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Abstract

The U-Th/He system can potentially be used for dating volcanic rocks with ages as young as a few thousand years
and as old as several million years, thus providing a valuable supplement to radiocarbon and K-Ar dating. Garnet
phenocrysts from the 79 AD eruption of Mt. Vesuvius were dated to evaluate the accuracy with which the necessary
measurements and corrections can be made. The determined age, corrected for diffusive loss of He, alpha ejection,
and initial U-series disequilibrium, is 1885 % 188 yr which compares well with the known age of 1923 yr. U and Th
concentrations were measured by isotope dilution on different aliquots than were used for He concentration
measurements. Step-wise degassing yielded an Arrhenius relationship for He diffusion in garnet with an activation
energy of 91.31+5.76 kJ/mol and In Dy/a®> = —2.00 % 0.56. The uniformity of U and Th concentrations in garnet was
checked by ion microprobe analysis. The 2>*U/?8U and 2*Th/?8U activity ratios were measured by MC-ICPMS. The
results suggest that with proper analysis and corrections, the U-Th/He method can be used to date young volcanic
minerals with useful precision and accuracy, and may therefore be valuable for dating volcanic rocks that have low K
or are otherwise difficult to date accurately with Ar—-Ar or radiocarbon.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Determining the age of geological events that

have occurred within the past million years is still

a challenge in many circumstances [1-3]. Radio-
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time period. Advances in the sensitivity of Ar—Ar
dating have made the technique applicable in
some circumstances down to ages of a few thou-
sand years [4,5]. Other techniques that can be
used in favorable circumstances include U-Th dis-
equilibrium [6,7], cosmogenic nuclide dating of
surfaces [8], and ion microprobe measurements
of zircon [9].

The U-Th/He method, first proposed by Ruth-
erford in 1905 [10], has considerable potential for
dating Quaternary events. The technique was in-
vestigated many years ago but abandoned when
the initial evaluations produced ages that were
anomalously young [11]. Recently, the method
has been re-evaluated with modern instrumenta-
tion and appropriate models for data reduction
[12-16]. Noble gas mass spectrometers and sample
preparation lines designed for helium isotope
analyses now have a low enough background
that samples as young as 1000 years with as little
as 1 ppm U could be datable. Work on the U-Th/
He technique has so far focused primarily on
U-Th-rich minerals, such as apatite and titanite,
from which a great deal has been learned regard-
ing helium diffusivity, closure temperatures, and
“He loss and/or gain associated with the ca. 20 um
range of the 4-8 MeV alpha particles released
during decay [13-15]. Complementary diffusion
studies have been directed at investigating the
He retentivity of olivine, pyroxene, and garnet
to determine the extent of preservation of noble
gas isotopic signatures [17-20]. The indications
are that the U-Th/He system should be a viable
tool for dating young volcanic rocks that contain
apatite, titanite, and possibly other minerals. The
low closure temperatures of apatite and zircon
make them ideal for studying the low temperature
thermal history of young igneous rocks. Zircon
has been used to determine the eruption age of
a sample that has a well-constrained thermal his-
tory [21]. However, most volcanic rocks do not
contain minerals that have been previously used
for U-Th/He thermochronology, and the He re-
tentivities of volcanic minerals are not well docu-
mented.

The goal of this study is to investigate the via-
bility of applying the U-Th/He dating method to
Quaternary volcanic rocks. The approach is to

determine the age of historical lava of known
age. Several issues need to be addressed in order
to evaluate the method. For very young rocks
with low U and Th, background interference re-
lated to the mass spectrometric methods could be
significant. More generally, there may be substan-
tial corrections that must be applied to account
for trapped helium, helium diffusion, alpha ejec-
tion, and U-series disequilibrium. It is unknown
whether these corrections can be done sufficiently
accurately to obtain useful age information.

We present He concentration data, U and Th
concentration data, U and Th isotopic data, and
U and Th distribution data for phenocrysts of
garnet from the 79 AD eruption of Vesuvius [4].
The age of this eruption, which was responsible
for destroying the town of Pompeii, is well estab-
lished and at the time of the current work is 1923
yr. Our data are used to produce an age determi-
nation by incorporating models for diffusion and
alpha ejection, and data on U-series isotopic dis-
equilibrium. The activation energy and frequency
factor for He diffusion in the garnet phenocrysts
is also measured, as well as the intragrain distri-
bution of U and Th documented. Initially, we
intended to use the garnet phenocrysts to estab-
lish the age limits of the U-Th/He technique for
minerals with low U and Th concentrations
(~1 ppm) and high helium retentivity, because
garnet crystals normally are U- and Th-poor.
However, the Vesuvius garnets have high U and
Th concentrations (~20 ppm). Addressing the
geochronological value of minerals with low U
and Th concentrations remains a problem for fu-
ture work.

2. Samples and analytical techniques

Garnet grains were separated from white pum-
ice [4] using magnetic separation, gravitational
separation and handpicking techniques. The sam-
ples were sieved to 500-1000 pum in maximum
dimension. The sample was divided into five ali-
quots totaling 4 g. Two aliquots were used for
helium concentration measurements. A third ali-
quot was used to measure helium diffusivity. The
remaining aliquots were subdivided and used for
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U, Th, and Ba concentrations, U and Th isotopic
data, major element analysis, and a grain mount
for studying the U, Th distribution within a gar-
net crystal using ion microprobe techniques.

To measure both the initial or trapped helium
and the radiogenic helium, three separate aliquots
of garnet were used. The initial or trapped helium
component was isolated by in vacuo crushing of a
0.5 g sample for 5 min using a manual mortar and
pestle attached to a vacuum line. Two 1 g aliquots
of garnet grains contained in aluminum capsules
were heated in a furnace to determine the radio-
genic helium component. The heating procedure
included holding the samples for 30 min at

1500°C; the total heating and cooling time was
1 h. A second extraction was done at 1650°C to
determine whether all of the helium had been re-
leased.

The heating procedure used was based on pre-
vious work [20] that suggests a closure tempera-
ture of 1100°C for (Ca-poor) garnet. Because of
the high closure temperature, which we assumed
would apply to our sample, complete extraction
requires heating to a temperature well above the
closure temperature and into the melting range.
Consequently we were unable to retrieve the sam-
ples after He extraction, which necessitated using
separate aliquots for the U and Th concentration

Table 1
He extraction data for aliquots Cr, 1, B, A
Sample AM1 Weight [*He] lo? Blank®  [*He/*He] lo

(2) (10712 cm® STP/g) (%) (R/R,)
Split Cr
Crush 0.6600 154.55 10.83 20 —1.63 20.81
1500°C extraction 0.4235 3520.97 246.79 4 0.76 0.39
1500°C re-extraction —35.30 —3.45 128 —35.31 85.09
Total 3640.22 506.56
Split 1
1500°C extraction 1.0237 4149.98 291.08 2 1.66 0.24
1500°C re-extraction 5.80 0.90 92 154.18 135.91
Total, crush subtracted 4001.23 291.28
Split B
600°C extraction 1.0535 611.09 42.83 17 2.29 0.92
1500°C extraction 3204.29 224.97 2 1.47 0.63
1500°C re-extraction 36.84 2.73 65 45.28 5.36
Total, crush subtracted 3697.66 229.28
Split A
600°C extraction 0.9509 372.50 26.25 15 0.56 1.51
600°C extraction, crush subtracted 217.94 70.84
800°C extraction 1009.94 46.18 6 0.82 0.61
900°C extraction 658.57 30.24 10 0.83 0.92
1000°C extraction 425.00 39.79 14 0.21 1.43
1100°C extraction 566.76 41.87 11 1.36 0.97
1200°C extraction 596.82 4.67 11 0.96 1.05
1300°C extraction 57.96 3.50 56 11.54 9.92
1500°C extraction 36.75 110.11 68 —2.38 14.84
Total 3569.74 347.19
Average for age calculation 3727.22 190.02¢

4 1o errors are propagated to include errors in sensitivity, cryofinger adsorption efficiency, and blank subtraction.
> Concentration data has been blank corrected, typical blanks are ~5x 10" cm?® STP/g.
¢ 1o is the standard deviation of the concentration data, Gaussian error propagation of the mean results in 16=179.3x 1012

cm?® STP/g.
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determinations [20]. To investigate the diffusion
characteristics of the Vesuvius garnets a separate
aliquot (~1 g) was outgassed over 7 temperature
steps ranging from 600°C to 1300°C, with a final
1500°C step for complete extraction. Extraction
temperatures were established with an accuracy
of *10°C using a thermocouple in contact with
the heated crucible.

After extraction, the released gases are purified
on a series of getters, and a small aliquot is ad-
mitted to the mass spectrometer for analysis of all
the noble gases to determine relative abundances.
The remaining purified noble gas fraction is ad-
sorbed onto a charcoal trap held at 30 K. The
activated coconut charcoal used in the trap has
a He adsorption efficiency of 89 % 7% at 30 K.
Following an adequate adsorption time, the trap
is heated to 40 K, releasing the adsorbed He,
which is expanded into the mass spectrometer
for analysis. Adsorption on the charcoal trap in-
troduces some uncertainty to the measured He
amounts, but eliminates uncertainties that would
come from estimating the volumes of the sample
purification and mass spectrometric systems. The
trap also improves the procedural sensitivity by
approximately a factor of three. The isotopic
and abundance analyses were made using a
VG5400 mass spectrometer equipped with a Fara-
day cup and an electron multiplier operated in ion
pulse-counting mode. The abundance measure-
ment was calibrated using an aliquot of air and
a reference sample of He as standards run before
and after the set of samples. Procedural blanks
for the furnace extractions were ~5x 107! ¢m?
STP and significant only for the re-extraction
analyses.

The helium concentration data are corrected for
procedural blanks measured prior to each sample
analysis. The “He blanks were typically < 15% of
the total helium. The tabulated lo errors in the
“He concentrations and *He/*He ratios (Table 1)
contain uncertainties associated with peak height
measurements, blank corrections, corrections for
mass spectrometer fractionation, and cryogenic
trap efficiency, which have been propagated by
quadratic expansion. The “He released during in
vacuo crushing (155x107!> c¢cm® STP/g) repre-
sents ~ 3.7-4.3% of the total “He released during

sample fusion and is accompanied by a small, in-
determinate amount of He (*He/*He ~ —1.65 Ra,
blank corrected). In calculating the He concentra-
tions, we corrected the fusion data for trapped
helium by subtracting the blank-corrected total
“He released during crushing from the total “He
released during sample fusion for each fused split.

For the uranium and thorium concentration
and isotopic measurements, ~ 30 mg splits of gar-
net and crushed whole rock were dissolved in a
nitric-HF mixture. Aliquots of the dissolved sam-
ples were spiked with 2 Th and 23*U. Unspiked
aliquots were analyzed for 4U/?¥U and *°Th/
22Th ratios. Isolation of U and Th was accom-
plished using Tru-Spec column resin following es-
tablished procedures [22]. Uranium and thorium
isotopic compositions of spiked and unspiked ali-
quots were measured on a Micromass IsoProbe,
MC-ICPMS. Samples were introduced to the in-
strument using a CETAC Aridus desolvation sys-
tem. For spiked samples, mass fractionation was
corrected using bracketing measurements of a nat-
ural uranium in-house standard. The estimated
uncertainty in the measured concentrations is
<0.5%. 2*U/*U and 2°Th/?2Th of unspiked
aliquots were measured using separate static rou-
tines that placed 2*U and *°Th on the Daly pho-
tomultiplier ion counting system, while 23U,
28U, and 2?Th were measured on Faraday
cups. The measured >>U/>¥U of the sample was
used for internal mass fractionation correction.
Measurements of a secular equilibrium U in-
house standard provided calibration of the ion-
counting system. The ion-counting system is situ-
ated behind a wide aperture retarding potential
filter, providing an abundance sensitivity (mass
237 compared to mass 238) of better than 100
ppb. Measured 2*°Th/>*?Th was combined with
Th and U concentrations to provide 2°Th/?¥U
activity ratios. Ba was measured in dissolved splits
of garnet and powdered whole rock by standard
ICP-AES techniques. Uranium, thorium, and ba-
rium results are given in Table 2. The U and Th
concentrations were also measured by ion probe
to determine the level of homogeneity within gar-
net grains, because alpha recoil corrections are
sensitive to the distribution of the parent nuclides
within the mineral [21,23].
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(5«“: 2 a 3. Results
S n O
§ § 2 3.1. He, U and Th concentrations in garnet
A
The “He concentration in garnet was deter-
sg 88 mined by averaging four different determinations
e e on separate aliquots of garnet grains (Table 1).
The measurement of four different aliquots
gives us a means of estimating the variability
gg fg and, hence, the uncertainty in the determined
o value. The measured values vary from 3570 to
g8 88 4001 X 10712 cm?® STP/g, and the weighted average
== =< is 372710712 cm?® STP/g, with a standard devia-
tion of 16=190%x 102 cm?® STP/g. Quadratic ex-
ce —o pansion error propagation yields an uncertainty
2= 22 in the mean of 16=179%x107'2 cm® STP/g. The
==z == similar size of the twp errors indicates t.hat
e == they are reasonable estimates. The uncertainty
of approximately *6% is two to three times larg-
er than other careful measurements of He con-
22 &3 centration by isotope dilution found in the liter-
== =< ature [14-16,21], and may be inflated due to
g8 g8 variations in U and Th concentration, as noted
s S below.

+ < The concentrations of U and Th in the two
T Sz splits that were measured differ by about 15%
gn 5o (Table 2). The Th/U ratio is much less variable,
S S S showing only a little more than 1% difference be-
e e tween the two analyses. The results of an ion
= § N % probe traverse of a garnet grain (Fig. 1) with a
- o o maximum dimension of about 1 mm are shown in
22 22 Fig. 2. The U and Th concentration in garnet,

determined by ion probe, are 40% lower than

g3 88 the average of the two aliquots that were mea-

2= == sured by isotope dilution mass spectrometry.

2252 This difference further emphasizes the variability

a8 2s in U and Th concentrations. Considering that the

- ion probe results represent only one grain, the

% 40% difference is not inconsistent with the obser-

E vation that 50-100 grains included in the two ali-

s quots yielded a 15% difference in concentration.

o O More importantly, the ion probe traverse shows

= 8 no indication that the U and Th concentrations

0w ‘;5 % are particularly high or low near the grgin edge.:s,

HEs § 5 whlch. means that an asspmpﬂon of uniform dis-

amaas tribution within the grains for the purposes of

g g2 é g estimating recoil and diffusive losses of helium is
56520 adequate.
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Fig. 1. Photomicrograph of single garnet grain used for U and Th ion probe analysis.

3.2. Correction for alpha ejection and implantation

The helium concentration measurements must
be corrected for the fact that the helium produced
by radioactive decay starts out as alpha particles
that are ejected from the decaying nuclei with en-
ergies of 4-8 MeV. Stopping distances were calcu-
lated using range data for pure elemental targets
[24] and a garnet composition determined by elec-
tron microprobe techniques of Ca;g7Mng ggAlg.g7-
Fe; 27 Tip 20813012 (see [13]). Alpha emission cor-
rections are based on models for spherical grain
geometry and a homogeneous distribution of the
parent atoms [25,13]. Based on the ion probe
analyses, the concentrations of the parents do
not vary by more than a factor of two, signifi-
cantly less than the order of magnitude variations
in parent U and Th needed to affect the ejection
calculation [23]. We assume that the concentra-
tions of U and Th in the groundmass are equal
to the concentrations measured for the whole
rock. The total fractional excess of alphas in the
garnet grains is calculated to be Fr=1.001%
0.005. The alpha ejection correction is therefore

insignificant, considering the other sources of un-
certainties in He, U, and Th concentrations.

3.3. Correction for diffusive loss of helium

To estimate the diffusive loss of helium we first
determined the diffusivity of helium in the Vesu-

14 —e—Th B
—a— U

Th, U (ppmw)
5
T
1

4 1 1 1 1
0 200 400 600 800 1000

Distance (1um)

Fig. 2. U, Th distribution in garnet grain (from Fig. 1).
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Table 3

Results of step-heating runs for diffusion profile

T Duration ‘He Fiiea In D/a?®
(°C) (s) (pmol/g) (%0)

600 2700 217.94 6.11 —15.93
800 2700 1009.94 28.29 —12.26
900 2700 658.57 18.45 —11.25
1000 2700 425.00 11.91 —10.72
1100 2700 566.76 15.88 —10.05
1200 2700 596.82 16.72 -9.05
1300 2700 57.96 1.62 —8.78
Final extraction 2700 36.75 1.03

Total 3569.74

4 Fractional loss in percent, 0= FH¢ < 100.

b Calculated using measured values of FI® and equations in [25].

vius garnets. The helium diffusivity determination
is based on the step-wise degassing of Split A
(Tables 1 and 3) and the equations for diffusion
from a homogeneous sphere [25]. The data follow
an Arrhenius relationship (Fig. 3). We subtracted
the total *He released during sample crushing
from the 600°C step to calculate the total “He
released due to heating, and then used the 800-
1300°C steps to determine the diffusivities. Up to
the 1300°C step, the diffusivity remains linear. A
least squares regression line, based on the error-
weighted data points for the 800-1300°C extrac-
tions, yields a value for E,, the activation energy,
of 91.31+5.76 kJ/mol and a frequency factor, In
Dola?, of —2.00%0.56.

The garnet helium concentration is corrected
for diffusive loss [18] assuming a maximum
mean annual temperature of 35°C and a calcu-
lated D/a>=1.40x107° £0.086x 107 for garnets
with typical diameters of 1 mm. This value corre-
sponds to less than 1% helium loss over the age of
the sample, and is therefore marginally significant.
The error in the diffusivity of ~6% adds addi-
tional uncertainty to the fractional loss of helium
due to diffusion, Fgy, such that Fgr =0.004. =
0.0003. A solution to the production—diffusion
equation that includes the effect of alpha ejection
from the mineral has also been determined [26],
but we can ignore this effect because the magni-
tudes of diffusive loss and alpha ejection are in-
significant for the Vesuvius garnets.

3.4. Corrections for U-series disequilibrium

The rate of production of helium from alpha
decays in the U and Th decay series depends on
the concentrations of each of the intermediate
daughters as well as on the concentrations of
28U and 22Th. If the age of the sample is
much greater than the mean life of the longest-
lived intermediate daughter, then the concentra-
tions of the intermediates can be assumed to ad-

-10 ~

In D/a’

11 =

-12 -

13 - 4

14 ! I
6 6.5 7 75 8 8.5 9 9.5

10%T

Fig. 3. Arrhenius diagram for diffusion coefficients across a
range of temperatures. The error bars show the propagated
errors in D/a*. The slope of the regression line (not the error
weighted best fit line) is proportional to E, (the activation
energy) =91.31+5.76 kJ/mol and the Y-intercept is propor-
tional to In Dy (the frequency factor)=—2.00%0.56.
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here to the secular equilibrium values. Compared
with the age of the Vesuvius sample (1923 yr),
most of the intermediate daughters are short-lived
and hence attained secular equilibrium with their
immediate parent nuclides rapidly after the erup-
tion. The exceptions are 2**U (248 kyr), 2*°Th (75
kyr), and ?°Ra (1622 yr). We have measured the
24U/”8U and 2°Th/>8U activity ratios of garnet
(Table 2), so for these terms the corrections can
be made accurately. For the *?°Ra/?*'Th activity
ratio, we have made measurements of the Ba/Th
ratios of both garnet and whole rock as a guide,
but use available information on crystal residence
times [27] to argue that the initial ?°Ra/***Th of
the garnet phenocrysts was the secular equilibri-
um value.

The correction for 2°Th—2*¥U radioactive equi-
librium is done using the equation of Farley et al.
[21], which we write in the form:

*He = Py (U, Th)(1 + Fais) (1)
where:
Py(U,Th) = 7(*¥U)et=s! 4 6(32Th)et» + 2(B8U)et !

is the production rate of “He expected for a sys-
tem at U-series radioactive equilibrium, and:

. 1 Aa3s 238 A2t (1 —e— A0t
Fais = P(U.TH) {60230 <lz30>( U)et=! (1—e )+
1
238 A3t 1— —Aasgt
63U {(m) (1—e 1)

)]

is the correction factor for departures from equi-
librium. The terms “He, 2°U, 22Th, and %U
refer to concentrations, the A’s are decay con-
stants, and Da3p = 229Th/28U. Based on our anal-
yses of U and Th concentrations in garnet and
whole rock, we calculate that the value of the
correction factor Fy;s is 0.498 £0.004.

We use Ba/Th data as a guide to the behavior
of 226Ra/%Th, because Ra and Ba have similar
chemical behavior in silicate systems [28,29]. The
data (Table 2) indicate that garnet initially crys-
tallized from the Vesuvius magma with a large
deficiency of 2*°Ra relative to 23*Th, because the
Ba/Th ratio of garnet is about eight times smaller

than that of the whole rock. However, it is com-
mon for lavas of the Roman magmatic province
to have excess 2>°Ra on eruption [27], so the >°Ra
deficit in the garnet relative to the secular equilib-
rium value probably would have been smaller
than suggested by the Ba/Th data. Black et al.
[27] also give evidence that typical crystal resi-
dence times are greater than 10* years, which is
several half-lives of 22°Ra. Hence, it is a reason-
able assumption that *°Ra and >*Th were close
to secular equilibrium in garnet at the time of
eruption, and therefore no correction beyond
that represented by Eq. 1 is necessary.

3.5. Age and uncertainty calculations

The calculated age of the garnet sample is de-
termined from the equation:

4He(l_Fdiff)FT
PSE(U,Th)(l + Fyis)

age =

The measurements of He, U, and Th concen-
trations determine the factors “He and Py (U,Th).
As noted above, the correction factors are
Fyigr = 0.004 £0.0003, Fr=1.001%0.005 and Fg;s =
0.498 £ 0.004. The calculated age and uncertainty
from this equation is 1885+ 188 yr and is quite
close to the actual age of 1923 yr. Table 4 shows
the effects on the calculated age and uncertainty
of the three correction factors. The major correc-
tion to the age is due to 2**Th/?¥U disequilibri-
um, which increases the calculated age by about
50% relative to the raw age.

The uncertainty in the age determination is of
considerable interest in that it helps define the
ultimate broader applicability of the technique.
The main sources of error are the uncertainties

Table 4

Calculated He ages

Sample AM1 Age lo

(yr)

Raw 1291 129
Corrected for ejection 1290 129
Corrected for diffusion 1291 129
Disequilibrium raw 1880 188
Disequilibrium corrected for ejection 1878 188
Disequilibrium corrected for diffusion 1885 188
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in the helium concentration, which is about =+ 6%
of the total at the 1o level, and the uncertainty in
the U and Th total concentration, which is about
+ 8% at the 1o level, as estimated from the two
determinations. If we assume that the two param-
eters are uncorrelated, then the total uncertainty
in the age determination is about *10%. The ef-
fect of an error in the assumed ?°Ra—>**Th equi-
librium is such that if the °Ra/>Th ratio were
lower (or higher) than the equilibrium value by
20% it would increase (or decrease) the calculated
age by about 50 yr. There is a substantial like-
lihood that the He concentration variations are
correlated with the U and Th concentration var-
iations, which would tend to reduce the age un-
certainty to a value less than 10% of the age.
Adding in all of the potential sources of error,
we estimate the overall age and uncertainty based
on our analyses as 18851 188 yr, but recognize
that the uncertainty might be smaller if the het-
erogeneity in U and Th concentrations could be
eliminated by measurement of He, U and Th con-
centrations on the same aliquots of garnet.

The age and uncertainty yielded by our U-Th/
He results on garnet are compared in Fig. 4 with
Ar-Ar determinations on sanidine phenocrysts
[4]. Both the U-Th/He and Ar—Ar ages (1885 ver-
sus 1925) are close to the known age of the erup-
tion. The uncertainties are also comparable, inso-
far as Renne et al. [4] were able to decrease the
overall uncertainty of their age by pooling a num-
ber of individual analyses. The size of the uncer-
tainties (£6% to *10% of the age) are larger

T T T
79 AD Eruption |
1

of Vesuvius Ar-Ar dating (sanidine)

&

observed\ :

|
U-Th/He dating (garnet)
>—.—4
|
|
I I I [ I
0 500 1000 1500 2000 2500 3000

Ages (years before present)

Fig. 4. Comparison of ages calculated using Ar-Ar dating
and U-Th/He dating, with age determined by observations of
Pliny the Younger.

than can be achieved with radiocarbon under fa-
vorable circumstances, but are more than ad-
equate for many geological applications.
Extrapolating our results to other types of
rocks and minerals raises a number of issues
that still must be addressed. The data analysis
will be somewhat simplified for rocks that are old-
er than about 20000 years, because the Ra dis-
equilibrium correction is negligible, and correc-
tions are needed only for U and Th intermediate
daughters. For rocks with relatively large
amounts of radiogenic helium, the helium concen-
tration can be measured by isotope dilution to a
better accuracy [21], but the uncertainties associ-
ated with ejection/implantation and diffusive loss
are likely to be larger. With isotope dilution, one
must assume that the sample contains no indige-
nous (trapped) helium; that assumption is likely
to be inadequate for some volcanic samples in
which the trapped component can be as high as
1077 ecm?® STP/g [30]. In our case, the trapped
component accounts for a few percent of the total
helium, which is small but still significant. In gen-
eral, trapped helium must be accounted for in
young samples with low U and Th concentra-
tions. To accurately determine the fraction of ra-
diogenic “He, it will be necessary to measure the
3He/*He ratio in both the crushing and step-heat-
ing released helium; therefore isotope dilution
techniques will not be viable for these samples.

4. Conclusions

Garnet phenocryst samples from the 79 AD
eruption of Mt. Vesuvius witnessed by Pliny the
Younger were dated using the U-Th/He method.
The resultant age of 1885 £ 188 yr, which includes
a large correction for U-Th isotopic disequilibri-
um, is within 2% of the correct age and hence
indicates that the U-Th/He method is applicable
to dating Holocene volcanic samples accurately
and with lo precision of ca. 10%. A significant
source of error in our age calculation comes
from measuring U, Th and He on separate ali-
quots; future work will address this issue. The
results presented here are encouraging in that
they validate the correction due to U-series iso-
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topic disequilibrium, but they do not address the
efficacy of the diffusion and alpha ejection/im-
plantation corrections because those corrections
are negligible for the samples studied. The Vesu-
vius garnets are also advantageous in that they
combine a high He production rate (from unex-
pectedly high U and Th concentrations in garnet),
and exceptionally good helium retentivity. Other
available volcanic phenocryst minerals do not typ-
ically have both of these favorable characteristics.
On the other hand, the Vesuvius samples are
young. Samples with older ages (100 ka to 2 Ma)
contain much larger amounts of radiogenic heli-
um for the same amount of U and Th, and radio-
active disequilibrium corrections are less impor-
tant.
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