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Abstract

Zeitler, P.K., 1987. Argon diffusion in partially outgassed alkali feldspars: Insights from “Ar/*Ar analysis. Chen.
Geol. (Isot. Geosci. Sect.), 65: 167-181.

Two microclines showing saddle-shaped “Ar/**Ar age spectra, a rapidly cooled orthoclase, and a sanidine from the

Fish Canyon Tuff (Colorado, U.8.A.) were subjected to laboratory degassing in an attempt to better understand Ar e
diffusion systematics in alkali feldspars. The microclines and orthoclase show age spectra that confirm that these
samples, and probably most alkali feldspars, comprise diffusion domains of widely varying grain size (greater than a
factor of 10). The sanidine shows an age spectrum consistent with the range of grain sizes found in the dated mineral
separate. Activation energies derived from the ®Ar release are correlated with intensity of outgassing as well as initial
structural state. Despite evidence that much of the excess “°Ar contained in the microclines is situated near grain
boundaries, dry degassing, even at 800°C, has little effect on this component. However, hydrothermal treatment at
400°C facilitates significant loss of this excess “Ar, providing evidence that it is sited in anion vacancies. The fact
that most alkali feldspars are likely to comprise a range of effective grain sizes for diffusion has important implications
for the interpretation of age spectra, and will complicate the derivation of diffusion parameters ffom “Ar released
during step-heating.

heating method to alkali feldspars degassed
under controlled conditions in the laboratory,
had two aims: (1) an assessment of how well
theoretical models describe Ar diffusion in real
feldspars; and (2) an examination of how epi-
sodic heating affects samples originally show-
ing saddle-shaped age spectra.

1. Introduction

“Ar/*Ar analysis of alkali feldspar is prov-
ing to be a very helpful means of deciphering
low-temperature thermal histories (Harrison
et al., 1986; Harrison and Bé, 1983). There is
now substantial evidence that alkali feldspars
reliably record their thermal history, certainly
in terms of bulk ‘“°Ar loss and age of thermal
disturbance. What remains to be explored is
how well age spectra obtained from alkali feld-
spars record nuances in thermal history. To this
end, I report results from an ongoing study of

2. Analytical procedures
2.1. Samples

Details about three of the four alkali feld-

Ar diffusion in alkali feldspars. This work,
involving application of the “Ar/*Ar step-
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spars discussed below (83-44, 83-46 and 81-5 76 )
may be found in Zeitler and Fitz Gerald (1986).
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Two of these samples (83-44 and 83-46 ) show
markedly saddle-shaped age spectra as a result
of incorporating excess “°Ar. Transmission
electron microscopy (TEM) examination of
these samples reveals numerous textures and
microstructures. Based on these observations,
Zeitler and Fitz Gerald (1986) estimated that
both samples 83-44 and 83-46 might have effec-
tive grain sizes for diffusion on the order of sev-
eral micrometers, well under the physical grain
sizes of the separates (180-250 and 210-250
um). In addition, effective grain sizes vary by a
factor of 10 or more, depending on which micro-
structures are considered to contribute to
enhanced rates of diffusion. In both samples,
most of the feldspar is maximum microcline,
with minor amounts of albite. In sample 83-46,
domains of orthoclase also are present.

Sample 81-576 shows nearly a flat age spec-
trum, reflecting rapid cooling at ~60°C Ma—".
Using X-ray powder diffraction, the sample
appears to be orthoclase. The fourth feldspar
(Fish Canyon, Colorado, U.S.A.) is a sanidine
extracted from a welded ash-flow tuff 27.8 Ma
in age (Steven et al.,, 1967). Its “°Ar/*®Ar age
spectrum shows a plateau (J. Sutter, pers. com-
mun., 1985), consistent with concordant 28-Ma
apatite and zircon fission-track dates (Naeser
et al., 1981) which indicate that the Fish Can-
yon '1 uff has remained well below 100°C since
deposition.

2.2. Heating

Foland (1974) found no significant differ-
ence in Ar diffusion between aliquots of a struc-
turally homogeneous orthoclase degassed in air,
under vacuum, or under water pressure. Hence,
for convenience and practicality, this study’s
samples were degassed in several ways. All high-
temperature degassing (700°C for 20 hr. and
800°C for 23.5 hr.) was done in quartz tubes
left open to the atmosphere. The tubes were
placed on a ceramic block inside a pre-heated
muffle furnace, in which temperature was con-
trolled with a precision of +5°C. Temperature

was measured with a thermocouple placed in
close prox;mzty to the quartz tubes, and the
measured temperatures are probabiy accurate
to within +30°C.

The low-temperature degassmg (400°C) of
samples 83-46 and 83-44 was performed in
evacuated glass break-seals. Three break-seals
were tied together and hung in the center of a
tube furnace, with a thermocouple inserted
between the three samples. Over the duration
of the experiment (1466 hr.), temperature was
maintained to +=5°C, and the accuracy of the
measured temperature is probably +30°C. Fol-
lowing the experiment, the gas evolved into each
break-seal during heating was spiked and ana-
lyzed as a cross-check on the fraction of Ar lost
from the sample. In all three cases, the evolved
gas was highly radiogenic, and agreed in quan-
tity with the amount lost from the samples.

One aliquot of sample 83-44 was degassed at
400°C for 960 hr at 1 kbar water pressure. About
0.6 g of sample was sealed with 40 mg of dis-
tilled water in a gold capsule. Temperature in
the cold-seal bomb was measured with a ther-
mocouple inserted into the side of the bomb.
Over the course of the experiment, temperature
varied by £5°C, and was probably measured
with an accuracy of +30°C. Some comminu-
tion of sample did occur, but no sign of altera-
tion was noted. Before neutron irradiation, fine
material was washed away from the sample to
minimize the possibility of recoil effects asso-
ciated with very small grain sizes.

2.3. “Ar/*Ar analysis

An extraction system new to A.N.U. was used
for the analysis of all samples, and a brief sum-
mary is provided here. A modified version of the
double-vacuum  resistance-heated furnace
described by Staudacher et al. (1978) and Har-
rison and Fitz Gerald (1986) is used to heat
samples. Temperature is maintained by a tem-
perature controller-thyristor which holds tem-
perature fluctuations to within +1°C.




Preliminary calibration of the crucible suggests
that the measured temperature is accurate to
within +=10°C. Gas cleanup is achieved by
simultaneous operation of two SAES ® getter
pumps at 20° and 400°C, with the tantalum
crucible tube also contributing somewhat to
gettering. Blank levels of °Ar during analysis
were < 3.5-107'* mol for temperatures of
<1200°C, and ~ 10~ '* mol at higher tempera-
tures; all blanks had a *°Ar/?®Ar ratio indistin-
guishable from that of air. Routine throughput
18 one gas fraction every 40 min., with 12 min.
being the effective time spent at temperature
for each extraction step.

The purified gas extracted from each sample
was analyzed on a VG Isotopes® MM7200B
mass spectrometer, operated at 2 kV acceler-
ating potential and 105-uA trap current. Sen-
sitivity of the instrument using the Faraday cup
is very stable at 3.5-107' mol mV ' (10''-Q
resistor), and constant over the range of sam-
ple sizes analyzed in this study. Apparent
“Ar/*Ar ages were calculated using the con-
stants recommended by Steiger and Jiger
(1977).

Due to delays in commissioning the new Ar-
extraction system, considerable time elapsed
between irradiation of the samples and their
analysis. Consequently, no *’Ar was detected,
and corrections for Ca-derived nucleogenic
interferences could not be made. However, pre-
vious analyses of the material used in this study
show that these corrections are negligible, and
that virtually all *Ar is K-derived and all *®Ar
is atmospheric in origin.

In obtaining diffusion parameters from *Ar
release, spherical geometry was assumed, for
reasons given by Zeitler and Fitz Gerald (1986).
The equations given by Fechtig and Kalbitzer
(1966) were used, and diffusion parameters
were obtained using the regression of York
(1969). Uncertainties on the cumulative *°Ar
release were conservatively estimated to be on
the order of +10% or less, yielding uncertain-
tiesin D/a® of ~20-40%.
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3. Results

Table T lists all *“Ar/*®Ar analytical data
[analytical data for the untreated aliquots of
samples 83-44, 83-46 and 81-578 may be found
in Zeitler and Fitz Gerald (1986) ). Fig. 1 shows
the age spectra for degassed aliquots of samples
81-576 and Fish Canyon, along with several
theoretical models and the age spectra of the
untreated samples. Figs. 2 and 3 show the age
spectra of untreated and degassed aliquots of
samples 83-44 and 83-46, along with several
intercomparisons of the spectra.

3.1. Samples not showing saddle-shaped age
spectra

The degassed aliquots of Fish Canyon sani-
dine and 81-576 orthoclase show age spectra
that are broadly consistent with major and
recent Ar loss (Fig. 1). Both samples attain zero
apparent age over the first few percent of Ay
release, and then rise to ages which are close to
those found in the untreated sample. Both sam-
ples lost ~40% of their radiogenic Ar {(“Ar*),
with the sanidine demonstrating substantially
greater Ar retentivity, as it was degassed for 3.5
hr. longer and at temperature 100°C higher than
that of 81-576 orthoclase. In detail, the spectra
do not agree with model age spectra (Turner,
1968) calculated for 40% episodic Ar loss from
homogeneous populations of spheres or slabs
(Fig. 1). In particular, the observed age spectra
do not show as much upward convexity as pre-
dicted by the models, nor do they show lowered
ages at high **Ar loss.

3.2. Samples showing saddle-shaped age
spectra

A substantial fraction of the Ar contained in
samples 83-44 and 83-46 is excess “’Ar which is
released at very low and at high extraction tem-
peratures, yielding saddle-shaped age spectra.
Zeitler and Fitz Gerald (1986) argued that most
of this excess ““Ar is sited in anion vacancies.
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TABLE 1

W Ar/Ar analytical data

Temperature ““Ar CAr Ay Radiogenic **Ar  Cumulative **Ar  Apparent age * 10
{°C) {10 " mol) (10" miol ) (10" " mol) (%) (%) (Ma)
Fish Canyon sanidine, degassed in air at 800°C for 23.5 hr. {0.4242 g; J=0.000742):
500 6,847 102 233 —0.5 0.1 —4.8 89
575 426 307 15 - 2.0 0.3 —~0.4 £0.4
625 379 582 13 —0.9 0.8 -0.1 +03
675 377 1,213 12 54 1.7 0.23+0.15
725 468 2,249 12 23.3 3.8 0.65+0.08
775 783 3,968 12 54.3 7.2 1.43+0.03
825 1,746 6,448 12 78.6 12.6 2.856+0.03
875 4,147 9,260 11 91.8 20.5 5.4810.03
915 7,500 10,380 11 95.5 29.3 9.20 +0.05
950 12,040 11,590 10 974 39.2 13.474+0.07
975 13,260 10,080 10 97.7 47.7 17.1120.09
950 12,660 8,289 9 97.7 54.8 19.68 £ 0.10
1,015 13,680 8,259 9 97.8 61.8 21.54+0.11
1,035 13,490 7,636 10 97.7 68.3 22.95+0.12
1,065 15,330 8,276 11 97.8 75.3 24.09+0.13
1,095 19,340 9,901 11 98.1 83.7 25.45+0.13
1,120 18,850 9,324 10 98.3 91.7 26.38+0.14
1,150 16,100 7,805 11 97.8 98.3 26.79+0.14
1,250 4,955 1,985 26 84.3 100.0 27.94+0.17
1,350 3,646 42 121 1.8 100.0 21+20

81-576 orthocluse, degassed in air at 700°C for 20 hr. (0.3829 g; J = 0.000742):

500 1,840 318 61 2.2 0.3 1.7 X086
600 57 2,349 26 —0.8 2.2 —0.03£0.08
680 781 9,484 22 15.7 9.8 0.17+0.02
716 1,014 12,320 15 53.9 18.3 0.59 1 0.01
745 1,624 11,487 13 74.9 28.3 1.42+0.02
760 1,973 8,592 12 81.4 35.3 2.4910.02
775 2,338 7,298 12 84.1 41.1 3.6010.03
790 2,564 6,333 11 86.5 46.1 4.6810.04
810 2,968 6,023 13 87.0 50.9 572+0.04
830 d.114 5,422 13 87.7 55.2 6.73+0.04
870 4,116 6,184 18 87.1 60.1 77410056
910 4,231 5,460 22 84.3 64.4 8.72£0.05
965 4,947 5,064 41 75.5 68.4 9.86+0.06
1,040 10,510 9,090 110 68.9 75.7 10.6210.08
1,110 13,830 11,480 154 66.9 84.8 10.7610.08
1,150 15,870 11,950 209 60.9 94.2 10.78+0.08
1,275 9,324 6,394 139 55.9 99.3 10.87+0.07
1,340 1,658 840 31 44.8 100.0 11.79 +0.28

83-44 microcline, degassed at 1-kbar water pressure at 400°C for 960 hr. (0.2687 g; J =0.000614):

500 13,050 1,643 338 235 2.1 20.57£60.24
575 5,696 3,485 30 84.5 6.7 15.22+0.09
625 7,822 4,060 16 93.6 12.0 19.86 +0.11
675 9,969 5,035 12 96.3 18.6 20.97+0.11




TABLE I {reontinued )

Temperature Ar Bhy Hpp Radiogenic “®Ar  Cumulative ®Ar  Apparent age tig
€} {10 mol} {107 mol} {10 " mol) (%) {%) {Ma}

83-44 microcline, degassed at 1-kbar water pressure ut 400°C for 960 hr. {0.2687 g; J =0.000614): {cont.)

710 : 9,106 4,544 12 96.1 24.4 21204012
740 8,206 4,052 12 95.5 28.8 21293011
790 10,560 5,089 23 93.4 36.4 21324001
835 16,900 5,022 35 90.4 42.9 21681 0.11
900 13,570 5,820 63 86.2 50.5 22114002
965 18,580 6,376 118 70.4 58.8 23.86+0.12
1,035 20,580 8,503 187 73.1 67.3 25423014
1,085 21,190 5,850 207 71.0 5.0 ZB.0610.15
1,136 36,650 8,983 347 720 86.7 3zastoa7
1,160 28,620 8,026 198 734 97.1 31081017
1,360 6,981 2,201 42 82.1 100.0 28.60+0.17

83-44 mucrocline, degassed in vacuum at 400°C for 1466 hr. {0.3822 g J = 0.000608):

525 4,617 1,068 149 4.5 1.0 2.16+0.18
600 3,491 3,239 10 91.6 4.2 16.80£0.07
636 5,118 3,071 5 97.0 7.3 1164 1£0.10
650 5,500 2,996 5 97.1 10.2 1944 5011
870 6,023 3,165 4 97.8 13.3 20.30+0.11
700 8,416 4,319 6 97.8 1.7 207720011
730 11,820 5,958 8 97.9 236 21181011
155 10,690 5,343 5 984 28.8 2144 £0.11
750 13,150 6,520 6 398.6 35.2 21688 +0.11
830 16,330 7,986 6 98.9 43.2 2199 011
B0 18,920 8,164 7 98.7 51.2 22284 0.11
920 17,570 8,244 7 98.7 59.4 229310.13
§75 16,230 7,201 7 98.6 66.4 24211012
1,045 18,010 7,032 8 98.7 73.5 2749 £0.14
1100 19,870 6,463 8 98.8 799 33.01£0.17
1,140 27,220 7,625 13 98.5 87 38.174£0.20
L170 31,370 9,287 17 98.3 96.5 J6.06 £0.19
1,250 10,300 3,517 8 91.7 100.0 31.09£0.16

83-44 microcline, degassed in air at 700°C for 20 hr. (0.2311 g; J =0.000741):

500 2,213 301 76 -0.9 0.4 ~0.8 0.9

575 411 1,176 14 1.5 2.0 0.07+0.12
625 355 2,443 11 2.8 5.2 0.06£0.06
665 472 3,735 10 4.8 10.0 0.69:1£0.04
675 1,648 3,020 47 16.2 14.0 1.18£0.05
715 1,947 4,731 37 43.8 20.3 2411+0.04
735 2,189 4,312 27 62.8 26.0 4.2640.03
755 2,655 4,109 26 70.1 31.4 6.06+0.05
0 2,935 3.610 24 75.3 36.1 816+ 0.06
790 3,584 3,621 27 77.6 40.9 10.23 £ 0.07
810 4,151 3,513 29 79.1 45.5 12.45+0.09
840 5,070 3,896 26 84.5 50.7 14.64+0.09
870 5,752 3,873 29 84.9 55.7 1878+ 0.09
910 6,864 4,058 35 84.7 61.1 19.04 £0.11
960 8,089 4,324 35 87.2 66.8 21.67+0.12
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TABLE 1 {continued)

Temperature  “Ar SAr SAr Radiogenic “*Ar  Cumulative **Ar  Apparentage * 1o
(°C) (167" mol) (10" mol) {10 % mol) (%) (%) {Ma)

83-44 microcline, degassed in air at 700°C for 20 hr. (0.2311 g; J =0.000741): (cont.}

1,010 8,313 3,695 47 83.2 71.6 24.8410.13
1,080 11,970 4,553 54 86.6 77.6 30.1810.16
1,170 37,880 12,556 114 91.0 94.1 36.32:£0.19
1,270 13,010 4,183 127 L1 99.6 29.35£0.16
1,330 3,339 131 103 8.9 99.8 29.9 +2.0
1,340 3,903 167 118 10.5 100.0 32.5 17

83-44 microcline, degassed in air at 800°C for 23.5 hr. (0.5601 g; JJ =0.000741}:

600 3,971 4,542 135 ~1.1 2.5 ~0.13+0.06
650 531 6,122 17 ~0.2 5.8 0.00+0.03
885 437 8,682 14 1.1 10.5 0.01£002
710 420 9,651 11 14.7 15.8 C O 0.09+001
740 524 11,870 12 27.3 22.3 0.16+0.01
765 177 13,630 12 47.9 29.7 .36 £0.01
790 1,140 12,730 12 67.4 36.6 0.81+001
815 1,773 12,380 11 80.3 43.4 1.54+0.02
850 3,205 13,590 12 87.6 50.8 2.76 +0.02
, 890 5,646 13,820 16 91.1 58.3 4974003
4 950 10,350 13,760 23 93.2 65.9 9.35 +0.05
1,020 16,480 11,830 32 94.1 72.3 17.45+0.09
1,090 25,770 11,580 52 93.9 78.6 27.7 +0.14
1,130 33,960 11,630 77 93.2 84.9 36.02+0.19
1,170 50,818 18,130 110 93.5 94.8 34.71+0.18
1,300 92,410 9,539 49 93.4 99.9 29.12+0.15
1,330 733 171 11 54.5 100.0 31.0 109

83-46 microcline, degassed in vacuum at 400°C for 1466 hr. (0.2807 g; J =0.000638):

400 670 18 23 —-0.38 0.1 —-3.7 68
475 414 92 13 3.8 0.3 19 1.5
525 121 139 3 26.6 0.8 2.7 08
575 442 279 4 73.7 1.6 13.3 *05
625 1,370 484 7 85.6 3.1 276 102
690 5,249 1,357 14 92.1 7.2 404 02
740 4,623 1,967 8 94.7 13.1 25.356+0.15
775 4,615 2,077 7 95.5 19.4 24.1610.14
810 50,750 2,343 1,841 < 0.0 26.4 leak
860 7,336 3,172 11 95.6 36.0 25.17+0.14
900 6,660 2,807 10 95.5 44.5 25.4110.14
940 6,422 2,610 11 95.0 52.4 26.611£0.15
980 7,083 2,541 14 94.0 60.0 29.8310.16
1,020 8,946 2,637 18 94.0 68.0 36.21%0.18
1,060 25,620 4,261 53 93.9 80.9 63.6 £03
1,100 21,810 2,824 41 94.4 89.4 81.7 +04
1,150 23,490 2,989 45 94.3 98.4 93.0 *04
1,300 5,283 538 14 92.1 100.0 100.7 £08

Amounts listed corrected for decay and discrimination. **Ar corrected using {*Ar/*Ar) ¢ =0.027. Line blanks not removed
Samples shielded in 0.2 mm of Cd during irradiation at HIFAR® reactor, Lucas Heights, Sydney, N.S.W. Flux monitor was
GAT550 biotite (K-Ar age =97.8 Ma). Errors in age include error in J of 0.5%. Typical relative precisions for peak-height
extrapolations: > 1.0-10 "2 mol, +0.1% or better; 2.0- 10" '* mol, +3%.
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Fig. 1. “"Ar/" Ar age spectra of samples not containing excess
YA

& Age spectra for untreated and heated aliquots of 87-576
urthoclase. Dotted line shows synthetic age spectram for
population of uniform spheres outgassed by 44%.

b. Age spectra for untreated and heated aliquots of Fish
Canyon sanidine. Dotted line shows synthetic age spec-
trum for population of uniform spheres outgassed by 40%.

Following the earlier work of Harrison and
McDougall (1981) and Claesson and Roddick
(1983), they suggested that such siting could
explain the observed release of most excess ““Ar
at high temperatures, despite its apparent loca-
tion near grain boundaries.

Those aliquots of samples 83-44 and 83-46
degassed under dry conditions show age spectra
that reflect episodic Ar loss, complications
associated with the excess *"Ar aside. Ignoring
for a moment the higher-**Ar-release portions
of their age spectra, samples degassed at suc-
cessively higher temperatures show progres-
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Fig. 2. ““Ar/"Ar age spectra for 83-44 microcline:

a. Age spectra for untreated aliquot, and for split outgassed
under vacuum at 400°C, showing 4% loss of *“*Ar (arrow).
b. Age spectra for untreated aliquot, and for splits out-
gassed in air at 700° and 800°C.

c. Age spectra for untreated aliquot, and split degassed at
1-kbar water pressure, 400°C. The presence of water dur-
ing low-temperature outgassing appears to have facilitated
loss of a **Ar component normally released at high temper-
atures under dry conditions (arrow}.
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Fig. 3. ““Ar/*Ar age spectra for untreated and heated ali-
quots of 83-46 microcline. Note the partial degassing of the
excess-"Ar gradient expressed at low ""Ar release in the
untreated split (arrow).

sively greater amounts of **Ar loss (Fig. 2). At
low *Ar release, their age spectra either achieve
or extrapolate to an apparent age of zero, and
in the case of the aliquots of 83-44 degassed at
higher temperatures, the zero-age portions of
the age spectra extend over 5% or more *Ar
release. Further, for both samples 83-44 and 83-
46, the high ages present at low *Ar release in
the undisturbed samples are missing from the
age spectra of the degassed specimens, proving
that the high ages are due to excess “°Ar, and
not loss of *Ar by recoil. In fact, comparison of
the heated and untreated aliquots of 83-46 (Fig.
3) reveals that much of the *Ar loss in this
sample represents degassing of an Ar-gain pro-
file of the sort proposed by Harrison and
MeDougall (1980,

in contrast to the Ar loss manifested at low
extraction temperatures, dry degassing did not
diminish the amount of excess *"Ar released at
high temperatures { Table [1). Even the 800°C
run, which yielded a 55% loss of total ®Ar, and
which reset ages to nearly zero over the first
30% of ™Ar release, showed only a 6% loss of
““Ar above 75% "Ar release.

The aliquot of sample 83-44 degassed under
water pressure at 400°C stands apart from the
others, as it expresses markedly lowered ages at
high levels of "Ar release. It appears that the
presence of water during prolonged low-tem-
perature heating facilitated partial loss of that

component of excess **Ar found to be resistant
to dry degassing, even at 800°C. At low extrac-
tion temperatures, the sample shows an age
spectrum consistent with minor loss of **Ar*,
with the elevated ages found at the lowest
extraction temperatures possibly indicating
minor recoil loss of **Ar from the separate.

3.3. Diffusion parameters

Table III gives diffusion parameters derived
from the **Ar released during the step-heating
experiments. As is commonly observed in alkali
feldspars, apparent diffusivities obtained at high
temperatures fall increasingly below those that
would be predicted by an ideal Arrhenius rels-
tionship (Fig. 4).In several of the samples, this
seems to occur continuously, even at lower tem-
peratures. Thus, the parameters reported in
Table III are merely estimates, based as they
are on only the few points measured at temper-
atures below 725°C.

It is worth noting, however, that the activa-
tion energies obtained for sample 83-44 are cor-
related with intensity of outgassing. This may
reflect an increase in Si,Al disorder in response
to heating to temperatures of 700°C and above
[Cherry and Trembath (1979) found that Si,Al
disordering began after as little as 12 hr. of dry
heating at 1025°C]. Note that the activation
energies for higher-temperature runs (51.3 and
50.8 kcal.} are close to the value derived for Fish
Canyon sanidine (50.4 kcal.). Further, the split
of sample 83-44 degassed hydrothermally at
4060°C yields the lowest activation energy of all
{34.3 keal. }, perhaps because the presence of
water facilitated complete ordering of all
domains to maximum microcline. If so, the data
presented in Table I11 provide evidence that the
rate of Ar diffusion in alkali feldspars is
dependent on structural state.

4. Discussion
4.1. Age spectrum shape

Grain-size variation can drastically modify
the shape of age spectra. Turner {1968) and



TABLE H
“Ar losses
Sample Hesting conditions™  Bulkloss™  Deficit (%) at MAr release of ®
{%)
> 40% = TH%

Fish Canvon 23.5 hre., BOGC 40

81-576 2 hr,; 700°C 44

83-44 23.5 hr.; BOOC 55

B3-44 20 hr. 700°C 35

83-44 1,466 hr.; 400°C 4

83-44 960  hr; 400°C; 7
wel -

83-46 1,466  hr. 400°C 18

33 G
& {
o -
5 i1
O 7

"All but one sample heated dry, in air or under vacuum {see text). Hydrothermal run at 1 kbar water pressure.

“Losses +two percentage units.

“For samples containing excess “"Ar and showing saddle-shaped age spectra, deficit in **Ar with respect to untreated sample,

over region indicated.

TABLE H1

Diffusion parameters

Sample™ Activation energy’®  In(,/a%) +10™
{keal. +1a}
83-44 {400°C, wet ) {3 34.3£0.2 5.7%+24
83-44 (400°C, dry} {6} 43.6+1.7 96+1.9
83-44 {700°0) {83 513118 13.6+1.8
83.44 {800°C) {4} 50.8+33 1284356
83-46 {400°C, dry} {6} 41.7%1.1 T24+1.2
81-576 (700°C) (4} 63.9+4.8 201+2.4
Fish Canyon {800°C) {8}y 50.4%089 9.6+09

“Velue in brackets gives number of points in regression.

“Diffusion parameters based on regression of all data obtained at 725°C and below, assuming a homogeneous population of
spheres, and an extraction duration of 12 min. per step. Results for Fish Canyon calculated from data obtained at 875°C and

helow.

more recently Gillespie et al. {1982) have shown
that under conditions of episodic heating, a
range in grain sizes yields very different age
specira than does a homogeneous population,
particularly at high levels of outgassing (Fig.
5). Many workers have suggested that the
effective grain size for diffusion in alkali feld-
spars is controlled by microstructures, and will
thus be smaller than the physical grain size of
themineral separate. Foland (1974 ) pointed out
that as a result of microstructural control,

effective grain sizes on the order of 1-10 um are
probably common in perthitic alkali feldspars,
and TEM examination indeed reveals domains
of this size to be common in alkali feldspars
{e.g., Parsons and Brown, 1983; Zeitler and Fitz
Gerald, 1986). However, as many fine-scale
exsolution lamellae are often considered to be
coherent of semicoherent, it is not clear to what
extent they actually serve to define effective
diffusion dimension.

Model age spectra which take grain-size vari-
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Fig. 4. Arrhenius plot derived from the “Ar released by the
samples during step-heating. Symbols: crosses =Fish Can-
yon; triangles =81-576 (700°C); squares =83-46 (400°C);
circles=83-44 (700°C); open stars=83-44 (800°C);
asterisks =83-44 (400°Cy; solid stars=83-44 (400°C, 1
kbhar wet ).

ation into account (Fig. 6) are in far better
agreement with the age spectra of samples 81-
576 and Fish Canyon than those models based
on uniform populations of spheres or slabs ( Fig.
1}. For Fish Canyon, the mismatch in ages at

Apparent Age (Ma)
43

GO 0.2 04 Gé o8 1.0

Fraction “%Ar Released
Fig. 5. Synthetic age spectra for recent episodic loss from
populations of spheres, obtained using methed of Turner
(1968}, Values given are percent “Ar loss Dotted
curves=single grain size; sofid curves=10 grain sizes
equally weighted by volume, largest size 10 smallest size.
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Fig. 6. a. Age spectrum for degassed split of 81-576 orthe-
clase, and synthetic age spectrum (dotied line) for 44%
WAr loss, assuming two grain sizes different by a faetor of
10, and equally weighted by volume.

b. Age spectrum for degassed split of Fish Canyon sanidine,
and synthetic age spectrum {dotted line) for 40% " Arloss,
assuming physical grain size distribution found in the dated
separate.

high "Ar release probably signifies that a com-
ponent of large grains was omitted from the
model. For both samples, minor shifts in the
relative weighting of each size fraction could be
used to force better fits. Because Fish Canyon
sanidine was assumed to be a homogeneous
feldspar, the grain-size distribution of the dated
mineral separate was used for modelling. For
sample 81-576, two grain sizes differing by a
factor of 10 were used, each size being weighted
equally by volume,

One can make a simple himiting calculation
to determine the magnitude of the grain-size
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variation found within sample 87-576. From
esamination of the sample’s age spectrum
{Table I; Fig. 1}, it appears that the smallest
domains were outgassed by at least 85% and the
largest domains by no more than 5%. For
spheres, these levels of outgassing correspond
to Dtfa®-values of 0.253 and 2.18-107%, respec-
tively. If the difference in these values isentirely
attributable to grain radius, the two grain sizes
would need to differ by only a factor of ~35
Such a variation in grain size is quite plausible,
given that the physical grain size of 81-576 alkali
feldspar ranged between 124 and 178 ym, and
that numerous potential diffusion domains on
the order of 1 gom or smaller in size are com-
monly observed in alkali feldspars {e.g., Par-
sons and Brown, 1983; Zeitler and Fitz Gerald,
1986 .

Although no attempt was made to model the
samples containing excess *Ar, it is apparent
from Fig. 2 that the more heavily outgassed ali-
quots show concave-upward age spectra attrib-
utable to a range in grain sizes. Further, the
basalt-entrained granite xenoliths analvzed by
Gillespie et al. (1983, 1984 } show similar con-
cave- upwaré bmﬁm agam ﬁﬂggesimw ;:hat

microstructures in alkali feldspar, it seems
inevitable that with the exception of some high-
temperature feldspars, each grain in a typical
alkali feldspar separate will comprise several
diffusion domains of varving sizes. This leads
to several observations on the interpretation of
WAr/*Ar systematics in alkali feldspars.

First, given the high probability that the
grain-size distribution within any feldspar
specimen will be unique, rigorous extraction of
useful thermochronometric information from
the fine structure of *Ar/*Ar age spectra will
be unlikely, for the influence of grain-size dis-
tribution will far outweigh that of subtle vari-
ations in thermal history {[compare the
theoretical age spectra shown in Fig. 5 with the
age spectra predicted by Harrison (1983} for
multiple episodic events]. As more data are
accumulated for alkali feldspars, it might

become possible to generalize about grain-size
distributions, but at present the only option
available is exhaustive TEM characterization
of effective grain sizes for a representative suite
of grains,

Some benefits do accrue from the fact that
most aikah ieidapaz’s w;ii mm;}rwe a yaﬁge in
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Fig. 7. Synthetic and measured age spectra for slow cooling.
Top curve (bold) age spectrum of alkali feldspar from the
northwestern Himalaya, cooled at ~ 15°C Ma ™" (Zeitler,
1985). Center curve = synthetic age spectrum for a homo-
geneocus population of spheres undergoing slow cooling at
15°C Ma~'. Bottom curve=synthetic age spectrum for
population of spheres undergoing slow cooling at 15°C Ma ™'
{parameters as for Fig. 5).

which rise with upward convexity to a plateau
(Harrison and McDougall, 1982; Dodson, 1982;
Zeitler, 1985}. In contrast, alkali feldspars con-
taining a range of grain sizes show age spectra
marked by a rather linear increase in age, which
never achieves a plateau (Fig. 7).

Finally, the presence of a range of grain sizes
within most alkali feldspars will complicate the
extraction of diffusion information from them
(Fechtiget al., 1963 ). One can think of Arrhen-
jus plots derived from such samples as repre-
senting the weighted average of a series of
parallel lines, one for each grain size. At low
temperatures, no grain-size Treservoirs are
depleted, and small grains dominate the release
of gas, explaining the good linear arrays often
observed at temperatures below 800°C. As each
grain-size reservoir is exhausted during step-
heating, the next larger one will dominate the
gas release. Overall, a curved pattern will result,
and such curved Arrhenius relationships are
nearly ubiquitous for all but high-temperature
feldspars. This deviation from linearity has
often been ascribed to structural changes dur-
ing the diffusion experiment, such as disorder-

ing or homogenization of exsolution lamellae,
However, although structural changes all work
towards lower-than-expected diffusivities at
high temperatures, most of the non-linearity
commonly displayed by alkali feldspars can be
completely accounted for by a relatively narrow
range in grain size (Fig. 8a).

The activation energy derived from the low-
temperature linear portion of such an Arrhen.
ius plot will be close to correct, but the fre-
quency factor will be applicable only to
relatively small Ar losses. If geologic outgassing
is sufficient to deplete the smallest grains of Ar,
then the heating conditions responsible for the
observed loss will not be successfully predicted
using the diffusion parameters derived from
only the lowest-temperature extraction steps.
The extent to which this effect is significant will
depend on the range in grain size, and the vol-
ume fraction of each size. Samples with
extremely wide ranges in grain size, or a rela-
tively small volume fraction of small diffusion
domains, will yield very poorly aligned Arrhen-
ius relationships applicable to a narrow range
of Ar losses. Samples marked by a limited range
of grain sizes, for example, a sanidine, will yield
very good alignments applicable to relatively
broad range of Ar losses. In general, the diffu-
sion parameters derived from the lower-tem-
perature steps can be applied to geologic heating
events which have integrated Dt/a®-values
below that at which the laboratory-derived
Arrhenius relationship deviates from linearity.

An interesting and perhaps counter-intuitive
consequence of grain-size variation is that in
order to maximize the diffusion information
obtained from a sample, that is, to extend the
linear portion of an Arrhenius relationship over
the greatest possible temperature range, it i
important to keep extraction steps as briefasis
consistent with accurate estimation of heating:
step duration (Fig. 8b). The goal is to reach
higher temperatures with as low a cumulative
Dt/a? as possible. Many past studies have used
heating durations of as long as 1 hr. per step.
and such durations would deplete small grain
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Fig. 8. Arrhenius plots derived from simulated step-heating
of samples containing a range in effective grain size for
diffusion:
s Influence of grain-size distribution. Center curve =
parameters as for Fig. 5. Top curve = weighted so that
smallest grains 10 more abundant by volume than largest
grains. Bottom curve = largest grains 10 X more abundant
by volume than smallest grains.
b. Influence of heating duration. Top curve = heating
duration 3 min. per step. Center curve = heating duration
30 min. per step. Bottom eurve = heating duration 300 min.
per step. Heavy dashed line connects location on each curve
of Di/a? =0.05 {equivalent to 61% loss of Ar). Points show
diffusion of PAr from 83-46 (400°C}.

sizes of Ar-containing particles at significantly
lower temperatures than a heating schedule
such as the one used in this study (12 min. at
prescribed temperature) .
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4.3. Siting of excess argon

Saddle-shaped age spectra in feldspars (e.g.,
Figs 2 and 3) have been attributed to the siting
of excess “°Ar in anion vacancies (Harrison and
McDougall, 1981; Claesson and Roddick, 1983).
Zeitler and Fitz Gerald (1986), noting that
oxygen self-diffusion is extremely slow under
dry conditions, suggested that saddle-shaped
spectra are laboratory artifacts. They hypoth-
esized that diffusion of excess ‘“°Ar into anion
vacancies is facilitated under natural condi-
tions by the presence of water, but that its
release in the Ar-extraction system is greatly
inhibited by the dry environment which must
prevail under ultra-high vacuum.

At 400°C, hydrothermal degassing of sample
83-44 was able to induce significant loss of that
excess- ‘°Ar component normally extracted only
at high temperatures, and the observed water-
dependence of diffusivity is strong evidence that
this component is located in anion vacancies.
In feldspars, diffusion of alkalis is basically
insensitive to water pressure, whereas oxygen
diffusion is extremely dependent on the pres-
ence of water, and moderately dependent on
actual water pressure (Yund, 1983). Thus,
detrital alkali feldspars originally showing sad-
dle-shaped age spectra will not compromise the
interpretation, for example, of the age spectra
of samples undergoing reheating under natural
conditions in a sedimentary basin, as prolonged
heating in the presence of water would proba-
bly lead to outgassing of any anion-sited excess
40 Ay Further hydrothermal degassing experi-
ments on other minerals known to show saddle-
shaped age spectra, such as hornblende, would
be of great interest.

5. Conclusions

Laboratory degassing experiments on sev-
eral specimens of alkali feldspar lead to the fol-
lowing conclusions:

{1) The age spectra presented in this study
confirm that significant internal grain-size
variation is likely to be common in alkali feld-
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spar. Interpretations of age spectra obtained
from most alkali feldspars will need to take this
phenomenon into account. Because grain-size
variation plays an important role in altering the
shape of “*Ar/*Ar age spectra, it will be diffi-
cult to extract fine-scale information about
temperature history from alkali feldspar age
spectra.

(2) Under conditions of episodic heating,
grain-size variation does have the beneficial
effect of allowing age spectra to more tena-
ciously preserve information about original age
and to yield a more confident estimate of time
of heating.

(3) Even moderate grain-size variation can
adequately explain the non-linear Arrhenius
hehavior often displayed by alkali feldspars.
Strictly, diffusion parameters obtained from the
linear lower-temperature portions of such
Arrhenius trends cannot be used to extract
time-temperature information from samples
which have suffered high levels of Ar loss.

(4) A correlation between observed activa-
tion energy and intensity of experimental out-
gassing suggests that in alkali feldspars,
activation energy for Ar diffusion is a function
of structural state.

(6) Low-temperature hydrothermal out-
gassing of an excess ““Ar component that under
anhydrous conditions is only released at high
temperatures provides evidence that this com-
ponent is sited in anion vacancies. Such a com-
ponent would probably be removed during
heating in most geologic environments, and
would not survive to cause problems in
age-spectrum interpretation.
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