical Geology 175 (2001) 653-671

Site U Th Pb" 206,204 Wipy  206ph /28y + 10 7P/ PU + 10 7P/ PPh+ 10 B8U/ 2°Ph + 1o
(ppm)  (ppm) (ppm) measurement (ppb)  (204-corrected) (204-corrected) (uncorrected) (uncorrected)
11 358 241 115 12 0.00391 + 0.00018 0.00934 + 0.0112 0.1512 + 0.0066 214+ 8
21 2387 431 21 1352 14 0.00896 + 0.00017 0.09406 + 0.0066 0.0867 + 0.0024 110+ 2
22 701 374 3 680 4 0.00441 + 0.00013 0.02413 + 0.0129 0.0521 + 0.0019 221+ 4
31 50 24 18 2242 6 0.33444 + 0.00826 5.43369 + 0.1825 00.1234 + 0.0020 2.97 + 0.07
41 554 277 2 342 6 0.00426 + 0.00011 0.02636 + 0.0055 0.0882 + 0.0043 222+5
51 834 1295 5 781 4 0.00463 + 0.00009 0.03339 + 0.0034 0.0711 + 0.0029 211+ 4
6.1 667 310 3 333 8 0.00433 + 0.00012 0.03599 + 0.0089 0.0854 + 0.0036 207 +5
71 238 107 56 6926 7 0.22281 + 0.00405 2.83885 + 0.0673 0.0944 + 0.0012 4.48+0.08
72 278 225 78 6572 9 0.24305 + 0.0037 3.06374 + 0.0584 0.09355 + 0.0008  4.10 + 0.06
91 932 695 3 19 2524  0.00674 + 0.0013% 0.20961 + 0.0656% 0.7725+ 0.0114 151+ 04
10.1 1535 1719 21 2615 3 0.0111 + 0.00012 0.07515+ 0.0045* 0.0522 4+ 0.0012 89.6+ 1.1
111 178 110 1 58 8 0.00431 + 0.00019 0.04606 + 0.0139 0.2183 + 0.0133 189+ 7
121 952 1048 6 1081 4 0.00464 + 0.00011 0.05738 + 0.0081 0.0972 + 0.0068 210+ 4
131 2316 65 517 55,191 8 0.23605+ 0.0422 2.96740 + 0720 0.09143 + 0.0013  4.24+ 0.08
13.2 1838 111 392 36,139 10 0.22549 + 0.00299 2.82225+ 0.0495 0.09116 + 0.0009  4.43 + 0.06
13.3 1472 121 282 30,921 8 0.20214 + 0.00274 2.52985 + 0.0449 0.09122 + 0.0009  4.94 + 0.06
141 419 328 2 201 9 0.00443 + 0.00017 0.01637 + 0.0094  0.1023 + 0.0076 204+ 7
142 324 222 2 299 4 0.00450 + 0.00010 0.02887 + 0.0038 0.0694 + 0.0034 216 +5
151 196 58 1 180 4 0.00424 + 0.00044 0.02013 + 0.0468 0.1176 + 0.0070 212+5
16.1 512 253 3 2275 1 0.00462 + 0.00009 0.03504 + 0.0062 0.0614 + 0.0023 215+ 4
171 454 216 2 631 3 0.00433+ 0.00010 0.02812 + 0.0094  0.0704 + 0.022 225+ 4
18.1 1185 124 361 10° 3 031172+ 0.0035 4.54123 + 0.0587 0.1058 + 0.0006  3.21 + 0.04
191 511 247 2 864 2 0.00455 + 0.00015 0.03138 + 0.0147 0.0654 + 0.0021 217+ 4
201 610 297 3 4529 1 0.00465 + 0.00008 0.03829 + 0.0035 0.0629 + 0.0018 214+ 4
211 464 197 2 786 2 0.00433+ 0.00017 0.03797 + 0.0180 0.0744 + 0.0053 222+ 6
221 441 214 2 1153 2 0.00450 + 0.00016 0.03333 + 0.0164 0.0664 + 0.0029 219+ 4
231 303 123 1 213 5 0.00414 + 0.00012 0.01977 + 0.0058 0.0818 + 0.0040 226+ 5

Pb" is radiogenic lead.
4208-corrected.

in Table 10), and the data obtained for the Precam-
brian whole zircons plotted in Fig. 6, together with
that for the “pink” zircons. These “pale” Precam-
brian zircons were not recognized as older whole
zircons until the SHRIMP analyses, and apparently,
result from an igneous event at about 1450 Ma.

To evauate the type of contaminant lead, earlier
TIMS and SHRIMP results on selected “pale” FCT
zircons are plotted on a Tera—Wasserburg plot (Tera
and Wasserburg, 1972) in Fig. 8a and b. In the
full-scale T-W plot (Fig. 8a), the Precambrian zir-
con grains 3, 7, 13 and 18 may be recognized.
Reference lines are drawn from the 27.5 Ma concor-
dia point to that for the FCT feldspar Pb data, and
also, for the 18-1 Precambrian contaminant grain
data. The inclusion in site 9.1, while containing
substantial uranium, has a large amount of common

lead, which dominates the isotopic composition of
the lead. The inclusion in site 2.1 contains Precam-
brian contaminant radiogenic lead, whereas the in-
clusion in site 10.1 appears to be a concordant Late
Cretaceous zircon. Sites 1.1 and 11.1 are contami-
nated by common lead. The TIMS sample called the
“pale” zircons is very discordant and contains a
substantial older radiogenic lead component. This is
not surprising in view of the fact that four euhedral
Precambrian zircons were found in only 23 zircons
examined by SHRIMP analysis in the second selec-
tion of “pale” zircons. In the expanded T-W plot in
Fig. 8b are SHRIMP sample sites that do not encom-
pass any noticeable inclusions (as seen on pho-
tographs obtained by cathodoluminescence or on the
optical microscope). The SHRIMP sample data,
ranging between the feldspar lead and radiogenic
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lead limits, seem more to be distributed toward the zircons (McLaren et al., 1993). A single zircon may

common lead contamination limit, while the TIMS consist of severa growth phases, whose ages may be
samples show more contamination by old radiogenic related to distinct petrologic events (Sergeev et al.,
lead. This is a result of the sampling and mode of 1995). In the FCT zircons, the inclusions tend to be
analysis, wherein the TIMS samples are al multi- grouped in definite growth planes. Zoning in zircons
grain samples, while the SHRIMP samples are thin gives rise to wide variations in the incorporation of
25-pm diameter discs taken from an internal portion contaminant elements in zircon (Koppel and Griinen-

of single zircons in the clearest part of the polished felder, 1971; Sommerauer, 1974; Clark et a., 1979;
grain. If the more concordant SHRIMP FCTL data Pidgeon, 1992; Nasdala et al., 1995). Variation in

(those shown in Fig. 8b) are subjected to regression contaminant P,O; is particularly important, because
(Ludwig, 1991) through the common Pb point for it can lead to large differences in the uptake of

FCT feldspar, amodel 1 lower concordia intersection common Pb (Watson et al., 1997). Inherited cores in
is obtained at 28.7 + 0.6 Ma (20 for the °Pb /2*U zircons may also show differencesin style of zoning,
age. This age does not overlap with the 27.55 + 0.16 composition and age compared to their host zircon,
Ma (20 ) normal concordia (lower-intersection) age and this often reveals they have not undergone sig-
given in Fig. 5h. nificant chemical interaction with either their host
zircon or host magmatic melt (Paterson et a., 1992).
The problems of secondary loss of radiogenic lead

5. Discussion . . L
and/or inheritance of older xenocrystic zircon may

The least contaminated zircon samples are osten- be avoided if it is possible to analyze only pristine
sibly those for the most concordant SHRIMP analy- igneous zircon unaffected by Pb loss or inheritance
ses. However, much attention has been and is being of older zircon (Williams, 1992). For Mesozoic—
focused on studies of the internal microstructure of Cenozoic samples (McClelland and Mattinson, 1996),

zircon in an effort to resolve some of the difficulties this is difficult to do precisely by SHRIMP or other
encountered even in the precise dating of single microanalytical techniques, such as air abrasion
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(Krogh, 1982) and analysis of individua zircon frag-
ments (Steiger et al., 1993). Mattinson (1994) de-
vised a step-wise zircon dissolution procedure, which
preferentially removes outer zircon layers susceptible
to lead loss, as well as core regions containing
inherited zircon and leaves a residue large enough
for precise U—Pb analysis.

The discordance shown by most of the FCT zir-
con samples can be ascribed to contamination by
exotic grains of Precambrian zircons, but the
SHRIMP analyses (corrected for common lead via
the “*Pb isotope) still show discordance for many
zircon areas, which do not have evident inclusions. It
is possible that older occluded zircon grains are
present down to very small grain sizes. Photomicro-
graphs from a typical population of FCT zircons are
shown in Figs. 9 and 10. The abundance of inclu-
sions is evident, as well as the fact that many of the
inclusions are very small. At high magnification
(Fig. 10), it may be seen that some of the inclusions
have smaller inclusions of their own. Most of these
inclusions are not old zircon. However, simple com-
putation shows that the proportion of older contami-
nant Precambrian zircon (such as that in sample
18.1) in a younger FCT zircon needs only to be one
part in 1500—-2500 to account for the apparent con-

m_

Fig. 9. A typical population of FCT zircons at 90 X magnification. Zircon B is a well-rounded “pink” Precambrian zircon. Zircon A is
further magnified in Fig. 10.

taminant radiogenic lead in many of the SHRIMP
samples. A single such contaminant zircon particle is
not visible even at the magnification shown in Fig.
10, and there could be a number of yet smaller
contaminant zircon particles, which interfere even in
SHRIMP analyses.

The FCT zircon discordia line for the microbomb
25ph-spiked samples runs to the right of the ~ 1450
Ma grouping of euhedral “pale” zircons (see Fig. 6).
A “mean contaminant lead” point probably exists
between 1450 and 1725 Ma, the range of the euhe-
dral contaminant zircons. Using 1450 and 1725 Ma
as upper limits on a discordia line through each of
these points and the average data for the *°>Pb-spiked
microbomb analyses, one obtains lower intercepts of
27.36 and 28.05 Ma, respectively. The upper inter-
cept of 1527 Ma on the FCT discordialine in Fig. 5b
represents an average contamination with old radio-
genic lead. In view of the variability of the docu-
mented Precambrian isotope lead contamination, the
best zircon U /Pb age to be derived from the TIMS
data is from a discordia line, which omits the very
discordant samples. All the TIMS zircon data with
27pp /3%y < 0.4 yield a discordia line with a lower
concordia intercept of 27.52 + 0.09 Ma (2¢). This
lower concordia intercept age depends mostly on the
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Fig. 10. FCT zircon A from Fig. 9 at about 560 X magnification.

less-contaminated samples, but it is susceptible to
errors in tracer calibration, since no standard zircon
samples were available for comparison analyses. This
age is the best that can be done with the usual
discordia treatment of the U /Pb data of this study,
but is relatively unsatisfactory for a standard zircon
sample, which, ideally should be demonstrably ho-
mogeneous and concordant. The Tera—Wasserburg
discordia—concordia intercept shown in Fig. 8b (28.7
+ 0.6 Ma) for the SHRIMP analyses of the more
concordant FCTL samples could perhaps be the most
acceptable result, since it is measured against a
carefully checked standard zircon (SL13) and on
apparently inclusion-free areas of zircon. This result
also compares favorably with a ®Pb /**®U-value of
2841+ 0.05 Ma (20) by Oberli et al. (1990) for
carefully selected single zircons from the FCT. How-
ever, The SHRIMP result is obtained on a selected
population of zircons that could be petrologicaly
different from the much more abundant “amber”
zircons. The large ash-flow sheets of the central San
Juan Mountains erupted over an interval of 3-4
millions years (Lipman et al., 1970), with the FCT
approximately in the middle of this range. Contami-
nation of FCT zircon with zircon from earlier erup-
tions or from earlier-formed zircon left in the sub-
caldera, upper crustal magma chamber is possible,

and Pb and Sr isotopic data indicate significant
contamination by upper crustal rocks (Lipman et al.,
1978). Thus, we believe the TIMS result of 27.52 +
0.09 Ma is the best U-Pb age obtainable from the
presented data.

6. Summary and conclusions

The ages measured on minerals from the FCT
using the K—Ar, Rb—Sr, and U-Pb decay schemes
are in good agreement and give the following:

K—Ar and “Ar / *Ar total fusion: 27.57 + 0.36 Ma

“Ar /*Ar plateau and isochron: 2757 + 0.18 Ma
Rb-Sr biotite—feldspar isochron:  27.44 + 0.16 Ma
U-Pb zircon discordia: 27.52 + 0.09 Ma

The Rb—Sr FCT “biotite” analyses have been
checked with standards and calibrated vs. NBS SRM
607 K-feldspar, and the “best” age of 27.44 + 0.16
Ma seems to rest on a more solid reference basis
than the zircon age. Although the biotite is aso
contaminated with inclusions, it appears that these
inclusions do not yield significant amounts of extra-
neous radiogenic strontium, and the biotite data move
along the isochron with increasing sample purifica
tion.
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The K-Ar and “Ar/*Ar data on various FCT
minerals yield reasonably coherent ages. K—Ar bi-
otite and hornblende ages are calculated directly
from measured concentrations of K and Ar and do
not depend on the age of a reference standard. The
mean K—Ar age of 27.54 4+ 0.27 Ma compares very
well with the Rb—Sr age. Recent K—Ar measure-
ments on FCT biotite in the Geological Survey of
Japan laboratories have yielded ages of 27.5+ 0.2
Ma for Ar measured by isotope dilution, and 27.4 +
0.2 Mafor Ar measured by an “unspiked sensitivity
method” (K. Uto, written communication, 1998).

The overall assessment of the ages measured us-
ing three independent decay schemes, K—Ar, Rb—Sr
and U-Pb, suggests that the best age for FCT is
2751 Ma and that al three dating methods yield
comparable results.
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