
ing could be the lunar sample described 
by Brown and Wechsler (21) who, to ex- 
plain the large apparent APD size, sug- 
gested that a period of reheating had oc- 
curred although this reheating is now 
clearly not essential. 

The isothermal coarsening kinetics of 
APD's in pigeonite provide good evi- 
dence of impurity segregations onto 
APB's. In metallic alloys, such segrega- 
tions have given values of n between 2 
and 4 (15). The higher value for pigeonite 
implies a more severe restriction of APB 
mobility. There is a fundamental dif- 
ference between metals, in which the do- 
mains arise by atomic ordering, and pi- 
geonite, in which they arise from a 
displacive transformation. Structural 
distortions at APB's in pigeonite may 
provide more suitable sites for the loca- 
tion of particular cations. Ions other than 
Ca2+, however, may also restrict APB 
mobility in pigeonite. During heat treat- 
ments without graphite, some crystals 
became slightly oxidized and had smaller 
domain sizes than those heated for the 
same time and at the same temperature 
in the presence of graphite. The slower 
growth rate could be due to the segrega- 
tion of Fe3+ or vacancies onto the 
APB's. 

Unfortunately, it is not likely that any 
simple quantitative relationship between 
domain size and cooling rate can be es- 
tablished on the basis of the results pre- 
sented here. There appear to be too 
many variables, particularly relating to 
the behavior of Ca2+. Even on a qualita- 
tive basis, it may be difficult to interpret 
APD sizes in terms of thermal history 
without substantial additional evidence. 
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Petrology, Cambridge University, 
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Carbon-14 Dating of Small Samples by Proportional Counting 
Abstract. Conventional carbon-14 dating by means of gas proportional counters 

has been extended to samples containing as little as 10 milligrams of carbon. The 
accuracy of the dating procedure has been checked by dating sequoia tree-ring sam- 
ples of the 1st century A.D. and B.C. and an oak tree-ring sample of the 19th 
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The advantages of small sample size in 
carbon-14 dating are evident. In the au- 
thentication of works of art, for example, 
milligram sampling might be permissible 
in many cases where the removal of as 
much as a gram of sample would not. In 
archeological dating it often happens that 
only small samples are available, which 
must be totally consumed in order to ob- 
tain the data. 

Recently a series of studies have dem- 
onstrated the feasibility of 14C dating of 
small samples by means of a procedure 
consisting of the production of carbon 
ions in a specially designed source, ac- 
celeration of these ions in a Van de 
Graaff electrostatic accelerator (1-3) or a 
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cyclotron (4, 5), reversal of the ion 
charge (in the Van de Graaff) to provide 
an effective decontamination from 14N, 
magnetic and electrostatic selection, and 
finally direct counting. The method has 
been used for trial dating studies (2, 5) 
and would appear to be of enormous po- 
tential, especially for the dating of very 
old or very small samples. On the other 
hand, this method does require a ma- 
chine which is expensive both to pur- 
chase [about $500,000 (3)] and to oper- 
ate; for best results it would appear that 
such a machine should be "dedicated," 
that is, designed, built, and used for no 
other purpose (3). 

We describe here some new develop- 
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ments in an alternative and very much 
less expensive method, the extension of 
conventional '4C dating by proportional 
gas counters to samples containing as 
little as 10 mg of carbon (20 cm3 of CO2 at 
standard temperature and pressure). Al- 
though we were aware of earlier pub- 
lished accounts of small 14C counters (6- 
8; Table 1), we undertook this research 
project, which was funded by the Con- 
servation-Analytical Laboratory of the 
Smithsonian Institution (9), primarily on 
the basis of the considerable experience 
with small low-level proportional coun- 
ters at the Chemistry Department, 
Brookhaven National Laboratory. The 
final step in the solar neutrino detection 
experiments (10, 11) utilizes this tech- 
nique. 

In the small counter designed for the 
present application, all materials of con- 
struction are carefully chosen to be as 
free of naturally occurring contaminants 
as possible. The counter envelope is 
made from optical grade fused silica; all 
other parts, including the stopcock and 
the insulating and end plugs, are made of 
fused silica except for the short lengths 
of glass used to seal the anode and cath- 
ode leads and the electrodes themselves. 
The cathode is a cylinder formed from 
0.013-cm copper foil (99.99 percent 
pure). Details of the counter construc- 
tion, diagrams, assembly, and operating 

procedures are available from the au- 
thors (10) (Fig. 1). 

The counter has design features that 
make it attractive for measurement of 
low-level activity. No plastics are used, 
and so the entire counter may be baked 
at 300?C during evacuation. Volume effi- 
ciencies for 14C in CO2 have been deter- 
mined for different individual counters to 
be between 85 and 90 percent. 

We have checked the stabilities of the 
counters throughout each run by reading 
out the accumulated counts at least 
once, sometimes several times, each 
week during a counting period. The 
counting data are judged to be accept- 
able only if a period-to-period com- 
parison of the accumulated counts shows 
no statistically significant deviations and 
no progressive change in counting rate 
during the run. 

The quantitative conversion of the car- 
bon within specimens into pure CO2 was 
achieved by conventional procedures of 
combustion and purification (details are 
available from the authors). The purified 
CO2 was collected with a Toepler pump 
and forced quantitatively into the coun- 
ter by displacement with mercury. Sam- 
ple size was such that the final pressure 
of CO2 in the counter was about 4 atm. 

We judged the purity of this counting 
gas by analyzing the shape and resolu- 
tion of the copper Ka x-ray peak (8.07 

keV) obtained by exposing the counter 
to an external iodine-125 source. It has 
been demonstrated that x-ray peaks from 
gas counters filled with CO2 at high pres- 
sures become significantly broadened 
and skewed when even minute amounts 
of electronegative impurity gases are 
present. Tests of the combustion and 
purification system with standard sam- 
ples of National Bureau of Standards 
(NBS) oxalic acid, Standard Reference 
Material (SRM) 398-benzoic acid, SRM 
5i-cast iron, and SRM 33-d nickel steel 
yielded greater than 99 percent recovery 
in every instance. 

Two different kinds of background-re- 
duction apparatus were available. In the 
first, the counter is placed in a low-level 
shield consisting of a guard ring of pro- 
portional counters (5 cm in diameter) in- 
side a passive shield of 30 cm of iron. In 
the second, the counters are inside the 
well of a large cylindrical NaI crystal (25 
by 25 cm), whose scintillation pulses are 
in anticoincidence with the counter puls- 
es. If appropriate routers are used, the 
first apparatus can handle up to eight 
counters simultaneously; the second, up 
to four. From each counter the router di- 
rects the pulses into a specified 256- 
channel memory block in the first half of 
a 4096-channel analyzer. The optimal 
conditions for pulse height analysis and 
14C signal to background were arrived at 

Table 1. Characteristics of small 14C dating counters. 

Counts Counts Modern Days to reach 

Volume Pres- Counting Weight per day per carbon/ 2 percent counting Volume Counting accuracy* Refer- sure of carbon (net) of day of back- accuracy* Refer- 
(cm3) gasence (atm) ga (mg) modern back- ground Modern 5730 

carbon ground ratio carbon years 

Earlier small '4C counters 
35 1 CO2 18.8 288 403 0.72 33.0 114.5 (6) 
30 1 C2H4 + C2H2 32.2 446 360 1.2 14.7 47.4 (7) 
40 1 C2H6 42.9 439 360 1.2 15.0 48.7 (7) 
40 0.6 C2H4 25.7 288 173 1.7 19.1 59.1 (8) 

This work 
51 4 CO2 10.7 186 56 3.3 21.5 59.3 Ring shield 
5t 4 CO2 10.7 186 21 8.9 16.5 39.0 NaI shield 
7.5 4 CO2 16 269 77 3.5 14.6 39.9 Ring shield 

*Defined as the days of counting necessary to reduce the factor square root of the sum of the net counts plus twice the background counts divided by the net counts to 
0.02. tAverage response of detectors of this size. 

Table 2. Test of dating procedure with tree-ring samples of known age. Ring shields were used for these counters. 

Net radiocarbon activity* Equivalent 813C 
(count day-' mg-') Radiocarbon dendro- relative Counter 

Tree-ring date 
NBS date (years) chronological to number 

Sample oxalic acid ranget PDBt 

31 to 37 B.C., sequoia 13.06 ? 0.24 17.20 + 0.22 32 A.D. + 190 130 B.C. to 305 A.D. -21.2 C-4 
31 to 37 B.C., sequoia 13.09 + 0.22 17.20 ? 0.19 44 A.D. ? 160 100 B.C. to 276 A.D. -21.2 C-6 
36 to 42 A.D., sequoia 12.74 + 0.24 16.96 ? 0.19 69 B.C. + 190 380 B.C. to 200 A.D. -20.6 C-5 
1844 to 1850 A.D., oak 15.80 + 0.13 16.75 + 0.19 1870 A.D. + 120 Not available -24.1 C-12 

*Corrected for background; error includes errors in background. tTaken from (13). Maximum ranges reported. tValues relative to the Pee Dee belemnite 
(PDB) standard were measured by A. P. Irsa. 
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by a lengthy series of trial counting mea- 
surements (the authors can supply de- 
tails). 

As a test of our overall method and in- 
strumentation, tree-ring samples of 
known age from sequoia (31 to 37 B.C. 
and A.D. 36 to 42) and oak (A.D. 1844 to 
1850) were dated (12). Four counters 
designated C-4, C-5, C-6, and C-12 were 
used. The first three counters had vol- 
umes of 5 cm3; the fourth, 7.5 cm3. The 
proportional counter guard ring was used 
for background suppression. 

The results of these dating measure- 
ments are given in Table 2. In all cases, 
the measured age agrees with the known 
age to within the limit of error at the level 
of 1 o. 

We have not as yet dated any samples 
of known age with the counters placed in 
the second (NaI well-crystal) anti- 
coincidence shield. We have, however, 
measured dead CO2 counter back- 
grounds in that shield and have found 
them to be one-half to one-third of those 
observed in the first shield (Table 2). The 
actual counting data for modern carbon 
and background are given in Table 1, 
where our pressurized counters in the 
two shields are compared with pre- 
viously reported small 14C counters. 

The data in Table 2 were derived from 
counts of 45 days each for the oxalic acid 
and wood samples and 30 days for back- 
ground in counters C-4, C-5, and C-6. 
We now feel that a reasonable counting 
time is 105 minutes for each, that is, 
about 70 days. Although 7 months are 
thus needed for an overall experiment, 
as noted above eight (or four) samples 
are measured simultaneously, and we 
may hope that with experience it may 
not prove necessary to redetermine mod- 
ern carbon and background each time a 
date is measured. 

It is perhaps premature to compare the 
use of small counters with Van de Graaff 
accelerators and cyclotrons in the dating 
of small samples-in the latter cases the 
state of the art is rapidly advancing, and 
the machines in use are not at all opti- 
mized as yet for dating studies. For very 
old or very small samples, or both, it 
would appear that the accelerator may 
have greater potential. The accelerator 
will certainly be the quicker, but also the 
more expensive, way to date samples of 
carbon in the 10-mg range. In addition, 
the accelerator consumes the carbon 
sample during the dating process. 

Using a counter of 5 cm3 containing 
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Using a counter of 5 cm3 containing 
CO2 at 4 atm, counted for 69.4 days, we 
calculate that, for samples of age 0, 1, 2, 
and 3 times the 14C half-life, the errors 
are + 90, 150, 270, and 510 years if the 
ring shield is used and + 80, 130, 200, 
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and 350 years if the NaI crystal is used. 
We estimate that a complete counting 

system set up for the simultaneous oper- 
ation of eight proportional counters 
would cost on the order of $40,000. 
However, most conventional 14C dating 
laboratories now functioning could prob- 
ably adapt such small detectors to their 
existing equipment at much less ex- 
pense. 
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Analysis of a sample of rock from the 
Clear Creek area in San Benito County, 
California, submitted by the Bureau of 
Land Management (BLM) of the U.S. 
Department of the Interior in mid-1977, 
showed a high concentration of chryso- 
tile. The area is in a serpentine massif, 
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miles southeast of San Francisco. A por- 
tion of this land, comprising the Clear 
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tractions are sparsely vegetated and ero- 
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turous cyclists. Of the 41,150 users of the 
area in 1975, about 85 percent were oper- 
ators of off-the-road vehicles, principally 
motorcycles; the others were campers, 
hunters, or rock collectors. Most of the 
motorcyclists were weekend users and 
included many families with children. 

The geology and mineralogy of the 
New Idria-San Benito serpentinite have 
been described by a number of observers 
(2-4). It is one of the larger of several 
major ultramafic complexes in California 
and appears as an outcropping more than 
6 km wide and 20 km long at the southern 
end of the Diablo Range. In 1958, Rice 
and Matthews of the California Division 
of Mines (5) identified the white, fibrous, 
matted material that covers many hill- 
sides in the area as chrysotile; its com- 
mercial development began in the early 
1960's. Mumpton and Thompson (2) 
have reported on the mineralogy and 
possible origin of what has been called 
the Coalinga asbestos deposit. Their 
analyses of a large number of samples 
collected on the surface, in mine pits, 

turous cyclists. Of the 41,150 users of the 
area in 1975, about 85 percent were oper- 
ators of off-the-road vehicles, principally 
motorcycles; the others were campers, 
hunters, or rock collectors. Most of the 
motorcyclists were weekend users and 
included many families with children. 

The geology and mineralogy of the 
New Idria-San Benito serpentinite have 
been described by a number of observers 
(2-4). It is one of the larger of several 
major ultramafic complexes in California 
and appears as an outcropping more than 
6 km wide and 20 km long at the southern 
end of the Diablo Range. In 1958, Rice 
and Matthews of the California Division 
of Mines (5) identified the white, fibrous, 
matted material that covers many hill- 
sides in the area as chrysotile; its com- 
mercial development began in the early 
1960's. Mumpton and Thompson (2) 
have reported on the mineralogy and 
possible origin of what has been called 
the Coalinga asbestos deposit. Their 
analyses of a large number of samples 
collected on the surface, in mine pits, 

Chrysotile Asbestos in a California Recreational Area 

Abstract. Dustfall along roads and trails being used recreationally in the Clear 
Creek area of San Benito County, California, located in the New Idria serpentinite, 
was found to be 90 percent or more chrysotile asbestos. Personal samplers worn by 
motorcyclists using one of the trails showed concentrations of airbornefibers rang- 
ing from 0.3 to 5.3 fibers per milliliter, according to methods prescribed for mon- 
itoring occupational exposures. The present workplace standard for brief exposures 
to asbestos is 10 fibers per milliliter; 5 fibers per milliliter is the proposed standard. 
The average total dust concentration estimatedfrom personal samplers was approxi- 
mately 20 milligrams per cubic meter of roughly 90 percent chrysotile. To our knowl- 
edge, this is the first demonstration of asbestos exposures of this magnitude, in size 
ranges known to be pathogenic, resulting from natural deposits not associated with 
mining, milling, or industrial use. 
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