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Thermoluminescence Dating of Quaternary Basalts:
Continental Basalts from the Eastern Margin of the Basin and Range Province,
Utah and Northern Arizona*

RicuarD D. HoOLMES
Australia National University, P.O. Box 4, Canberra ACT2600, Australia

ABSTRACT.—The thermoluminescence (TL) technique was applied to the age
dating of Quaternary continental basalts (< 0.5 m.y. old) from the western
United States. A calibration curve relating TL to age was constructed, using 17
samples dated by the K-Ar or 4C methods. TL measurements were made on
plagioclase separates from the basaltic samples. Electron microprobe analysis
showed thart the plagioclase separates ranged in composition from oligoclase to
bytownite (Ansg—An;;); variations in plagioclase composition had no signifi-
cant effect on the TL response. Because potassium present in these plagioclase
feldspars makes a larger contribution to their annual radiation dose rate than
does potassium incorporated into other mineral phases of the basalt, 2 “compos-
ite” dose rate was calculated to correct for vanations in the K, O content of the
plagioclases.

Variations in basalt type and chemistry were shown to have a significant
effect on the TL response of the samples studied. Therefore, it was necessary to
divide the samples into three pecrochemical types: olivine tholeiite basalrs, alka-
lic basalts, and basaltic andesites. On a log-log plot of the specific TL ratio, R,
vs. age, the three types showed similar slopes but had different intercepts. Ten
basalts of unknown age from Utah and northern Arizona were dated by the TL
method.

INTRODUCTION

Recent studies of the tectonic development of the Basin
and Range Province have utilized measured offsets on radio-
metrically dated lava flows to estimate rates of fault dis-
placement and of regional uplift (McKee and McKee 1972,
Luchitta 1972, Best and Hamblin 1979). The abundant late Ce-
nozoic lava flows of basaltic composition which occur along
the margins of the Basin and Range Province provide numer-
ous opportunities for such studies. However, the analytical un-
certainties and imprecisions of conventional K-Ar dating pre-
vent the accurate dating of basaltic rocks younger than about
0.3 m.y. Along the eastern margin of the Basin and Range
there are a significant number of Quaternary basalts which are

younger than this 0.3 m.y. lower limit. Therefore, the thermo-

luminescence (TL) method was investigated as a technique for
the age dating of these very young basalts. This paper describes
the thermoluminescence techniques used in this study. The
geologic discussion of these results can be found elsewhere
(Holmes and others 1978).

. The general theory of TL dating and the detailed history of
its archaeological and geological applications have been re-
viewed elsewhere and will not be discussed here. (See Cairns
1976; Aitken 1968, 1974; May 1975, 1977; Dalrymple and Doell
1970; and McDougall 1968.)

Thermoluminescence dating has been used in archaeology
- for the last 10-15 years as an important supplement to radio-
carbon dating for the dating of pottery materials less than

about 20,000 years old. May (1975, 1977; see also Berry 1973) -

showed that it was possible to date Hawaiian alkalic basalts by
measuring the thermoluminescence observed in plagioclase sep-
arated from these rocks. His TL techniques yielded ages that
were generally within £ 10% of the K-Ar or 4C dates for sam-
ples from 4,000 to 200,000 years old.

*A thesis presented o the Department of Geology, Brigham Young University, in partial fulfillment
of the requirements for the degrec Master of Science, March 1978. Thesis committec chairman: Myron G.
Best.
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The present study represents an extension of the tech-
niques developed by May in an attempt to develop a TL dating
scheme for young basalts of continental origin. Seventeen sam-
ples of known age were used to construct calibration curves of
TL vs. age in order to develop a “relative” dating technique
(May 1977, 1975; Berry 1973; Aitken 1974, p. 95). Relative dat-
ing schemes, in order to establish the relationship of TL in-
tensity to age, rely upon comparison to samples of known age
which have been dated by the K-Ar or 1C methods. In con-
trast, TL methods designed to give “absolute” ages require no
such calibration samples and assume that the TL signal ac-
cumulated linearly and that there has been no TL leakage
(Cairns 1976; Aitken 1968, 1974). Such absolute methods are
unsuited to the dating of geological materials which are gener-
ally very much older than the archaeological samples for which
these “absolute” techniques were developed (see, however,
Hwang 1971; Hwang and Goksu 1971).

TL SAMPLES: COLLECTION AND PREPARATAION

The 36 samples used in this study were collected in the
summer and fall of 1976. Seventeen were of known age and
were collected to serve as reference standards. Detailed descrip-
tion of each sample and literature references for those pre-
viously dated may be obtained from the author. An index map
is shown in figure 1. An expanded index map of the Long Val-
ley area can be found in Bailey and others (1976).

The 12 samples of known age which were taken from the
Long Valley Caldera, California, and from Idaho were collected
on the basis of the published and unpublished descriptions of
their locations (see appendix). Because derailed field notes on
the locations of the Long Valley samples were not available to
us, it was deemed advisable to test the authenticity of the sam-
ples collected there by comparing their published K,O contents
and petrographic descriptions (Bailey and others 1976) with
those obtained during this study. Two samples (R-
LNG73G021 and R-LNG73G025) were rejected on these cri-
teria, and indications were that the resampling of these flows
was not accurate. Several other samples differed in reported
K,O content by as much as 0.10 wt.% and were statistically no?
equivalent when compared by Student’s #Test. However, it was
judged that these variations could be due to systematic inter-
laboratory variations in the potassium determinations or to in-
traflow lateral variations in K,O content.

Each sample was crushed in a hardened steel jaw-crusher
and separated into two size fractions, +25 mesh and -25 mesh.
The +25 mesh portion provided samples for gamma-ray spec-
trometry (~400 g.) and for bulk rock analysis (appendix). The
-25 mesh portion was the source for the plagioclase separated
used in the TL measurements. The 325 to 400 mesh size frac-
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tion of the ~25 mesh portion was separated by sieving through
nylon and brass screens, and the plagioclase in this size fraction
was separated using a Frantz isodynamic magnetic separator.
This size fraction (325-400 mesh) was chosen, as suggested by
May (1975), since it approximates the size of plagioclase crys-
tals in basaltic rocks, in order to facilitate the comparison of
our results. Microscopic examination of the separates showed
that most samples were 95 percent or more plagioclase; the
most common impurities were volcanic glass, polymineralic
fragments of the basaltic groundmass, calcite, and zeolites. Al-
though care was taken to collect the freshest possible samples,
some samples did contain minor amounts of secondary calcite
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FIGURE 1. Index map of the western United States, showing the locations and
geographic clustering of the TL samples. Symbols as in figure 4.

and/or zeolites; such samples were washed in dilute hydro-
chloric acid to remove the carbonate material.

Microprobe analysis was performed on grain mounts of
each separate to determine its purity and compositional range.
Standardization was made by comparison to natural feldspars
and synthetic standards of known composition. Thirty-three of
the samples were effectively pure plagioclase, ranging composi-
tionally from oligoclase to bytownite. Figure 2 illustrates the
compositional range of selected samples. Three samples con-
tained significant quantities of minerals other than plagioclase.
The most common impurity in these three samples is anortho-
clase feldspar, which comprises up to 40% of the impure sepa-
rates. These samples gave anomalous and erratic TL results
which could not be correlated to the TL results of pure samples
of similar age. Therefore, the following samples containing
more than 5% anorthoclase were rejected as being unsatisfac-
tory for TL dating: Zion-20, Flg-1, and Flg-2.

The four basaltic andesites from the Cove Fort field, Utah,
contain minor amounts of xenocrystic quartz (Clark 1977),
which comprise 5-15% of the separates taken from these sam-
ples. These samples gave significantly different TL results from
the other basaltic samples and were grouped separately for the
analysis of TL results and the calculation of TL ages.

Table 1 shows the average composition and compositional
range of each plagioclase separate. Although there are some var-
fations between the composition of the separates from the sev-
eral geographic areas and from rocks of somewhat varying ba-
saltic composition, variation in plagioclase composition, within
the range of oligoclase to bytownite, does not seem to be an
important parameter controlling the TL response of the sam-
ples. This conclusion supports earlier similar findings reported
by May (1975, 1977) and by Garlick and others (1971, p. 2279).
However, it was noted that variations in the K,0O content of
the plagioclase (expressed as wt.% orthoclase in table 1) could
significantly affect the effective radiation dose rate received by
the plagioclase crystals (see below).

RADIOELEMENT DETERMINATIONS
AND DOSE RATE CALCULATIONS
The accurate determination of the average annual radiation
dose received by the plagioclase dosimeter crystals is of key im-
portance to the construction of an accurate TL dating scheme.
Dose rates are usually calculated from the chemically deter-
mined concentrations of the long-lived radionuclides (28U,

An

Cvf-503

Ab

FIGURE 2. Microprobe analysis of feldspar compositions for selected samples,
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2357, 232Th, and %K). U and Th concentrations were deter-
mined by gamma-ray spectrometry. K determinations were
made by X-ray fluorescence spectrometry. Dose rates were cal-
culated using the coefficients given by Bell (1976).

Radioelement Determinations

Gamma-ray spectrometry was used for the U and Th deter-
minations. A Nal(Tl) scintillation detector enclosed in a
shielding of powdered dunite was attached to a 256-channel
multichannel analyzer. The resulting spectra were analyzed
with the aid of 2 PDP-10 computer. Corrections were made for
variations in background intensities, amplifier gain, and detec-

tor efficiency. Spectrum stripping was accomplished using the

algorithms of Adams and Gasparini (1970, p. 156).

The 2.14 MeV and 1.76 MeV gamma emissions from 20871 ‘

and from 214Bi, respectively, were used to measure the concen-
trations of Th and U, respectively; secular equilibrium was as-
sumed. This assumption of secular equilibium may not be

TABLE 1
MICROPROBE ANALYSIS OF PLAGIOCLASE SEPARATES

strictly valid for such young samples, and some of the determi-
nations may be biased in this regard. However, the internal
consistency of the results within the several geological suites
and the absence of anomalous Th/U ratios, except for rocks of
atypical composition, suggest that such systematic errors are
small.

New Brunswick Laboratory Analyzed Samples No. 74
(1000 ppm U) and No. 80 (1010 ppm Th, 40 ppmU) (C. J.
Rodden 1958 written comm. to W. H. Brimhall) were the pri-
mary standards used in this study. A sample of the Table
Mountain Latite (Slemmons 1966) analyzed by gamma-ray
spectrometry at Lawrence Berkeley Laboratories (A. R. Smith
1977 written comm.) was analyzed as a secondary standard.
Other standard samples analyzed included the USGS Standard
Rock QLO-y (Walker and others 1976, Millard 1976), The

' Conway Granite, and the Conway Diabase (W. H. Brimhall

1977 pers. comm.). Table 2 compares the results of these deter-
minations with the previously reported analyses of these sam-
ples. The discrepancies for sample QLO-y probably represent
inaccuracies in the U and Th determinations reported by Walk-
er and others (1976), which were performed by the fluoromet-
ric and spectrophotometric methods, respectively (Stuckless and
others 1976).

Six basaltic samples were analyzed by gamma-ray spectrome-

AVG ANGE Vi
SAMpLE i A Oomer try at BYU and at Lawrence Betkeley Laboratories (Smith 1977
LNG73G001 >4 44-61 23 written comm.) and provide an important measure of inter-
LNG73G008 61 55-63 2.0 e L .
ING73G009B 59 973 22 laboratory variations and uncertainties for samples of such typi-
LNG73G012 48 4256 33 cally low radioclement contents. Table 3 compares the results
LNG73G014 52 45-71 28 of my determinations with the results reported by Smith. Sta-
E}I{G\;ﬁgl 32 22?3 2 tistical measures of the differences between the two sets of de-
Ink-W1330 67 6476 21 terminations show that they are in excellent agreement; the
Mcc-W1121 61 49-69 19 mean ratio of the Th values is 0.998 (1o = 0.062), and the
Cmn-1 47 45-48 3.8 mean ratio of the U values is 0.998 (16 = 0.046).
ls\lé{sliB : g; zggg ;'g For results of the U and Th determinations for the basaltic
Zion-68 54 16-61 26 samples used in the TL study, see table 4. Analytical precision
Zion-69 63 60-65 2.2 for replicate analyses was generally equal to the counting statis-
$G-33B 59 55-63 13 tics uncertainty; the counting statistics relative standard devia-
gyvll::és ;g ig:gg f'g tions (at the 20 or 95% confidence level) range from 2 to 4%
Whw-9 62 5866 17 and were in no case larger than 6%. On the basis of the inter-
Vule-11 57 49-68 23 laboratory comparison and upon the analysis of the standard
Udo 71 69-73 16 samples cited above, the U and Th determinations reported
E‘:’rf’_‘llg 23 gzg 12 here are believed to be accurate to within approximately 5% rcl-
Pav-51 57 3672 27 auve.
Pav-53 63 55-72 17 The method of Norrish and Hutton (1969) was used to
Pav-54A 69 53-76 L5 measure potassium contents by X-ray fluorescence spectrome-
.l?fbiés o Zz 2(7)% 12 try. Potassium determinations were made in conjunction with
Cov-51 s1 30-60 29 the whole-rock analyses reported in Appendix 2. Precision of
Cov-54 48 38.58 33 the method is better than 1% reldtive, and accuracy, as in-
Cov-55 57 50-63 27 dicated by the analysis of international rock standards, is better
G505 32 45-60 31 than 1.5% relative. The K,O determinations for the basaltic
*As weight percent. samples used in the study are reported in table 4.
TABLE 2
INTERLABORATORY COMPARISON OF U AND TH DETERMINATIONS FOR STANDARD SAMPLES
U (pPM) TH (PPM)

SAMPLE BYU OTHER BYU OTHER
Table M. Latite 11.01£0.12 1048+ 0.06° 32181036 31.56%0.20%
QLO-y 1.89£0.05 1.58+0.13° 5.28£0.16 3.52£0.63

2.01£0.1¢° 3.24+1.20F
Conway Granite 14.99%0.19 12.86+0.33¢ 52.84%0.69 54.124 097
Conway Diabase 22.82+0.18 21.77£ 057 7.83£0.18 8.40%0.15¢

ESmirh, A. R., 1977, written comm.
"Walker, G. W., and others, 1976, p. 19.

gMillard, H. T, Jt., 1976, p. 64.
‘Brimhall, W. H., 1977, pers. comm.
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INTERLABORATORY COMPARISON OF U ;l;vl})B%ﬁ 3DETERMINATIONS FOR. BASALTIC SAMPLES
U (ppM) TH (PPM)

SAMPLE BYU LBI? BYU - LBIL#
Cvf-503 1.35+0.04 1.334+0.015 5.85£0.15 5.97130.049
Ice-51C 1.04£0.03 1.033£0.016 3.24£0.12 3.325£0.050
Ink-W1329A 0.49 £0.02 ~ 0479£0.005 1.64£0.07 1.63740.14
LNG73G009B 1.15£0.04 1.218£0.011 4.54£0.13 4.304£0.035
Pav-54A 0.54 £ 0.02 0.525 3 0.007 2.161£0.09 1.976£0.022
Tbn-50 0.52£0.03 0.537 £ 0.007 1.91:0.08 1.909 £ 0.022
Vulc-11 1.18+0.03 1.263£0.013 5.021+0.14 5.603 £ 0.044

ASmith, A, R., 1977 vritten comm.

Dose Rate Calculations

Dose rate calculations were made with the use of the
coefficients given by Bell (1976); May (1975) has reviewed the
background and theory of these calculations. Following Aitken
and Bowman (1975; see also Aitken 1974, p- 100; and May
1975), 1 estimated the effectiveness of alpha particles in produc-
ing TL to be 0.10 (10%) of their nominal energy. This lower
effectiveness in producing TL eléctrons is due to the fact that
alpha particles expend their entire energy in a very short path
(25 microns) and that all the available traps are filled by just a
fraction of the ionized electrons; the remaining electrons return
to the valence state and produce no TL signal. The cosmic-ray
contribution to the dose rate was assumed to be constant and
negligible (May 1975).

TABLE 4
U, TH, AND K, O DETERMINATIONS
SAMPLE U (pPM) TH (PPM) K,0 wt%
LNG73G001 1.10£0.03 412+0.13 2.23
LNG73G008 0.87£0.03 3.534+0.12 2.07
LNG73G009B 1.15+0.04 454+0.13 1.73
LNG73G012 1.001+0.03 4,00%0.15 2.24
LNG73G014 0.94+0.03 3.284+0.11 1.83
LNG74Go011 0.6610.03 2.40£0.09 1.06
Flg-1 3.5810.06 11.0410.19 248
Flg-2 3.720.06 11.50£0.22 2.56
Ink-W1329 049+0.02 1.641+0.07 1.11
Ink-W1330 0.45 1 0.02 1.554+0.07 0.96
Mce-W1121 0.371+0.02 1.49£0.07 0.59
Cmn-1 2.01£0.05 6.801+0.17 1.87
Nel 1-B 0.43+0.02 1.63£0.08 0.80
SG-81 1.55£0.04 598+014 - 1.35
Zion-20 1.2240.03 4,00+0.15 241
Zion-68 1.20£0.04 4.831+0.14 1.07
Zion-69 0.75£0.03 291%0.11 1.93
SG-33B 0.4140.02 1.39£0.07 0.62
Whw-2 1.6630.04 5.94%0.15 1.38
Whw-6-3 1.69%£0.04 6.36£0.10 0.96
Whw-9 1.3240.04 474%0.13 1.11
Vule-11 1.18£0.03 5.0240.14 0.84
Ud9 1.760.04 5.0210.14 142
Twp-17 1.62£0.04 6.08£0.16 1.68
Hen-18 1.78+0.04 6.96%£0.16 0.83
Pav-51 0.5440.02 1.96£0.09 1.07
Pav-53 0.4810.02 2.20£0.09 1.11
Pav-54A 0.54£0.02 2,161+0.09 1.17
Brd-6 0.75£0.03 3.28+0.13 1.17
Thbn-50 0.52£0.03 1.91%0.08 098
Cov-51 1.4040.04 5.66£0.15 2.23
Cov-54 1.43£0.04 5.87+0.15 2.24
Cov-55 1.45+0.04 8.81+0.19 3.16
Cvf-503 1.35£0.04 5.85£0.15 2.33

The whole-rock dose rates were calculated from the radio-
element concentrations in table 5 according to the formula:

Ik = 2(U ppm) + b(Th ppm) +c(K,0 wt.%) (Eq. 1),

where a, b, and ¢ are the coefficients of Bell and have the units
of rads/yr per ppm or rads/yr per weight percent. They are giv-
en in table 5. Their relative standard deviations were calculated
according to the formula:

€0 = (€%y + €2, + €% 0) (Eq. 2).
€2y, o was assumed to be 2% for the purpose of this calculation.

Because a larger portion of its total decay energy is likely to
be absorbed by the dosimeter crystal, potassium incorporated
into the plagioclase solid solution series makes a relatively
larger contribution to the sample dose rate than does potas-
sium scattered throughout the other mineral phases of the
rock. The “composite” dose rates reported in table 5 were cal-
culated in order to allow for this difference in relative effi-
ciency. The potassium contents of the plagioclase samples were
determined by electron microprobe analysis; they are reported
in table 1 as weight percent orthoclase. Although U and Th
produce more than half the whole-tock dose rate, their contri-
bution to the plagioclase internal dose rate was assumed to be
negligible for two reasons: (1) U and Th are preferentially in-
corporated into other mineral phases as the basaltic meles crys-
tallize, and (2) no analytical determinations of U and Th in the
plagioclase separates were available. Composite dose rates were
calculated according to the formula:

Lcomposite ™ 0'75(rxock) + 1-5(rplag) (Eq 3)>

where rp,,, the plagioclase internal dose rate, represents the
dose rate produced by potassium in the plagioclase crystals and
is calculated according to the formula:

ng = ©Or(0.169 wt% K,0/wt% Or) X
(0.0887 rads/y wt% K,0)

Ip
(Eq. 4).

The plagioclase dose rate, on the average, is 17.3 * 6.0% of
the whole rock dose rate. The factor of 1.5 in the composite
dose rate equation (Eq. 3) was chosen in order to give the aver-
age plagioclase portion of the composite dose rate a weight
equivalent to 25% of the total dose rate. This proportion was
empirically chosen in order to give the best possible results for
sample Mcc-W1121 which exhibits a noticeably low overall
dose rate relative to its TL intensity. The relative standard de-
viation of the composite dose rate is given by:

= €%ock + €glag (Eq 5)'

2 .
€composu:c
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A relative standard deviation of 7.8% was assumed for € .. In
most cases the true deviance is somewhat higher; however, the
plagioclase contribution to the composite dose rate averages
only 25% of the total dose rate, and the selected value of 7.8%
effectively weights this uncertainty so that it is approximately
equal to the whole-rock dose rate uncertainty. In any case, the
TL uncertainties are much larger than the dose rate uncer-
tainties; therefore, small errors in the calculation of the dose
rate uncerrainties have an inconsequential effect on the final
TL calculations. :

Whole-rock dose rates do not take into consideration the
spatial distribution of radioelements relative to the size and lo-
cation of the dosimeter crystals. For this reason, the composite
dose rates were judged to more accurately reflect the “true”
dose rates received by the plagioclase samples. The composite
dose rates were used for all TL calculations; in most cases, the
composite dose rates are not significantly different from the
whole-rock dose rates (see table 5).

TL MEASUREMENTS

The equipment of the U.S. Geological Survey laboratories
at Menlo Park, California, was used to make thermolumines-
cence measurements. Dalrymple and Doell (1970) and May
(1975, 1977) have described in detail the equipment and tech-
niques used. An SSR model 1105/1120 photon
counter/amplifier-discriminator was used. A Corning CS-560
blue filter was used to filter the TL emission measured by an
EMI 9635 photomultiplier tube. The maximum spectral sensi-
tivity of this system occurs at 380-420 nm, the wavelength of
blue light. Unfortunately, the photon counter and photo-

TABLE 5
Dose RATE CALCULATIONS
SAMPLE Trock™ €k Dlag * Lomp. * €comp.
LNG73G001 0322 4.85% 0.035 0.297 9.2%
LNG73G008 0.286 5.09 0.030 0.260 9.3
LNG73G009B 0.286 492, 0.034 0.266 9.2
LNG73G012 0.315 5.31 0.049 '0.314 9.4
ING73G014 0.264 5.02 0.042 0.261 9.3
LNG74G011 0.167 5.86 0.020 0.155 9.8
Flg—l 0.587 3.08 0.131 0.637 84
Flg—Z 0.608 3.24 0.169 0.710 8.4
Ink-W1329 0.151 6.47 0.023 0.148 10.2
Ink-W1330 0.134 6.73 0.031 0.147 10.3
Mce-W1121 0.096 7.32 0.028 0.114 10.7
Cmn-1 0.381 3.97 0.058 0373 8.8
Nel 1-B 0.120 7.21 0.027 0.131 10.6
5G-81 0.297 3.88 0.043 0.287 8.7
Zion-20 0.342 5.10 0.189 0.540 93
Zion-68 0.235 4.68 0.038 0.233 9.1
Zion-69 0257 5.59 0.032 0.241 9.6
$G-33B 0.099 6.94 0.020 0.104 10.4
Whw-2 0.305 4.04 0.030 0.274 8.8
Whw-6-3 0.276 4.13 0.027 0.248 8.8
Whw-9 0.244 4.35 0.026 0.222 9.0
Vule-11 0.216 446 0.035 0.215 9.0
U49 0.321 4,11 0.024 0.277 8.8
Twp-17 0.331 4.29 0.027 0.289 8.9
Htn-18 0.278 3.87 0.018 0.236 8.7
Pav-51 0.155 6.70 0.041 0.178 10.3
Pav-53 0.159 6.38 0.026 0.158 10.1
Pav-54A 0.167 643 0.022 0.158 10.1
Brd-6 0.195 6.02 0.023 0.181 9.8
Tbn-50 0.145 7.41 0.024 0.145 10.8
Cov-51 0.362 ) 4.32 0.044 0.338 8.9
Cov-54 0.367 431 0.051 0.352 8.9
Cov-55 0.495 3.95 0.041 0.433 8.8
Cvf-503 0.362 4.32 0.047 0.342 89

*In rads/year.

multiplier units used during this study were not the same units
used by May in his study of the TL dating of Hawaijan basalts,
and, therefore, it is not possible to compare our results directly.
Artificial TL was induced by a standard 96-second exposure to
the beam of a W-target X-ray tube; this dose is equivalent to
~ 1600 roentgens.

Natural and artificial TL glow curves typical of the samples
used in this study are shown in figure 3. To a first approx-
imation, these glow curves are identical to those previously re-
ported for natural plagioclase crystals (see May 1975, Dalrymple
and Doell 1970, Berry 1973, Hwang 1971, and Geake and oth-
ers 1973). However, a closer examination suggests that there
are two distinct types of glow curves produced by the samples
used in this study. The distinguishing criterion is the shape of
the glow curve as revealed by the resolution and relativé magni-
tude of the 325° C artificial TL peak. In Type I glow curves
the peak at 300-350° C is clearly resolved and dominates the
portion of the glow curve above 200° C. In contrast, the Type
IT glow curves do not have a clearly defined high-temperature
peak; the dominant low-temperature peak drops off rapidly,
and there is no noticeable high-temperature peak. Moreover,
the absolute level of the high-temperature TL emission is gen-
erally lower than that of the Type I samples (see table 6). This
finding is significant because it indicates that the high-temper-
ature peak is not merely being obscured by unusually intense
peaks at lower temperatures, but rather that it is either absent
or is significantly attenuated in these samples. Although there
are general trends of petrochemical similarity between the sam-
ples exhibiting each type of glow-curve morphology, the pa-
rameter controlling this feature is still unknown.

In his study of the TL of Hawaiian basalts, May (1975, p.
70) encountered similar problems regarding the inadequate res-
olution of the high-temperature artificial TL peak. By allowing
his samples to decay at room temperature for 10 to 40 days af-
ter irradiation, he was able to significantly improve the resolu-
tion of the high-temperature artificial TL peak since the low-
temperature peaks decay more rapidly at room temperature. He
routinely uses 2 technique of 60-day delays for the TL dating of
sanidines in silicic volcanics (pers. comm. 1977). Insufficient
time was available in this study to use such techniques to im-
prove the resolution of these artificial TL peaks. Moreover, in 2
series of artificial TL measurements conducted after a 7-day
delay, for 6 samples, including one Type I sample, there was no
significant improvement in the resolution of the high-temper-
ature peak even though the overall levels of TL intensity were
reduced by a factor of 2-4. This lack of improvement lends fus-
ther support to the hypothesis that this high-temperature arti-
ficial TL peak is either absent or strongly attenuated in the
Type II samples.

This contrast in the resolution and magnitude of the high-
temperature peak between the Type I and Type II samples sug-
gested that it would be necessary to treat these samples sepa-
rately in the construction of the TL vs. age calibration curves.
Accordingly, the samples were separated into two groups, Type
I and Type II, on the basis of glow-curve morphologies and
magnitudes. The Type III samples (see below) exhibit Type II
glow-curve morphologies. Several samples exhibited glow-curve
shapes appropriate to a given type but had TL intensities, ei-
ther natural or artificial, that varied erratically from 5 to 100
times less than the intensities typical of that group or were, in
one case (U49), over 20 times more intense than the typical
values. Such samples were judged to be anomalous and were
not included in later calibrations of TL vs. age if they were of
known age, or were not dated by the TL method if they were
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FIGURE 3. Typical TL glow curves for selected samples. Natural TL signals are shown by solid liries, artificial TL signals by dashed lines; appropriate scale factors are
shown for each sample.
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of unknown age. Eleven samples were rejected according to this
criterion (LNG73G001, LNG73G012, Flg-1, Flg-2, Zion-20,
Nel 1-B, SG-33B, U49, Pav-51, Pav-53, Pav-54A).

The erratic and anomalous nature of the TL response of
some samples is vividly demonstrated by the contrasting glow-
curve morphologies of two petrologically and geographically re-
lated samples, Tbn-50 and Pav-51, as shown in figure 3. In only
three cases can these TL anomalies be unquestionably corre-
lated to impure separations (Flg-1, Flg-2, Zion-20). Such anom-
alous results in samples with demonstrably clean separates (e.g.,
Pav-53, Pav-54A and Nel 1-B) are unexplained. May (1977) ob-
served an anomalously high artificial TL level in the plagioclase
separates of one of his alkalic Hawaiian basalts but did nort
speculate on its cause. Wintle (1973) observed “anomalous fad-
ing” of the natural TL in feldspar samples younger than 50,000
years; he did not suggest 2 mechanism to explain these losses.
Such irregularities in the acquisition and retention of TL em-
phasize the subtle nature of the factors which affect the TL be-
havior of a sample.

The results of the TL measurements on samples not exhib-
iting anomalous glow-curve morphologies or intensities are giv-
en in table 6. In all cases, the average ratio N/A for the mea-
sured replicates (a minimum of seven) was calculated by the
method which gave the smallest uncertainty; i.e., either the ra-
tio of the averages, the average of the ratios, or some weighted
average thereof was used. The TL ranges cited exclude any
anomalous replicates.

SPECIFIC TL CALCULATIONS AND TL AGE DATING

In the development of a relative TL age-dating scheme, it is
necessary to construct calibration curves relating TL intensity
to age for samples of known age. Such 2 calibration curve can
then be used to calculate the age of unknown samples based
upon their TL intensities. Such a method alleviates many of the
uncertainties inherent in the calculation of “absolute” ages
from the raw TL data. However, in making such a calibration
it is necessary that 2ll the samples be of the same rock type and
have similar TL characteristics.

Petrochemical Variations

The samples used in this study form six distinct geographic
and petrochemical groups: (1) high-alumina basalts from the
Long Valley Caldera, California; (2) olivine tholeiites from the
Snake River Plain, Idaho; (3) olivine tholeiites from the Black
Rock Desert, Utah; (4) alkalic basalts from southern Utah and
northern Arizona; (5) basaltic andesites from the San Francisco
volcanic field, Arizona, and (6) basaltic andesites from the Cove
Fore field, Utah. Each group exhibits a slightly different type of
TL response and, strictly speaking, should be grouped and ana-
lyzed separately. However, the effects of variations and sim-
ilarities in bulk petrochemistry seem to dominate over those of
“geography,” with the result that basalts of roughly similar
composition can be grouped together to construct relative dat-
ing curves. Such grouping reduces the number of distinct
groups to three: (1) Type I samples, the olivine tholeiites from
Idaho and the Black Rock Desert, Utah; (2) Type II samples,
the alkalic basalts of southern Utah, northern Arizona, and
Long Valley; and (3) Type III samples, the basaltic andesites of
the Cove Fort and San Francisco volcanic fields. Such 2 division
of TL samples on the basis of petrochemical differences is not
new; May (1975) segregated his Hawaiian basalts into two
groups, tholeiitic and alkalic basalts.

Three criteria were used to group the samples into the
three “types” introduced above: (1) geographic locality, (2)
petrochemical similarities and differences, and (3) variations in
glow-curve morphology. The geographic clustering of the sam-
ples is illustrated in figure 2. The discrimination of the two dis-
tinct types of glow curves was discussed in the preceding sec-
tion. Variations in petrochemistry and the correlation of
specific TL ratio to age will be discussed below.

The petrochemical similarities and differences between the
different sample types are illustrated in the variation diagrams
shown in figures 4, 5, and 6. Chemical analyses and CIPW
norms for each sample are given in the appendix. A brief pe-
trographic description of each sample may be obtained from
the author.

The basalts of Type I are olivine tholeiites in the normative
classification of Yoder and Tilley (1962). They are characterized

TABLE 6
TL MEASUREMENTS

SAMPLE NAT. TL RANGE* ART. TL RANGE* N/A (5 TyPE
LNG73G00s8 50-80 100-150 0.532 27% 11
LNG73G009B 20-50 70-120 0.324 20 11
LNG73G014 10-15 90-105 0.133 12 11
LNG74G011 20-50 30-60 0.565 19 II
Ink-W1329 70-100 260-360 0.314 24 1
Ink-W1330 45-75 200-350 0.225 20 ) 1
Mce-W1121 15-30 80-90 0.297 25 I
Cmn-1 145-180 400-550 0.355 10 I
SG-81 165-300 165-180 1.852 25 11
Zion-68 19-33 14-20 1.563 15 ° 11
Zion-69 400-1000 40-360 3.846 48 11
Whw-2 55-80 230-330 0.243 15 11
Whw-6-3 90-110 80-125 0.917 8 11
Whw-9 ©15-70 80-115 0.282 25 11
Vule-11 25-65 30-60 0.781 15 I
Twp-17 19-29 10-18 1.887 15 I
Hen-18 35-50 18-35 1.667 23 II
Bed-6 40-65 20-33 1.220 26 I
Tbn-50 60-105 465-635 0.144 12 I
Cov-51 510-600 160-210 3.226 4 11
Cov-54 310-360 115-150 2513 5 111
Cov-55 49-75 47-58 1.099 16 11X
Cvf-503 130-160 70-110 1.408 6 X

*In arbitrary units.
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by low alkalies, high iron content, and a_distinctly theoleiitic
trend on the AFM diagram. The two samples that differ notice-
ably from the rest of the group are Cmn-1, an “evolved” tho-
leiite frotn the Craters of the Moon field (Leeman and others
1976), and Brd-6, a sideromelane-palagonite tuff from Pavant
Butte in the Black Rock Desert (Hoover 1974).

As evidenced by their trends on the alkalies vs. silica varia-
tion diagram and on the AFM diagram, the Type II basalts are
distinctly alkaline. The Long Valley samples, Type II-A, are
high-alumina basalts and andesites with 4-7% total alkalies
(Na,0 + K,0). They appear to be very similar, chemically, to
the “alkali-rich high-alumina basalts” described by Moore and
others (1976) from the San Francisco volcanic field. The Type
II-B samples from Utah and northern Arizona, in contrast,
have lower contents of alumina and total alkalies. They are nor-
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FiGURE 4. Alkalies vs. silica variation diagram showing alkaline nature of Type
II samples. Dividing line is after Irvine and Baragar (1971).
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FIGURE 5.—Alumina vs. silica variation diagram showing high alumina content
of Long ‘Valley Caldera samples (Type II-A). Symbols as in figure 4.

matively classed as hawaiites, alkali olivine: basalts, and basa-
nites. Their petrochemical characteristics and distribution have
been discussed by Best and Brimhall (1974). In spite of the dif-
ferences between the Type II-A and II.B basalts, they are
grouped together as one TL suite because (1) their petro-
chemical differences are small compared to their differences rel-
ative to Type I or Type III basaltic rocks, (2) the morphology
of their glow curves is very similar, (3) they have similar dose
rates, and (4) their specific TL ratios vs. age plot on the same
line for the available samples of known age.

The Type III samples include basaltic andesites fiom the
Cove Fort field (Clark 1977) and from the San Francisco vol-
canic field (Moore and others 1976). These samples exhibit
somewhat calc-alkaline pettochemical trends. They are sub-
alkaline on the alkalies vs. silica variation diagram; their trend
on the AFM diagram is nearly calc-alkaline; and, on a plot of
alumina vs. normative plagioclase composition (Irvine and
Baragar 1971), they are marginally calc-alkaline. The samples
from the Cove Fort field are noticeably more calc-alkaline than
those from the San Francisco volcanic field. The two basaltic
andesites from the San Francisco field were both rejected for
TL dating because of impure separations and anomalous glow-
curve morphologies.

Specific TL Ratio Calculations
Specific TL, R, is a measure of the relative proportion of
the available electron traps that are filled after correcting for in-
tersample variations in the dose rate. It is calculated according
to the formula (May 1975, p. 119; see also Aitken 1974, p. 86):

R=mw(§ﬁ(%) (Eq. 6),

where N/A is the ratio of natural TL intensity to the artificial
TL intensity produced by a dose of D rads; r is the dose rate in
rads per year.* The constant 100 y-! is required to miake the

FeO

M. (V3 X, kY3 X v X Y3

NQZO +K0 MgO

FiGURE 6.—AFM variation diagram illustrating tholeiitic trend of Type I sam-
ples. Symbols as in figure 4.

*The artificial dose, D, was assigned 2 valuc of 1.0 because (1) it is constant for all snmplcé and
because (2) the appropriate conversion factor from roentgens to rads is unknown for plagioclase (May
1977 pers. comm.).
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specific TL ratio a dimensionless number and to insure that
log(R) is positive. The composite dose rate calculated above is
used for all specific TL ratio calculations in this section. Table
7 presents the specific TL and its uncertainty calculated for
each sample. By plotting these values against age for the sam-
ples of known age it is possible to construct the TL calibration
curves given in figures 7 and 8.

The Type I samples of known age range from 2,000 to
33,000 years and fit the calibration line best when plotted on 2
semilogarithmic base (fig. 7). The equation of the bestfit line
connecting the five Type I samples is:

log(R) = 1.4469 X 10-5(age) + 1.8841
(2 = 0.931)

where 12 is the correlation coefficient. For the purpose of con-
structing the best-fit calibration line the sample Thn-50 was as-
signed 2 tentative age of 10,000 = 3,000 years. Hoover (1974)
estimates that the Tabernacle flow is less than 12,000 years old
on the basis of the absence of Lake Bonneville erosional ter-
races. The sample Cmn-1 has a noticeably high TL level; there
is 2 strong possibility that this sample does not correspond to
the dated standard and was inaccurately collected (Kowallis
pers. comm. 1977). May (1975, p. 115) observed anomalously
high TL intensities in very young tholeiitic basalts; the high
TL intensities of Cmn-1 may be a similar phenomenon. Be-
cause sample Cmn-1 deviates significantly from the trend estab-
lished by the samples of known age in the 25,000 to 33,000 y.
range, the sample Tbn-50 was assigned 2 weight of 2 in order

(Eq. 7),
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FiGURE 7.—Semilogarichmic plot of specific TL mdo, R, vs. age for Type I sam-
ples (olivine tholeiites). Samples Tbn-50 and Brd-6 are not radio-
metrically dated calibration points buc are included to show their relation-
ship to samples of known age.

to reduce the effective weight of Cmn-1 in calculating the re-
gression. Sample Brd-6 yields the oldest TL age for any Type I
sample; it is considerably older than any of the samples of
known age in this class, and, therefore, its TL age is somewhat
more uncertain. Its projected position and age uncertainty are
shown in figure 7 to illustrate this uncertainty.

In contrast to the Type I samples, the best-fit calibration
for the Type II samples plots on a log-log base. The samples of
known age range from 62,000 to 440,000 years old and come
from two geographic areas, the Long Valley Caldera and south-
ern Utah. The best-fit equation is:

log(R) = 1.695 log(age) - 6.430
(r2 = 0.981)

It is noteworthy that plotted on a linear base, the Long Valley
samples form a nearly perfect linear relation. The best-fit linear
equation is:

(Eq. 8).

R = 1.860 X 10-3(age) - 66.75
(r2 = 0.9994)

However, this linear calibration produces poor results for the
two older Type II samples from Utah. The log-log calibration
appears to be the best overall fit. The TL ages of the unknown
Type II samples were calculated using this calibration (Eq. 14)
and are reported in table 7.

(Eq. 9).
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FiGURE 8.—Log-log plot of specific TL rado, R, vs. age for Type II samples
(alkalic basalts) of known age.
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Aside trom the Flagstaff samples, which had impure plagio-
clase separates, there are no Type III samples which have age
dates with low uncertainties. M. G. Best (1978 pers. comm.)
has obtained preliminary K-Ar dates for two samples equivalent
to Cvf-503 and to Cov-55. They are 0.5 % 0.1 m.y. and 0.3 +
0.1 m.y., respectively. This shows a general trend of increasing
TL with age, but the exact calibration remains uncertain. More-
over, extension of this trend yields geologically unreasonable
ages for samples Cov-51 and Cov-54. Since Cvf-503, Cov-51, and
Cov-54 are all samples from the same series of flows, the basal-
tic-andesites of the Cove Fort field (Clark 1977), it-was decided
to average their TL response and to assign this average value to
the radiometrically determined age of 0.5 m.y. This averaged
value and the TL response of the younger latite, Cov-55, pro-
duced a trend of increasing TL with age which is very similar
to that of the Type II samples. However, because of the uncer-
tainties of the TL data and of the K-Ar ages of the Type III
samples, no attempt was made to date Type III samples of un-
known age.

Discussion of the TL Results

The general form and trend of these TL vs. age calibrations
offer important information on the uniformity and applicability
of the TL age-dating technique. While these results clearly
demonstrate that each suite of samples must be treated sepa-
rately, they also demonstrate that there are certain broad sim-
ilarities between groups. Figure 9, on a log-log base, shows the
trend and extent of the specific TL data for each of the three
sample types discussed above. The Type I trend represents only
the three samples, Ink-W1329, Ink-W1330, and Mcc-W1121,
which are judged to have the smallest TL and radiometric age
date uncertainties and which exhibit the smallest variation in
petrochemistry. The most striking feature of this graph is that
all three trends have nearly the same slope. It suggests that, in
spite of obvious differences between suites, there are important
and fundamental similarities in the processes by which TL is
acquired and stored over periods of geologic time.

Other investigators have reported the relationship of specif-
ic TL ratio to age to be ecither semilogarithmic (May 1975,

1977) or linear (Berry 1973). Indeed, a preliminary consid-
eration of the simplest models of TL acquisition suggests that
this relationship should be linear; i.e., since the dose rate is ef-
fectively constant and since the trapping probabilities and fre-
quency factors should remain constant, the number of trapped
electrons should simply be proportional to the age of the
sample. This type of linear increase in TL is generally observed
in measurements of artificial TL as a function of increasing
radiation dose (May 1975, Berry 1973, Hwang and Goksu 1971,
Dalrymple and Doell 1970). A linear acquisition of TL is also
generally observed in the age dating of archaeological materials
less than 10,000 years old.

The TL behavior of geological materials over long periods
of time may be considerably more complex than this simple lin-
ear relation, May (1975, p. 115) reported a steady decrease in
the artificial TL intensity of tholeiitic samples less than 30,000
years old. He attributed this to the “spontanecous annealing” of
traps after the extrusion and cooling of the lavas. Samples older
than this showed an increase in the artificial TL intensity,
which May interpreted to indicate an increase in the number of
available electron traps. He suggested that these additional
traps were produced by the interaction with the plagioclase of
alpha particles from the decay of radioelement impurities with-
in the crystals. A similar trend of increasing artificial TL in-
tensities was observed in alkalic basalts of all ages, and May (p.
121) proposed that specific TL increased exponentially with age
in these samples. He proposed an equation of the form:

R = aebt (Eq. 10)

to describe the process, where b is approximately 1 X 10-5 and
a is approximately 2.7. This relationship accurately describes the
observed TL for seven of the eight alkalic basales studied. May
explained- the exponential increase by suggesting that “the in-
crease in trap density with age produces an even greater in-
crease in the natura] TL storage capacity . .. possibly by an in-
creased initial trapping probability for conduction band
electrons in samples with progressively larger trap densities”
(1975, p. 123-24),

The data obtained in this study strongly suggest that this
model of exponential increase in specific TL with age may not

TABLE 7

SPECIFIC TL RATIO CALCULATIONS
SAMPLE R €ront TyrE TL AGe KNOowN AGE
LNG73G008 205+ 59 29% 11 143,000 % 42,000y. 145,000 % 15,000y
LNG73G009B 122+ 27 22 I 106,000 % 23,000 104,000 % 11,000
ING73G014 51t8 15 11 63,000 9,500 62,000+ 13,000
LNG74G011 365+ 77 21 11 202,000 % 42,000 232,000 =% 28,000
Ink-W1329 212%55 26 I 30,500 7,900 30,000+ 2,000
Ink-W1330 153435 23 I 20,400t 4,700 25,000E 2,000
Mcc-W1121 260+ 70 27 1 36,800% 9,900 33,000+ 1,600
Cmn-1 95+ 12 13 I 5,600 700 2,225+ 60
SG-81 645+ 168 26 11 282,000 73,000 244,000+ 21,000
Zion-68 671+ 121 18 11 289,000k 52,000
Zion-69 1596 % 782 49 I 481,000+ 236,000 440,000 % 40,000
Whw-2 89+£ 15 17 11 88,000+ 15,000
Whw-6-3 370+ 44 12 11 203,000 % 24,000
Whw-9 127+ 34 12 I 108,000 = 29,000
Vule-11 363162 17 1I 201,000+ 34,000
Twp-17 653+ 111 17 11 284,000+ 48,000
Htn-18 706177 25 I 297,000 % 74,000
Brd-6 6741189 28 1 66,000 19,000
Tbn-50 100£ 16 16 1 7,000% 1,100
Cov-51 954+ 95 10 111
Cov-54 714+ 71 10 III
Cov-55 254 £ 46 18 1
Cvf-503 412+45 11 1
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be accurate. The log-log correlations described above (see figs. 8
and 9) can be expressed as an equation of the form:

R = a(age)b (Eq. 11),

where b has a value of approximately 1.7 and the intercept-val-
ue a varies from suite to suite. Such a function suggests some-
what different constraints for modelling and describing the
mechanisms of TL acquisition and retention than those implied
by an exponential model.

Since it is unlikely that specific TL can continue to increase
at high rates indefinitely, I propose that the TL vs. age func-
tion might have the general shape shown in figure 10. TL in-
creases linearly for young samples (<<10,000 y.?) to a point at
which the number of additional defects produced by decay par-
ticles within the crystal significantly increases the TL storage
capacity of the sample. At this point the number of trapped
electrons begins to increase at a rate more rapid than that of
the steady linear production of new traps. No mechanism to
explain this supralinearity is proposed here. As the number of
defects becomes large, a point of saturation may be reached.
May (1975, p. 125) states: “Saturation is probably manifested
initially by a decrease in the rate of accumulation of defects .. .”
this is probably due mainly to spontaneous annealing [of de-
fects]” As equilibrium is reached between the processes pro-
ducing and znnealing the traps, the TL rati¢ should stabilize at
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FIGURE 9.—Log-log plot of specific TL ratio, R, vs. age illustrating position and
range of three sample types, Type I samples represent only those samples
having lowest TL and radiometric age uncertainties.

some plateau value which would then typify “older” samples
(~1 m.y.?). Such saturation effects were reported by May for
samples 1.5 and 3.3 m.y. old; no evidence of saturation was
found in the samples used in this study, all of which were less
than 0.5 m.y. old.

Not enough experimental evidence now exists to defini-
tively describe the processes acting in the acquisition, retention,
and draining of natural TL signals. At this point, it is not pos-
sible to unequivocally select the “correct” model to describe
this phenomenon. Future studies involving more numerous
samples with better chemical, mineralogical, and age or stra-
tigraphic control will be needed to more accurately describe the
operation of the TL phenomenon as it acts in naturally occur-
ring dosimeter crystals over geologically long periods of time.

SUMMARY AND CONCLUSIONS

Thirty-six samples were studied in order to develop a TL
age dating technique for young continental basalts; 17 of the
samples were of known age and served as calibration standards.
Microprobe analysis of the plagioclase separates demonstrated
that 33 were effectively pure plagioclase. Compositionally the
separates ranged from oligoclase to bytownite; variations in
plagioclase composition did not significantly affect the TL re-
sponse of the samples.

The samples were divided into three groups or types on the
basis of petrochemical, geographic, and TL similarities; the
shape of the artificial TL glow curve was shown to be of pri-

_mary importance for the accurate classification of the samples.

TL calculations were made using a composite dose rate derived
in order to compensate for variations in the amount of K,O
present in solid solution in the plagioclase dosimeter crystals.
Calculations of the specific TL ratios showed that TL increased
regularly in all three suites. The Type I samples showed the
best correlation of specific TL to age when plotted on a semi-
logarithmic base, whereas the Type II and Type III samples
showed their best correlations when plotted on a log-log base.
Significantly, a log-log plot of TL vs. age of selected samples
from all three groups showed nearly identical slopes for each
suite. This suggests that there are important similarities in the
TL processes acting in each of the suites studied. TL ages were
calculated for 10 Utah basalts of unknown age.

The data accumulated in this study lead to conclusions
which require further investigation and confirmation by other
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FIGURE 10.—Hypotherical development and saturation of the TL signal.
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researchers. The geographic and petrochemical diversity of
these samples has shown that it is not possible to simply class
all basaltic rocks into one group for TL age dating. Further
study into petrochemically dependent TL variations would sig-
nificantly contribute to our understanding of the parameters
which control such variations in TL; such work is essential if
TL age dating is to ever achieve more than local usefulness.

Variations in TL glow-curve morphology and intensity
were shown to be of key importance for the grouping and dat-
ing of the samples. However, these observed variations lead to
perplexing questions regarding the degree of natural variability
in the TL processes acting in naturally occurring dosimeter
crystals. A systematic study of such variations in the TL behav-
ior of samples from a wide range of host focks would be ex-
tremely valuable for evaluating the petrochemical dependencies
and limitations of TL dating.

Fuither work to define more accurately the relative contri-
butions to the dose rate of radioelements within and outside
the geologic dosimetet crystals would allow important refine-
ments of the composite dose rate model. Such studies will re-
quire an accurate mineralogical characterization of the samples
and suggest that microprobe analysis of all samples will soon
become essential for all TL research.

At this point, however, it is important to recall some of
the limitations inherent within the thermoluminescence meth-
od. Unlike traditional isotopic dating schemes whose nuclear
decay constants are effectively oblivious to their chemical and
physical environment, the TL accumulation and retention
properties of a mineral are critically dependent upon its envi-
ronmental conditions and upon changes in these conditions.
An awareness of these dependencies and limitations must lead
to the conclusion that the TL age-dating method has only lim-
ited geologic applicability. Its instdbility and vulnerability to
heat, shock, recrystallization, *“spontaneous annealing,” and
“anomalous$ fading” more than offset its major advantage of
being able to use such ubiquitous minerals as quartz and the
feldspars. Nonetheless, the method seems to have promising, if
limited, applications to the dating of young volcanic rocks, but
only where the K-Ar or “C methods are unusable. In such
cases TL age dating may offer information that would not be
obtainable by any other currently available method. If so, we
should exploit the method where applicable but always bear in
mind its limitations, prerequisite conditions, and inherent un-
certainties.
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APPENDIX

1 2 3 4
SAMPLE LNG73G001 LNG73G008 LNG73G009B LNG73G012
SiO, 54.7 55.8 511 54.8
TiO, 1.93 1.29 1.71 198
AL O, 17.5 17.9 179 17.8
Fe,04 9.32 7.74 9.52 9.46
MnO 0.15 0.12 0.15 0.12
MgO 3.07 3.68 5.15 2.33
GO 6.18 673 845 5.78
Nz,0 458 420 3.66 432
K,0 2.23 207 173 2.25
P04 0.54 041 0.63 0.57
LOI 0.05 0.00 0.09 112
TOTAL 100.25 99.94 100.09 100.53
CIPW Norms
Q 1.82 3.50 452
Or 13.21 12.30 10.30 13.42
Ab 38.94 35.74 31.21 36.96
An 20.61 24.01 27.37 22,97
Ne
Di 5.44 5.60 8.70 1.95
Hy 11.42 12.43 938 1135
Ol 4.59
Mt 3.59 298 3.68 3.68
Il 3.67 246 3.27 3.81
Ap 1.29 0.98 150 1.35
TOTAL 99.99 100.00 100.00 100.01
An/(An+Ab) 0.35 0.40 047 0.38
1. Andcsite, Long Valley Caldera, California
2. Andcsite, Long Valley Caldera, California
3. High-alumina basalt, Long Valley Caldem, Califomnia
4. Andesite, Long Valley Caldera, California

5 6 7 8
SAMPLE LNG73G014 LNG74Go11 Flg-1 Flg-2
Si0o, 51.7 49.5 58.2 57.8
TiO, 1.87 1.50 0.94 0.94
ALO, 17.4 18.0 15.5 149
Fe,04 10.08 9.53 698 6.93
MnO 0.16 0.14 012 0.14
MgO 4.39 6.53 435 5.00
CaO 7.85 9.76 6.89 7.69
Na,O 4.08 3.27 3.96 3.72
K,0 1.83 1.06 2.56 248
P,0s 0.60 0.40 0.50 0.56
LOI 0.08 0.01 0.25 0.00.
TOTAL 100.04 99.70 100.25 100.16
CIPW Norms
Q 5.99 5.69
Or 10.90 6.37 15.18 14,73
Ab 34.79 27.94 33.67 31.54
An 24.03 31.50 17.13 16.57
Ne
Di 9.16 11.96 11.33 14.57
Hy 7.84 6.00 11.06 11.13
Ol 439 8.69
Mt 3.89 3.70 2.69 2.67
1l 3.56" 2.89 1.78 1.77
Ap 1.43 0.95 1.17 1.33
TOTAL 99.99 100.00 100.00 100.00
An/(An+Ab) 0.41 0.53 0.34 0.34

5. High-alumina basalt, Long Valley Caldera, California

6. High-alumina basalt, Long Valley Caldera, California

7. Basaltic andesite, O'Neill flow, San Francisco Volcanic ficld, Arizona
8. Basaltic andesite, SP flow, S2n Francisco Volcanic field, Arzona
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9 10 11 12 17 18 19 20
SAMPLE Ink-W1329 Ink-W1330  Mcc-W1121 Cmn-1 SAMPLE Zion-69 SG-33B Whw-2* Whw-6-3%
Sio, 46.8 46.1 45.5 479 SiO, 50.4 48.0 45.5 47.8
TiO, 2.30 242 240 3.09 TiO, 1.37 1.49 2.34 1.73
AL O, ’ 15.2 15.4 14.9 12.6 AL O, 15.2 15.0 13.5 14.2
Fe, O, 13.27 13.40 14.19 17.58 Fe, 0, 9.00 13.00 11.97 11.37
MnO 0.19 0.19 0.21 0.26 MnO 0.15 0.17 0.18 0.17
MgO 8.07 7.82 8.21 3.78 MgO 8.07 8.10 10.84 10.48
CaO 10.25 10.11 10.02 7.50 Ca0 8.62 9.73 10.65 10.18
Nz, O 1.91 1.94 2.39 3.01 Na,O 3.55 3.15 3.08 3.64
K,0 1.11 096 0.58 1.87 K,0 1.93 0.62 145 1.00
P,0s 0.47 0.50 0.54 2.04 P,0s 0.57 0.23 0.53 0.42
LOIL 0.00 0.00 0.00 0.00 LO1 0.12 0.00 0.04 0.00
TOTAL : 99.57 98.84 98.94 99.63 TOTAL ' 98.98 99.49 100.08 99.99
CIPW Norms CIPW Norms
Q 3.30 Q
Or 6.68 5.79 352 11.24 Or i 11.61 3.70 8.72 5.96
Ab 16.40 16.75 20.60 25.86 Ab 30.53 27.00 13.23 22.52
An 29.97 31.10 28.83 15.68 An 20.24 25.38 . 1896 24.06
Ne Ne 6.30
Di 14.94 13.55 14.84 713 Di 15.64 17.89 25.05 19.31
Hy 16.67 17.47 10.65 19.09 - Hy 0.10 3.81 2.87
Ql 4.62 418 10.03 Ol 14.36 13.76 17.26 16.56
Mt 5.16 5.25 5.56 6.85 Me 3.52 5.06 4.67 4.40
1l 443 4.70 4.64 5.94 1l 2.64 2.86 4.53 3.31
Ap 1.12 1.22 132 491 Ap 1.36 0.55 . 128 1.00
TOTAL 99.99 100.01 99.99 100.00 TOTAL 100.00 100.01 100.00 99.99
An/(An+Ab) 0.65 0.65 0.58 0.38 An/(An+Ab) 0.40 0.48 0.59 0.52

9. Olivine tholeiite, Inkom, Idaho *Normalized to 100 percent toral.

10. Olivine tholeiite, Inkom, Idaho 17. Hawaiite, Cedar Ciry, Utah
11, Olivine tholeiite, McCammon, Idaho ~ 18. Hawaiite, St. George, Utah

12, “Evolved” olivine tholeiite, Craters of the Moon, Idaho 19. Basanite, Whitmore Wash, Grand Canyon, Arizona .
: 20. Alkali olivine basalt, Whitmore Wash, Grand Canyon, Arizona

13 14 15 16 21 22 23 24
SAMPLE. Nel 1-B* SG-81 Zjon-20** Zion-68 SAMPLE Whw-9* Vule-11* U49* Htn-18*
SiO, 46.0 46.0 52.7 49.9 Si0, 473 47.2 44.7 472
TiO, 3.31 216 1.62 1.51 TiO, 2.02 1.51 2.63 141
ALOy 14.0 13.7 16.1 14.3 Al Oy 14.0 14.5 14.4 139
Fe205 16.28 12.04 9.03 10.95 Fe, 0, 12.04 11.92 12.84 11.22
MnO 0.21 0.17 0.16 MnO 0.17 0.18 0.17 0.17
Mgo 6.75 9.86 6.20 9.18 Mgo 9.91 10.40 10.39 11.65
CaO 9.45 10.72 7.59 9.17 GO 10.24 10.10 9.89 10.22
Na,O 2.54 298 3.87 2.82 Na,O 2.76 2.88 2.96 2.89
K,0 0.84 1.36 241 1.07 K,0 1.15 0.87 145 0.86
P,0s 0.54 0.64 071 0.39 P,0; 0.44 0.43 0.50 © 049
LOI 0.00 0.00 0.00 LOI 0.00 0.00 0.00 0.04
TOTAL 99.92 99.63 100.23 99.45 TOTAL 100.03 . 99.99 99.93 100.05
CIPW Norms . CIPW Norms
Q Q '
Or 5.02 822 14.30 643 Or 6.86 5.19 871 5.14
Ab 21.75 15.90 32.87 24.22 Ab 22.50 22.77 14.50 21.49
An 24.72 19.58 19.46 : 2343 An 22.49 24.44 22.14 22.55
Ne 4.72 Ne 0.51 0.87 5.19 1.53
Di 15.63 24.97 11.02 16.20 ; Di 20.79 18.79 19.58 20.34
Hy 14.20 7.77 14.88 Hy
Ol 470 16.11 6.33 6.73 Ol 17.26 19.41 18.58 20.72
Mt 6.32 4.77 _348 426 Mt 4.66 4.62 5.01 4.35
Il 6.36 4.21 3.09 29 il 3.87 2.90 5.08 271
Ap 129 1.52 - 169 0.93 Ap 1.05 1.00 1.20 1.17
TOTAL 99.99 100.00 100.01 99.99 TOTAL 99.99 99.99 99.99 100.00
An/(An+Ab) 0.53 0.55 0.37 049 An/(An+Ab) 0.50 0.52 0.60 0.51
*Normalized by 100 percent torl. *Normalized by 100 percent toral.
**Analyzed by M. G. Best (pers. comm., 1977). 21. Alkali olivine basalt, Whitmore Wash, Grand Canyon, Arizona
13. Olivine tholeiite, Snake River Plain, Idaho 22. Alkali olivine basalt, Vuleans Throne, Grand Canyon, Arizona
14, Alkali olivine basalt, St. George, Utah 23. Basanite, Toroweap Valley, Grand Canyon, Arizona
15. Hawaiite, Zions Nartional Patk, Utzh 24. Alkali olivine basalt, Uinkaret Plateau, Adzona

16. Hawaiite, Zions National Park, Utzh
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