
eaulpped wlth photod~ode-array detection. The 
fused sllca capllares used n the experments were 
53 cm In total length (45-cm e'iectlve length) vvtti a 
50-km Inner dameter and a320-km outer dameter 
Runnng condlt~ons were as follows: voltage --20 
kV; current 17.6 FA; electrolytes, 5 5 mM 4-hy- 
droxybenzoate and 0.5 mM tetradecyltr~methyam- 
monlum bromde pH 11.6 
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entre 12-hour samplng perod SIX separate exper- 
lmentsof 2 to 3 hours each were conducted, w th  the 
same amount of enzymes (by weght) In each exper- 
lment Nonetheless, ttie enzyme actlvltles dl'iered 
sght ly bet1,veen expermenis as ndlcated by a 
change In the unperiurbed steady-state concentra- 
tons of ttie measured speces In order to make the 
t m e  seres bet1,veen experments match we mult- 
pled ttie concentratons from the t m e  seres In each 
experment by the approprate rato of the reference 
concentratlon (as deflned above) to ttie measured 
unperturbed steady-state concentrailon In order to 
repeat ttie last t m e  pont of a prevous experment, 
each experment repeated the last two to three sets 
of Input from ttie prevous experment. 
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40Ar/39Ar Dating into the Historical Realm: 
Calibration Against Pliny the Younger 

P. R. Renne," W. D. Sharp, A. L. Deino, G. Orsi, L. Civetta 

Laser incremental heating of sanidine from the pumice deposited by the Plinian eruption 
of Vesuvius in 79 A.D. yielded a 40Ar/39Ar isochron age of 1925 i 94 years ago. Close 
agreement with the Gregorian calendar-based age of 1918 years ago demonstrates that 
the 40Ar/39Ar method can be reliably extended into the temporal range of recorded 
history. Excess 40Ar is present in the sanidine in concentrations that would cause 
significant errors if ignored in dating Holocene samples. 

T h e  ability to date geological events in the 
recent past is increasingly important in many 
areas of earth science. Applied to volcano- 
genic materials of high potassium content, 
the "Ar/"K method of dating has been used 
to date samples into the Holocene, that is, 
less than 12,000 gears old (1  ) ,  although the 
precision is lower than is commonly reported 
for 14C, uranium series, or other methods. 
T h e  4%r/3gAr variant of this method, in 
which 42K is measured by proxy through 
39Ar in irradiated samples ( 2 ) ,  potentially 
allo~vs recognition of xenocrgstic contami- 
nation, nonatmospheric initial argon, and 
argon loss. For example, a young 42Ar/39Ar 
date of 5.3 ? 0.3 thousand years ago (Ka) 
has been reported (3) for sanidine from a 
tephra derived from the Mono Craters, Cal- 
ifornia, whose age had been previously con- 
strained by 14C at 4.6 ? 0.1 Ka. Determina- 
tion of this '2Ar/39Ar model age relied o n  
the assumption that the significant scatter in 
apparent ages of single crystals was a result 

P. R. Renne, Berkeley Geochronology Center 2455 
Rldge Road Berkeley, CA 94709 USA, and Department 
of Geology and Geoptiys~cs, Unlverslty of Caforn~a 
Berkeley CA 94720, USA. 
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only of xenocrystic contamination. 
Dating minerals in volcanic ejecta such as 

sanidine, which is potassium-rich and is 
thought to efficiently exclude initial argon at 
magmatic temperatures, is the most promising 
approach, although the possible effects of xe- 
nocrgstic contamination (4) can be problem- 
atic. Analysis of single crystals, for example by 
laser fusion, can obviate xenocrystic contam- 
ination (5), but single crystals are seldom 
large enough to yield reliably measurable 
auantities of 4%r+l~r~uoh  radiogenic in- " " 
growth in the Holocene. A relatively large 
spherical sanidine crystal 2 rnrn in diameter 
with 10 weight % K produces only about 2 x 
10-'%lloles of 4%r'"11 5000 years. and this , . 
quantity is one or two orders of magnitude 
smaller than the best attainable procedural 
background levels of '%r. 

We  sought to investigate the limits of the 
4oAr/39Ar method by application to ejecta 
from the infamous eruptlon of Vesuvius, 
which destroyed Pompeii and other Roman 
cities, as documented in the writings of Pliny 
the Younger (6).  Vesuvius erupted pumice 
clasts up to 36 cm long begmn~ng In the early 
afternoon of 24 Aueust 79 A.D.. 1918 calen- , u 

dar years ago, The  white pumice that erupted 
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versta d ~ a i o l l .  Largo Sanio Marcelno 10, ~ a p ;  Italy. diameter, A salllple of col. 
and Vesuvan Volcanolog~cal Observatory, 249 V a  Man- 
zon, Napol, Italy. lected at the Villa of Poppea, which was bur- 

ied in the eruption and has only recently been 
*-o whom correspondence should be addressed at 
Berkeley Geochronology Center, 2455 Ridge Road, excavated. 
Berkeley, CA 94709. USA. W e  divided irradiated sanidine from the 
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pumice (8) into 12 samples totaling 0.430 g 
and analyzed them by incremental heating 
with a CO, laser (9).  The  samples yielded 
imprecise and dispersed apparent ages (1 0)  of 
24 to 521 Ka in the lower (1  to 2 W )  laser 
power steps, which decreased and became 
more ~lnifornl (2  to 26 Ka) at 4 to 6 W ,  and 
became uniformly 2 to 3 Ka in the 7- to 20-W 
steps. The  1- to 2-YV initial steps, each of 
which contained less than 0.1% of the total 
39Ar released, yielded ' % ~ r / ~ ~ A r  values of 
298 to 323, which are statistically indistin- 
guishable a t  95% confidence (critical value 
test) from the  atmospheric ratio of 296 
( 1  1 ) .  A table of the  argon isotopic data is 
available to Science Online subscribers at 
\v\v\v.sciencemag.org. 

Cast on an isotope correlation diagram 
(Fig. I ) ,  the data define an isochron (12) that 
yields an  intercept corresponding to '%A/ 
3%rK = 0.07551 ? 0.0037, equivalent to an 
age of 1925 i 94 years. The  initial 42Ar/36Ar 
ratio defined by the isochron is 306.9 i 1.3, 
significantly higher than the atmospheric val- 
ue and indicative of a trapped component of 
extraneous "Ar. Excluding the 1- to 2-W 
steps, which are most likely to contain a sig- 
nificant proportion of adsorbed surficial argon 
(Fig. 1, inset), the remaining 33 steps yielded 
an isochron with indistinguishable age 
(1927 i 102 years) and initial 4%r/3%r 
(306.9 i. 1.5) compared with results from the 
entire data set. The  mean squared weighted 
deviation (blSYVD) values of 0.51 (N = 46) 
and 0.55 (N = 33) indicate that obsened 
scatter about the isochron is less than would 
be expected from the errors in the individual 
analyses; therefore, the errors on individual 
analyses are 11kely to have been slightly over- 
estimated, or some error correlations are un- 
accounted for in the regression used. Because 
there is no objective basis for excluding the 
lowest temperature steps, we prefer the iso- 
chron obtained from all 46 analyses as the best 
estimate of the age of this sample. 

The  presence of extraneous 4%r is sub- 
stantiated by the total gas results; the 4CAr/ 
39Ar apparent age (10) calculated from the 
sum of all gas released is 3300 i 500 years, 
clearly distinct within error from the known 
calendar age. With  the kno.ivn age, the con- 
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Fig. 1. Isotope correla- 2852 (1 966). 

tion diagram show~ng 3. Y. Chen, P. E. Smth. N. E. Evensen, D. York. K. R. 

isochron obtained by re- Lajoie, Science 274, 1 176 (1 996). 
4. G. H. Curtis, In Potassium Argon Dating, 0. A. Stiaef- 

gresson of 46 analyses. fer and J. Zatir~nger, Eds. (Spr~nger-Verlag, New 
The inset shows d e t a  of York, 1966). pp. 151-162. 
13 analyses with the 3. P, Lo Bello et a / . ,  Chem. Geol, (/sot. Geosci. Sect.) 
lowest 3gAr/40Ar. The % 66, 61 (1 987); A. L. De,no and R.  Potts, J. Geophys. 
mean of five olivine anal- ; 2.8 Res. 95, 8453 (1 990). 
yses is shown on the ;i 

6. H. S~gurdsson, S. Cashdollar, R. S. J. Sparks,Am. J. 
Archaeol. 86, 39 (1982): R. C o n ,  P. Maranel,  A 

36Ar/40Ar ,XIS of the inset < Sbrana, Acta Vulcanobgica 2, 109 (1 992). 
wit11 error bars, labeled 3 7. R. Cion eta l . .  J. Petrol. 36, 739 (1995). 
OL. OL data are not in- " 8. The pumce casts were washed vgorousy n water 
cluded in the regression. before any further treatment to remove so11 and any 
Trapped component possble fragments of unrelated material that mght 
[(40Ar/36Ar)~] is shown by have nfiltrated into the porous deposit. We selected 

sanidine fragments 0.6 to 1.6 mm In diameter from 
bold arrow. Age = 1925 f 94 ye crushed pumice that were free of m~croscop~cally vis- 

ible inclusons of glass and other phases and loaded 
them n to  an aluminum vessel along with crystals of 

O 0'5 'O 2'0 2'5 3'0 3'5 4'0 4'5 the Alder Creek sandine (ACs) a 1 . I  9 million-year-old 
39Ar/40~r  sanidne [B. D. Turrn, J. M. Donney-Nolan, B. C. 

Hearn Jr.. Geobgy 22, 231 (I 994)] used as a neutron 
fluence monitor, and Irradiated for 3 m n  in the Oregon 
State Un~vers~ty (Cowallis) reactor In the cadmlum- 

centration of extraneous "Ar can be estimat- progressive, uniform heating \vith low back- lined in-core (CLCT j  facity The ACs monitor was 

ed from the weight of the sample (0.430 g), grounds that appears to release nonradiogenic placed centray In the 'rradlatlon packet, Of the 
unknown sandne grans w ~ t h n  3 mm of it. F~ve sep- 

the total air-corrected 4%r released (2.9 X argon at lower temperatures than it releases arate fusions of three to f,,~, grains of the monitor 
mol), and tlie K content (12.5%) of the '"r*, which helps create spread on the iso- ylelded an nversevarance-weghted mean Jvaue (2) 

sanidine, yielding (2.6 ? 0 3 )  X 10-li mol/g. tope correlation diagram. Second, the mass ~ ~ ~ ~ ~ ~ ~ d i , ~ ~ ~ ~ ~ t ~ ~ ~ ~ a ~ , " , " U , " , ~ ~ , " ~ , " , " ~ d ~ ~ ~  
Uncertainties in mass spectrometer sensitivity discrimination and background corrections a ,,Iue of (8 . 3) 10-4 determined as the 
calibration, sample weight, and K content must be based on well-characterized and re- mean and standard devat~on of measurements from 

limit the uncertainty to about i. 10%. This producible values. The  short irradiation time Prevous Irradiatlons In the CLICT faclI1ty. 
9. The samples~,veghed -48 mg each and were loaded 

concentration would translate, if unrecog- ( 3  min)  and use of cadmium shielding to  5.mm.dlameter by 3.mm.deep a copper 
nized, to 1200 years of excess age during the reduce thermal neutron fluence ( 15)  mini- disc We degassed each sample n three to f~ve steps 
Quaternary, and > 10% error through the Ho- rnized the  importance of the  (4'Ar/39Ar), Up to fusion with a CO2 laser using an Integrator ens 

locene, a bias tliat is considerably larger than correction, which in  this case ~vould add 
~~~~1~~~~~~~~~ ::&!:; ' ~ ~ ~ s i ~ ~ e ~ ~ ~ ~  

un~ertainties for high-quality analyses. only 20 years to the calculated age if ig- (18) The CO, laser allows controlled and progressve 
Five unirradiated samples (20 to 75 mg nored. Finally, the  use of an  appropriately degassng of op t cay  transmssive materas such as 

each) of olivine from the  pumice were d e  aged (Quaternary) neutron fluence monitor 
gassed with a Nd-yttrium-aluminum-garnet reduced the  dynamic range of isotopic ra- sun/, cjrc, 11 07,212 (1 994); (78)1. Background ei jes 
(Nd-YAG) laser, yielding 4"r/36Ar ratios tios to be measured, \vliicli minimizes PO- (blanks) of argon isotopes were measured between 

(322 i 10 to 385 i 32)  whose mean value tential problems resulting from peak-tailing every one or two samples, and corrections were 
based on regresson of the values over tme. Mass 

(349 i 24) is distinct a t  95% confidence or detector nonlinearity. d~scr~m~nat~on was mon~tored by analyss of 45 sam- 
from tlie atmospheric ratio. T h e  trapped Thus despite the presence of excess '%r, a ples of purlfled alr interspersed w~th analys~s of the 

component in the olivine is not  distinguish- sample less than 2000 years old can be dated UnknOwns~ yledng a mean 'Jaue Of .OoZ6 = 0.0°02 
per atomc mass unt  based on a power law reaton. 

able from that  in  the sanidine at 95% con- with better than 5% precision, validating Apparent ages are calculated by assuming that all 
fidence, although it probably reflects an  4%r/3"Ar dating as a reliable geochronometer nonrad~ogenc 4CAr IS atmospheric argon, using 36Ar 
earlier stage in the  isotopic evolution of into the late Holocene. These results also to make a standard a ~ r  correct~on. 
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