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and compared with the thermometer record for those years to obtain 
phenomenologlcal (numerical) temperature coefficients for the ratios 
of hydrogen, carbon, and oxygen. A second tree has been measured for 
the years 1500-1800 and found to show the low temperatures of the 
Little Ice Age with warm brief intervals at about 1570, 1650, 1730 
and 1790. A theoretical study of various aspects of the total carbon 
inventory on the earth's surface has been initiated. 
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SECTION 1.  RESEARCH PROGRAM 

Mechanical thermometers were Invented about 1680 A.D. The records of 

temperature for th^ next 50 years or so are difficult to correlate 

with each other, '.owever, because the calibrations differed from ther- 

mometer to thermometer.  Nevertheless, heroic efforts have been made 

to do so, and thus the record of the long, slow increase in air tempera- 

ture since the Little Ice Age has been unraveled.  If one wishes to 

study climate changes before this time it is necessary to invaut and 

calibrate other kinds of thermometers. 

Some 25 years ago Harold Urey made the first attempt by measuring the 

isotope effect in the carbonate of shells,  that is, the variation of the 
13 12    18 16 

ratio of C /C  or 0 /0  in shells grown in water of different tempera- 

tures. (The values of the ratio are larger at higher temperature.) However, 

in order to evaluate the water temperature In which the shell grew, it is 

necessary lo Vnow the isotope ratios in the water and in the carbonate- 

bicarbonate ion where the shell grew. Since in general these are not known 

for old shells, the isotope thermometer in shells has not been very useful. 

Furthermore, this method provides only one thermometer, because carbon and 

oxygen are bound through the same force constant k, and therefore vibrate 

against each other with the same frequency, u.  Since the isotope ratio 

depends only on WkT, the temperature effects on carbon and on oxygen are 

proportional to each other and hence give redundant intimation. 

In the present research, the isotope thermometers in bio-organic 

material are being calibrated.  Here there ate five independent 

thermometers, namely hydrogen, carbor, nitrogen, oxygen and sulfur. 

I 
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Any given one of these temperature coefficients should have the same 

numerical value in all bio-organic materials because its bonds have 

about the same strengths in all bio-organic molecules.  Tr parallel 

changes are observed in two or more of these thermometers in stored 

bio-organic material from past times, it becomes increasingly likely 

that a climate change i« the cause.  Accordingly, this research program 

became oriented toward nu-asuring temperature; coefficients of bio-organic 

material both in general situations where atmospheric CO  (which has 

the same isotopic composi.ion world wide) and rain water are involved, 

and also in special fresh-water environments.  The ramifications and 

applications appear to be large. 

At present, the climate of the northern hemisphere appears to be in a 

long-term decline that began in 1935.  Accompanying the decline in 

temperature have been 50 year droughts in Japan, North Africa, India, 

Seuth America and the Mediterranean.  Indicative of this trend is a 

statement, by the head of the Soviet weather service. Dr. Yevgeny K. 

Federov quoted in the New York Times thit temperatures in 1972 in 

central Russia w?re the lowest in several hundred years.  If the 

temperature decline and the long-term droughts persist the effect on 

world food supply could become critical.  In illustration of the recent 

rapid decrease in world food reserves, is an estimate of Lester R. Brown, 

Overseas Development Council, New York Times, January 26, 197A, of 

reserves for 95 days in 1961, fo. 51 days in 1971, and for 29 days in 

January 1974.  This estimate presumably takes into account the increase 

in world population of about 30% during the interval. 

The food shortage is likely to be enhanced by the fuel shortage because 

this has produced a shortage of fertilizer on which the new "Green Revolu- 

tion" high yield grains are dependent, being unable to thrive on old- 

fashioned animal manures. 

Ml win  !■■■ mum m~mm 
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The present research program may succeed in developing a method to 

evaluate temperature trends in the historic past, say for the last 

10,000 years, and from tht record to determine the pattern of climate 

changes, from which we may be able to better predict the climate changes 

to be expected in the near term and their potential impact on food 

supply. 
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SECTION 2.  MAJOR ACCOMPLISHMENTS 

J ;: 

he following references and abstracts describe the studies performed 

under this contract. 

i ft 1 ^ 
"Measurement of 0 /0  by Neutron Activation," by R. G. Jackson, 

L. M, Llbby, and H. R. Lukens, J. Geophys. Res.. 78, p. 71A5 (1973). 

(See Appendix A.) 

The commercially available services for Isotope measurement of an 

accuracy useful In evaluation of past climates from blo-organlc material 

are exceedingly limited.  In seeking to alleviate this shortcoming, and 

In accordance with one of the tasks of this contract, we have proven 
18 16 

that the ratio 0 /0  can be measured In water using neutron activation 

to an Inltral accuracy of a few parts In 10 , with good prospects of 

Improved accuracy. By a small Increase In detector sensitivity the 

method promises to become .if  commercial Importance. 

"Isotope Ratios In a Brlstlecone Pine," L. M. Llbby and L. J. Pandoifl. 

1ft  Ifi       "] *\      19 
We measured the ratios 0 /0  and C /C  In a piece of brlstlecone 

pine for the years 500 B.C. to 200 A.D., with the Intention of comparing 

them with those of a recent pine grown at the same site (Almagre 

Mountain, Colorado Springs, Colorado, 11,000 ft altitude).  Then we 

learned by study of the recent pine that, each tree ring remained In the 

sapwood for as long as 90 years, permitting Isotope exchange between 

cellulose and sap over this period and possibly smearing any tempera- 

ture record over this period.  The emperoture record made at the site 

from mercury thermometer readings extends over only the last 90 years. 

Thus we could not calibrate the observed Isotope changes using this 

record.  However, we can say that for both 018/016 and C13/C12 ratios 

the difference between the old pine and the modern pine indicated 

that the climate was warmer 2000 years ago than now. 

- -■ - 
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The measuiements are shown In Table 1.  The age of the old tree was 

determined by radio carbon dating, by Dr. Rainer Berger, UCLA, to a 

precision of +60 years. The modern tree rings were dated by Dr. Valmont 

La March^, Tree Ring Laboratory, University of Arizona, who cored the 

tree and courted the rings. 

Table 1. Average Ratios in Bristlecone Tree Rings, 
1896-19C1 A.D. and 550 B.C.-75 A.D. 

(c13/c12)* (018/016)* Time Span 

Modern 

Old 

.013062 

.013240 

.0024924 

.0025400 

1896-1951 A.D. 

550 B.C.-75 A.D. 

*With errors of about 0.5 parts per thousand 

J 

As shown in Table 1, both isotope ratios are larger in the old tree than 

in the modern tree. Based on these data, thermodynamic considerations 

indicate that the old tree graw in a warmer climate. But since there 

is available no experimental determination of the temperature coefficient 

for these ratios in Bristlecone pines, we can't say how much warmer. 

However, if one assumes that the Bristlecone temperature coefficients 

may be equal to these we have evaluated for the E ropean Spessart Oak, 

of 4.4+0.3 ppt/0C for oxygen and 1.8+0.3 ppt/0C for carbon, the 

difference in the oxygen ratio would indicate a climate colder today 

by 4.3 +0.3oC and the carbon difference would indicate 7.6 +1.40C colder, 

for an average climate change of 6.0 +1.'.0C. Nevertheless, there is no 

reason to believe in the validity of this number, both because tempera- 

ture coefficients for pine? may differ from those for oaks and also 

because these numerical temper-itures coefficients (4.4 and 1.9 ppt per 

0C) were e"aluated from a smaller temperature change, about 1.8 degrees. 
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J If the temperature coefficients are not Independent n'   temperature, 

there may be a substantial error In using them to evaluate a temperature 

change of several degrees. 

It Is clear that many new questions have arisen In the course of this 

research project; It Is Important to evaluate the answers In order t^at 

this potential new field of historic climate determination may become 

viable. 

"Temperature Coefficients of Stable Isotopes Measured in Hot Spring 

Algae/' by L. M. Libby and L. J. Fandolfl, is appended herewith, 

together with the first page of proof for its publication, (see 

Appendix B.) 

. 

The algae in which isotope ratios were measured grew at various places 

of successive lower temperatures in the downflow of the famous hot 

springs of Rotorua, New Zealand.  In evaluating the temperature coef- 

•-icients of the isotope ratios of these algae, we have assumed that 

the Uotvpie ratio of the spring water remained unchanged during the 

flow down hill.  To check this point I have written to Dr. Athol Rafter 

Director of the Institute of Nuclear Sciences, and to Mr. Thomas Grant- 

Taylor. Geological Purvey, both in the Department of Scientific and 

Industrial Research, Lower Hutt. New Zealand, asking if they will have 

the isotope ratios measured in water samples obtained at 60° and at 

SO» centigrade on the downhill slope or alternatively send me the samples. 

"Experimental Detennlnation of Temperature Coefficients of Isotope 

Ration ^n Elodea," by L. M. Libby and L. J. Pandolfi. 

The angiosperm Elodea was grown in an outdoor pond, temperature controlled 

at lO'C and 20-C. The crop of new tips was harvested after about 2 months 

of growth at each temperature and the C13/C12 ratios measured in the 
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material.  To effect these measurements, the entire tips were dried 

In vacuo, and then subjected to chemical treatments for evolution of 

gases measureable In a mass spectrometer.  (See Appendix C.) The data 

are shown In Table II as well as the experimentally evaluated tempera- 

ture coefficient. 

Table 2. Isotope Ratio Measured in Hond Grown Elodea 

Water 
Temperature c13/c12 

Experimental 
Temperature 
Coefficient 

40C 

10oC 

20oC 

12992 +43 

13009 +38   (0.26 + 0.13) ppt/0C 

13053 +55 

I 

During the course of this experiment, because the pond was outdoors 

and quite small, 9 cu ft. It was subject to rapid evaporation, so that 

make-up water had to be added almost every day, from the Los Angeles 

water supply.  The source of the Los Angeles water supply is in part 

the melting snows of Mammoth, whose isotope ratios vary with the time 

of year at which the snow is deposited because the air temperature 

of the snow-clouds is variable. Thus the isotope ratio of the make-up 

water changed during the experiment as it was produced from the melt- 

ing snows.  On account of this varying and uncontrollable effect, we 

could not correct the measured oxygen and hydrogen isotope ratios In a 

reliable way and so can not report our measurements. To evaluate their 

coefficients will require growing plants under conditions whore the 

make-up water comes from a water tank so enclosed that evaporation can- 

not occur, and of sufficiently large volume as to last for the duration 

of the experiment. 
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I "Calibration of Isotope Thermometers in a European Oak," L. M. Libby 

and L. J. Pandolfi, presented at the NSF International CLIMAP Meeting 

on Climatic Parameters Since 17,000 B.C., May 17-23, 1973, University 

of East Anglia, Norwich, England, in publication in the Proceedings; 

and presented at the International Colloquim, C.N.R.S., Centre des 

Faibles Radioactivite, Oef-sur-Yvette, France, "Quantitative Methods 

of Study of Climate in the Pleistocene," June 5-8, 1973, and published 

in the Proceedings (first page of proof appended herewith), further 

reviewed by Prof. Hans Suess, UCSD (See Appendix C). 

We measured the isotope ratios of carbon, hydrogen, and oxygen in 

rings of a German oak for the years 1710 to 1950 and compared them 

with measured air temperatures of England, Basil and Geneva for the 

same time span.  In this way, we obtained numerical evaluations of the 

temperature coefficients of all three isotope ratios. 

The isotope ratios have been measured in an oak obtained from Dr. B. 

Becker, Landwirtschaftliche Hochschule, Universität Hohenheim, Stuttgart. 

It was grown in the Spessart mountains in 151A-1850 A.D.:  its rings 

have been cross-dated with the Huber master tree ring chronology by 

Becker.  The measured ratios are shown versus years in Figure 1.  The 
13 12 

temperature coefficient for C /C  , as determined by the warm period 

around 1730, is comparable with that measured for the oak from Munich. 
18  16 

However, the coefficients for D/H and 0 /0  seem to be only half as 

large as for the Munich oak, suggesting that this second oak was 

partly nourished by old ground water which was insensitive to isotope 

changes in yearly precipitation. However, Becker has no information 

on the source of water for the second oak.  The records for all three 

Indicate that the years 1540-1700 were cold, in agreement with what 

is known about the Little Ice Age. 

8 



f I sent the data for this second oak (Figure 1) to Professor H. H. Lamb, 

Director of the School of Environmental Sciences, University of East 

Anglla, Norwich, Norfolk, England, for his comments. He replied as 

follows: 

13 
"The C  temperature curve on the Spessart oak looks 
to me as if it correlates well with the variations 
of Baltic ice (dates of opening of the port of Riga). 
All your curves show the interesting warm intervals 
during the cold ("Little Ice Age") time, viz. mid 
1600s, also 1570s, 1730s, 1790s with which I (i.e. my 
various data) agree." 

: 

L 
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Figure 1. Isotope Ratios Measured in the Second Spessart Oak 
Plotted Versus Dates Evaluated From Official Tree 
Ring Analysis. 
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2,1 CLIMATIC INFLUENCES ON RADIOCARBON DATES 

This portion of the research program has the objective to account for 

the complete carbon Inventory and its perturbations. The following 

reports have been prepared to date: 

a) "Vulcanism and Radiocarbon Dates," by L. M. Libby and W. F. 

Libby, Proceedings of the 9th International Radiocarbon Dating 

Conference. October 1972, Lower Hutt, New Zealand, ed. T. A. 

Rafter and T. L. Grant-Taylor, page A72 (See Appendix D). 

We compared the amount of CO- emitted from volcanoes with the 

amount of CO. being injected into the atmosphere by burning 

of fossil fuels we are able to conclude that volcanoes cannot 

cause important perturbations unless they increase in frequency 

by a factor 100 or more. 

b) "Production of Radiocarbon in Tree Rings by Lightningbolts," 

by L. M. Libby and H. R. Lukens, J. Geophvs. Res.. 78, p. 5902 

(1973) (See Appendix E). 

. 

Consideration of neutroi. production in electric discharge 

through threads in the laboratory gives an experimental basis 

for estimating neutron production in lighting discharges. 

Radio-carton production in a tree struck by lightning may be 

measureaHe, of order 1%, of the radio carbon produced by 

cosmic ray neutrons. 

c)  "Globally Stored Organic Carbon and Radiocarbon Dates," by 

L. M. Libby, J. Geophys. Res.. 78, p. 7667 (1973) (See Appendix 

F). 

11 
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Using recent data on the rate of addition of CO. to the atmos- 

phere by bacteria it is found that variations of climate acting 

on the biosphere can cause fluctuations of up to +100 years 

correction to radio carbon dates. 

. 

12 
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SECTION 3.  CONCLUSIONS 

It is perhaps the basic nature of fundamental research that new problems 

arise as a consequence of trying to answer an Initial problem.  In the 

present research a large number of new questions have appeared, such as 

1) are the Isotope temperature coefficients alike In all European oaks? 

2) are other kinds of trees similar to oaks In that respect, In parti- 

cular the Bristlecone pines for which there exist chronological sequences 

of tree rings for the last 8000 years? and 3) are the temperature 

coefficients for isotope fractionation in manufacture of cellulose 

and for formation of rainfall separately evaluable? The answer to this 

third question is basic to understanding isotope thermometry in trees. 

To evaluate these two effects separately we must grow plants under 

conditions where both temperature and the isotope ratios of the water 

supply are controlled. Under these conditions, the measured temperature 

coefficients of the isotope ratios will be those characterizing manu- 

facture.  The temperature coefficients measured for tree rings in 

natural environments are equal to the sum of the coefficient for chemi- 

cal manufacture of cellulose plus the coefficient for formation of 

precipitation in the troposphere above the tree. 

Numerical results to date are summarized in Table III. 

Consultants to this project are Prof. Hans Suess and Harmon Craig 

(UCSD), V. C. LaMarche and B. Bannister (University of Arizona), R. 

Berger, L. Pandolfl and W. F. Libby (UCLA), H. G. Jackson and J. Enstrom 

(UCB), and S. Korff (NYU). 

13 
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Table III 

A.     C 13 

Summary of Temperature Coefficients  of Isotope 
Fractionation in Organic Materials 

Temperature Coefficients  for Biological Materials  (ppt/0C) 
Measured for Temperature Ranges of a Few Degrees C 

Atmospheric CO. 

Wood 

Marine 

Phytoplankton 

Plankton 

Hot Springs 

Bluegreen Algae -0.62 +0.12 

Los Angeles Water Supply 

Euglena 3.9 +0>6 

1.8 +0.3 

0.35 

0.5 

B.     0 18 

Wood 
Atmospheric Moisture 

4.4 +0.3 

Hot Springs 

Bluegreen Algae 2.2 +1.0 

C.     D 

Wood 

Peat 

Atmospheric Moisture 

95 +19 

Ground Water 

3 

Libby and Pandolfi 

Degens  et  al. 

Eadie 

Libby  and Pandolfi 

Libby and Pandolfi 

Libby and Pandolfi 

Libby and Pandolfi 

Libby and Pandolfi 

Schiegl 

, 

14 
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Table III  (Continued) 

Measured Isotope Ratios in Algae, Expressed 
in Parts per Thousind, Vs. Water Temperature in 

Degrees Centigrade 

T 513* 618* 

degrees 
Centigrade 

parts per 
thousand 

parts per 
thousand 

30° +13.7 — 

46 - 2.6 -23.3 

51 ♦ 1.4 +17.0 

55 - 1.2 +15.1 

56 - 3.3 +17.7 

64 - 9.3 +22.4 

N-j and 6  _ are the  differences  from the values predicted for 

50oC by least squares analysis^. 

613    =   (31.1 - [0.62 +0.12] T}    ppt 

618    -  (-110 + [2.2 +1.0]T} ppt 

** 
Temperature Coefficients for Biological Materials Computed for 

Cellulose ppt/0C 

a18(02) 0.96 

a18(C02) 1.14 

a18(H20) 0.92 

a13 
0.36 

a(,HC0D) 0.4 

a(DCüH) 2.0 

**See Appendix G. 
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MEASUREMENT OF 0     /0       RATIO USING A FAST NEUTRON  REACTOR 
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Measurement of '"O/^O Ratio Using a Fast Neutron Reactor 

H. G. JACKSON 

Lawrence Livermore Laboratory, Livermore, California   94660 

L. M. LlDBY 

School oj Engineering and Applied Scienre.t. Univcisily of Cali.mnin at Lot Angele» 
Los Angelet, Calijomia   00024 

H. R. LUKENS 

Gulf Radialion Technology, La Jolla, California   92037 

A molhod lias bcon dcvist-d and proven to measure the stable isolopo ratio "Of'O for 
oxygen by ncution activation in a fast neutron reactor. The measuremrnl is macie non- 
deslruclivel.v on a few Rrams of water with an nmiracy of a few parts in 10,000. «' present, 
mraMirement, to this nceurary requires about 40 min with the reactor running at a i wer of 
250 kw, but by iiicrcusinK detector sensitivity llic method promise.H to become a routine matter 
accomplished in lewi time. 

If rapid nondesinielivo ways of measurinK 
ratios of stable isotopes were nvaihible, the nso 
of stable isotopes in research would he greatly 
aided Wc have shown that for the stable 
isotopes of oxvf;rii the ratio "0/"0 can be 
measured mmde.-trnctively in small amounts of 
water by neutron activation, he activities mea- 
Mired are (n) "0(H. 7J)"N: threshold neutron 
enorRV is 10.25 Mov, (<r„)(H, p) = 40 mb. /„ 
(mean life) = 10.:} see, and Ry = fi.14 Mev 
(o^r) and (fc) "0(;i. yj-'O; formed by thcnnal 
neutron capture, (7„(y, »i) = 0.22 mb, t„ (mean 
life) = 41.8 sec, A',, = 1.37 Mev (60%), and 
E„ = 20(1 kev (100%). 

It is necessary to irradiate the water in a 
neutron reactor that has a high fractional flux 
of fast neutrons (relative to that available in 
the Rraphite-moderated reactors) in order for 
the 10-sec activity to have sufficient intensity. 
Its gamma ray has a high energy, 6.14 Mev, 
and so is relatively easy to measure, because 
the background activities from impurities in 
water and from the Compton radiation are small 
at, this energy. The 42-sec activity has two 
gamma rays, namely, 1.37 and 0.2 Mev. That 
at 1.37 Mev would be the more desirable to 
measure except that it coincides with a gamma 

Cop) right © 197J dj   the Amcricin G. m ,ysica| Union. 

ray from neiitron-activated sodium (which is 
an almndant impurity) so closely that if cannot 
ho identified separately. Therefore this activity 
was measured by counting the lower-energy 
gamma radiation at 200 kev. Here the Compton 
haekcround i- Ian.'«- and is the factor limitins 
the accuracy of each determination. 

The 10- and 42-sec activities are measured 
at the same time in the same deteclor, being 
separated by pulse height analysis, and recorded 
separately. Water samples in which it is desired 
to measure the ratio "(V'O are compared with 
• standard water sample, and the ratio relative 
to the standard is expressed as a deviation 8" 
in parts per thousand (&,) according to the 
definition 

«'"(?<) = ((Ä /Ä...J - Ij X 1000      (1) 
The desired accuracy is obtained by irradiating 
and counting the induced activities of the water 
sample several times until some hundred million 
gamma rays have been counted. 

KXTKHIMKNTAL 

The Triga  Mark  I  reactor in steady slate 
operation at 250 kw has a thermal nrmron flux 
of 2..S •  10'Vcm1 .-ee and a fast  (fi.v-ion spec-, 
trum) flux of 3.5 • W/cm* sec at the irradia- 
tion position. Water samples of approximately 
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5 gmms rncli in plastic vials (purchased from 
Olympic Plastics Company, Los Angeles, Cali- 
fornia) containing no intrinsic oxygen were 
shot into the reactor in the fast pneumatic 
transfer system and there irradiated for 30 sec, 
after which they were shot out into a repro- 
diicihle site in the counting facility. After an 
interval of 10 sec the induced 10- and 42-sec 
activities were counted during the next subse- 
quent interval of 30 sec. 

Reactor power is maintained at a present 
level by servo-regulated control rod drives. The 
insertion of 5 grams of water in plastic vials 
into the outermost fuel element ring (sample 
irradiation jiosifioii) is equivalent to adding a 
slight amount of reactivity to the core, which is 
immediately compensated for by automatic con- 
trol rod adjustment without overshoot. The 
reactor jiower is maintained to ±0.13^ of the 
preset level at a confidence level of 95^. The 
temjx'rature at the sample position ranges 
from 20° to 25,,C during the year but is held 
constant during any given hour «jf reactor 
operation by forced circulation of pool water. 
The technology and use of the reactor in simi- 
lar measurements were previously described 
[Bramblett el al, 1973]. 

The count in the 200-kev channel was at a 
rate of 0.2 megacycles, and this is too fast for 
standard pulse height selection equipment. 
Therefore a simple pulse height analyzer was 
built (Figure 1) with integrated circuitry. The 
system is limited to a maximum co.mt rate of 

: BniEK REPORT 

300 megacycles by the sealers. The sensor was 
I Nal crystal M inch high and 2 inches in di- 
ameter glued with a high-viscosity fluorocarbon 
(Dow Corning 20-057) to a photomultiplier, 
RCA-6810 A. 

The counts observed in 5 grams of normal 
water (Colorado River water from the public 
water system of La Jolh, California, for which 
'"O/'O was measured in a mass spectrograph) 
in a counting interval of 30 sec for the 200-kev 
radiation (channel 2) and the 6.1-Mev radia- 
tion (channel 4) are listed in Table 1. Counting 
ratios measured at two different power levels of 
the reactor, namely, at 190 and 230 kev, are 
strictly comparable, showing that counting losses 
were negligible. Varying amounts of water en- 
riched in "O were added to normal water to 
prepare a series of samples in which "O was 
progressively concentrated. The measured ratios 
of counts in the two channels recording the 200 
kev and the 6.0 Mev radiation, respectively, are 
listed in Table 2 for increasing concentrations 
and are shown to be linearly dependent on the 
"O concentration. As is shown in Table 1, after 
24 runs, each of 70 sec, the wO/"0 ratio in a 
given water sample was measured to an overall 
error of iO.06% after 24 determinations, each 
of standard deviation 0.29^. No external per- 
turbations were allowed to influence the reactor 
during the measurements. The overall standard 
deviation (0.29%/(24)"' = 0.06%) testifies to 
the constancy of the ratit of fast neutron flux 
[Dizon, 1971]. 

'-Ollfifr  ft  PuUe 

limit   < J00 «c 

Fig. 1.   Block diagram of pulse height selector. 
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TABLE I,    Observed Decays Proportional to Concentrations of *80 and of 160 and Their Ratios 

for 24 Experiments on Faucet Water from the Public Wate.  Supply of La Jolla, California 

Net Counts 
Sample Net Weight, 

grams 
x, Count Ratio 

Channel 2/Channel 4 Number Channel 2 Channel  4 

Sept.   7,   190-hi Rt :ator Pcjer 
4.9640 3,793,063 531,946 7.1305 
4.9643 3,805,560 536,306 7.0960 
4.9639 3,872,147 546,752 7.0S21 
4.9681 3,756,711 .'.31,097 7.0735 
4.9648 3,600,182 507,927 7.0880 
4.9694 3,734,811 528,492 7.0671 
4.9661 3,675,843 515,083 7.1364 
4.9672 3,771,143 531,287 7.0981 
4.9718 3,708,926 523,682 /.C824 

10 4.9666 3,788,234 53'*  152 7.0814 
11 4.969S 3,814,125 538,040 7.0890 
12 4.9673 3,758,823 530,097 7.0908 

Sapt.  12,  ZSO-ku Raactor Pouer 
4.9640 4,123,664 580,767 7,1004 
4.9643 4,057,737 571,263 7,1031 
4.9639 4,309.732 608,763 7.0795 
4.9681 3,975,696 560,343 7.0951 
4.9648 4,295,982 605,418 7.0959 
4.9694 4,210,863 597,017 7.0531 
4.9661 4,230,811 598,442 7.0697 
4.9672 3,884,063 550,786 7.0518 
4.9718 3,884,013 549,599 7.0670 

10 4.9666 3,874,433 548,264 7.0667 
11 4.9695 4,331,802 612,979 7.0668 12 4.9673 4,074,085 574.198 7.0952 

30-sec  irradiation,  10-sec delay,  30-sec count. 
<x> • 7.0858; o(\) • 0.23; «„>(%)  . 0.0S9. 

TASLE 2.    Observed Decevs Proport ionil to Concentnt ion« 
of "O and of '»0 in Kater Sanples Sequentially Enriched 

in "0 venui  '»n/l'o Computed fro» Ma» 
ipectroscopit Keasureaents 

Co^>uted JT Measured r 
"O,  »t\ of Channel Ratio, t Predicted froa 

Total Oxygen* Channel  .'/channel 4 »eireasion Line» 

0.22044 7.0929 7.1050 
0.2J17S 7   1617 7.1692 
0.24594 .   579 7.2497 
0.:47S4 7.2592 7.;5»7 
0.27511) 7.4089 7.4190 

.;77i9 7  4:29 7.4270 
0.10902 7.6206 7.6074 
0.J075S 7.5930 7.5991 
0.]4}0t 7.7980 7,0005 
0.3S92S 7. «60 7.1924 

I'eaMon product ■oiwnt correlation con fficlent   rxr • 
0.9'J!)35i  »rm ict on •  N.im rolat ve, 

•an prediction ■  ••••4M relative 

•All but   first  saaple prepared by addition of enriched 
water.    All but  first  sample measured once.    First sample 
La Jo'la tap .ater, »as measured 24 times  (Table 1). ' 

tReiression line  is obtained from obsarvables-  t . 
S.6721426Cr)   .  5.154646.   The   last   number   M  the  ratio of 
backirounds in channel 2 to channel 4 in the absence of 

The onriclipd wafer was mcasurod by mass 
siioctrograph [Ritterberg and Pontecorvo, 
IMt]. 

The imruniafic transfer apparatus, Triga 
Mark I roactor, and timing bystcm have Vxi-n 
n.scd as uncl anged components in a "U mea- 
surement > rocedure that delivered 0.37% pre- 
cision in individual measurements [Bramblett 
et al., 1973]. Hence the variation in individual 
channels, o sr ±2% on September 7 and a s: 
4% on September 12, is believed to be controlled 
by the "'»inting rquipoMM. Fortunately, the 
count ratio proved to be largely independent 
of the vari .nee of the individual channel. liow- 
ever, it is likely that improvements in counting 
equipment slability and counting elliciencies 
will improve bnlh the speed and the precision 
of the isotope ratio ineasurcment. 

CoxcLrsiox 

A nondestructive method of measuring the 
stable isotope ratio "O/"^ in water has been 
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shown to be possible, rnpid, and feasible as a 
commerfial service, >o be presently accurate to 
about 4 parts in 10,000 at a reasonable ex- 
penditure of m"a8uriiig time (about 40 min at 
present), and to promise faHirr measurements 
at least to this accuracy in s ior*?r times, when 
the detector sensitivity has been increased. 
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ADSTRACT 

Tte i.-mperDiiire coefficient of ihrre siablc isotopes in a blue-preen algae, growins in alkaline hot springs at temperature-; 
of 30 C-6H C. have been measurcJ. That for oxyeen is found to be +(2.2 ft i.O) ppt/C which is Jarger than the value 
computed for equilibrium as is 10 be expected. That for carbon is found to be (—0.62 3:0.12) ppt/'C; the necative 
value i, attributed to methane formation by copious bacteria so that the system CH,—HCO,, which is known to have 
a negative temperature coefficient, dominates. That for hydrogen is fou.id to be (3.3 ± 0.7'> ppt/ C, about twice that 
cumputed »or equilibrium lormation of c^'jlosc. (The quoted errors represent one standard deviation). 

MMMI 

Les cocfticicnu de tcmpäau.re de trois IsoMpM stables pour des algues blcu-vert sc developpant dans des sources 
chauJes .1 des tempcrai.ucs de 30 C U 68 "C ont M mesurcs. On a trouve quc Ic rapport pour I'oxygene mx2**lA'«"C 
n qui c^t plus eleve quc la v.ileur calculec pour la formation a I'equilibre. Lc rapport pour le earbone cst — 0 e-»' ± 0 P' , "C- 
tctie valeur negative cst aitribuce ä la formation dc methane par Jes nombrcuses b.ictOries. do u-Ue sorte 'quc le' Cysleme 
U'-7,-    "^ 0n   SM  'l"''1   ?   tm  tocllic'cnt  dc   temperature   ncgalif.   domine.   Lc   rapport   pour   Ihydrogene   c.t 
.f.i _ u./ .,   c. environ double de celui quc Ion peut calculer pour la formation ä lequilibre de la cellulos-   (Les crreurs 
reprcsenteni une deviation st.-.nJ.ird). -■<>-> cuuui» 
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I I: 
ABSTRACT 

The tenperacure coefficient of three stable Isotopes in a blue-gre.»n algae, 

growing in alkaline hot springs at temperatures of 30oC - 680C, have been 

measured.  That for oxygen is found to be +(2.2 1 1.0) ppt/0C which is 

larger than the value computed for equilibrium formation as is to be 

expected. That for carbon is found to be (-0.62 ± 0.12)ppt/oC; the 

negative value is attributed to methane formation by copious bacteria 

so that the system CH^ - HCO^j, which is known to have a negative tempera- 

ture coefficient, dominates. That for hydrogen is found to be (3.3 ± 0.7)ppt/oC, 

about twice that computed for equilibrium formation of cellulose. (The quoted 

errors represent one standard deviation.) 
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INTRODUCTION 

11 
Temperature coefficients of some stable Isotope ratios In blo-organlc 

material have been measured In marine plankton1'2. In peat3, and In 

wood , and are listed In Table I, By measuring these ratios in residual 

bio-organic material such as sediments, peat beds and tree rings, and 

combining these data with the measured temperature coefficients it may 

be possible to evaluate temperatures of past climates, especially if the 

records of two or more such isotope thermometers are evaluated in each 

data base.  If two or more thermometers record like changes with passage 

of time the likelihood is enhanced that the changes are truly related to 

changes in temperature. A second point is that the temperature coefficients 

which have been measured are only slightly larger than those computed5 

assuming the organic material to have been manufactured at equilibrium 

(see Table II).  In general, the observed effects may be expected to be 

larger than the equilibrium effect, the latter being the ratio of the 

rates for the forward and back reactions.  In reactions occurring far 

from equilibrium, only the forward rate applies. 

. 

.. 

In order for a system to be at equilibrium every chemical or mechanical 

process must proceed both in the forward and reverse directions a great 

many times. For example, if a reaction proceeds with evolution of a gas, 

and if the gas molecules immediately leave the site of formation so that 

the reverse reaction cannot occur, there can never be equilibrium, nor 

anv reasonable approximation of it. Fractlonation of Isotopes at equili- 

brium is caused by the difference between fractlonation by the forward 

rate and fractlonation by the reverse rate, the two rates being equal. 

Distillation of a liquid in a closed container is an example of fractlon- 

ation at equilibrium. Distillation into a vacuum is kinetic because the 

reverse reaction is completely inhibited. 
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The temperature coefficient a , of an isotope ratio R is defined as the 

derivative of R with respect to a change in temperature T, AR/A T = a. 

In the present paper we report measurements of the temperature coefficients 
18 16 

of 0 /0  and D/H In algae growing in hot springs and streams at Rotcrua, 
4 

New Zealand, and find them not much larger than that measured in tree wood , 

(see Table 1). 

13 12 
The ratio C /C  has also been measured but its temperature coefficient 

4 
is far smaller than that found in wood , probably because the decay of 

13 
dead algae generates methane which carries off C  leaving depleted 

bicarbonate to feed the living algae. This temperature coefficient, namely 

for the system methane-bicarbonate, reduces the overall coefficient to 

-0.62 t 0.12 ppt/ C, as will be discussed further in the second section 

of this paper. 

The measurements described here were derived from a limited number of 

samples very kindly collected by Dr. E. F. Lloyd . We apologize for the 

small number of the data, but find the results to be important, even if 

not definitive, because they I ear out the fact that temperature coefficients 

of stable Isotopes In organic material are measurable. The field of 

isotope thermometers in bio-organic material is very new, so that each 

measurement contributes significantly as is evident in Table I. 

. 

The hot springs at Rotorua are a fascinating bio-organic system which will 

no doubt prove rewarding of further study. 
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EXPERIMENTAL 

Algae, collected at several places in the hot springs at Rotorua , New 
7 

Zealand, of a blue-green variety were freeze dried and analyzed mass 
18  16     13 12 

spectrometrically for 0 /0  and C /C . The chemical reactions 

involved are as follows: 

.18^16 8 a. For measurement of 0  /0  , HgCl2 and algae evolves CO. gas when 

heated; HC1 is removed with a quinollne trap. 

13 12 
b. For measurement of C  /C  , the algae were burned to completion in 

oxygen gas, yielding CO». 

c. For measurement of D/H, the algae were heated with powdered uranium 

metal to evolve hydrogen gas. 

For each measurement, the amount of reagent used was much larger than 

needed for stoichiometric proportions with 5 mg of algae, to 

insure that the reaction was complete so that there would be no 

fractionation. 

The measured ratios are listed in Table III together with the temperature 

of the water in which the algae were growing when collected. The isotope 

ratios are expressed in the form. 

8 13 

'18 

(C13/C12)sample _ . 

(c13/c12)o o 
1 

(018/016)sample _ } 

(018/016) 

x 1000 

x 1000 

(1) 

(D/H) 
sample 

(D/H). 
-1 x 1000 

18  16     11  H 
where (0 /0 )0, (C /C ")o  and (D/H)o have been chosen as the values of the 

isotope ratios predicted by the least squares analysis9 for 50OC.  In the 
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analysis, the ratios are expressed as linear functions of temperature, 

T, according to 

6 - a + bT 

where b Is the temperature coefficient. 

(2) 

The values of a and b computed from the measurements are shown In Table III. 

Since the water reservoir Is much larger than the C02 reservoir, It Is 

expected that most of the oxygen In algae will be supplied from the 

water.  It is known for Euglena, a water plant, that this Is the case10. 

For exchange of 018 In cellulose vlth 018 In water, at equilibrium, the 

predicted temperature coefficient 18+0.92 ppt/0C, compared to which the 

measured temperature coefficient, +(2.2 ±1.0) ppt/0C reported In Table I, 

Is positive and larger, as Iß to be expected for a natural process which 

Is likely to Involve dynamic effects.  Since oxygen gas Is evolved In 

photosynthesis, according to the schematic reaction, 

:02 + H20 ► cellulose + 02 [ 

and leaves the site of the reaction, the reverse reaction Is Inhibited, 

and equilibrium considerations would not be applicable. 

The temperature coefficient of C13/C12 evaluated from the measurements 

Is negative. This may be accounted for as follows. The water Issuing 

from the hot springs is strongly alkaline (pH~8.4) and in addition 

contains masses of decaying algae and bacteria7 in large amounts, so that 

methane is being evolved by decay according to the schema. 

HCO: + bacteria + dead cellulose — CH^, ( + decaying organic matter 

Namely the system is dominated by exchange of C13 in the abundant inorganic 
system 
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HC130I + (C12H/)JJ       ► HC120- -,  r13H ^ 
3       A'dissolved     "^ u3   (C ^^dls solved 

^C H ^ 
v   4'dissolved -■ (C13H.) 

so that the liquid system is depleted of C  . 

4 gaseous t 

The equilibrium fractionation factors for the system CO» - HCO" - CH , 

calculated by Bottinga11, show that C13 is enriched in CH^ with respect 

to HCO-,  increasingly at high temperatures, and that the minimum value 

of the temperature coefficient (predicted for equilibrium) is negative, 

namely -0.32 ppt/0C. The actual temperature coefficient is expected 

therefore to be negative and somewhat larger.  (Since methane is evolving, 

dynamic effects clearly are playing a role.) Thus methane evoluation by 

bacterial decomposition of the dead algae carries off C13, leaving the 

aqueous HCO" depleted in C13 so the growing algae have less C13 at high 

temperatures. Farther down stream where the water is cooler, this 

process of enrichment, being temperature dependent, has a smaller fraction- 

ation factor. Thus in this case the temperature dependence of C13/C12 

in algae acts as a poor thermometer, one appropriate only to the articular 

hot springs of Rotorua, New Zealand. 
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Figure 1:       6   ,   6D and    610 (relative to deltas at 50oC) vs. water 

temperature. 
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TABLE 1:       Experimental values of temperature coefficients of isotope 

ratios in bio-organic material. 

A.     C 13 

Atmospheric CO- 

Wood 1.8 +    0.3 

Marine 

Phytoplankton 
Plankton 

0.35 
0.25 
0.5 

B.  0 

Plankton 

Hot Springs 

Bluegreen Algae        -.62 +  .12 

18 

Atmospheric Moisture 

Wood 4.A + 0.3 

Hot Springs 

Bluegreen Algae 2.2 + 1.0 

C.  D 

Atmospheric Moisture 

Wood 95 + 19 

Ground Water* 

Peat 3 

Hot Springs 

Blue Green Algae 3.3 - 0.7 

♦See Reference 12 for discussion of ground water. 

Libby and Pandolfi 

Degens et al 
Sackett et al 

Eadie 

Libby and Pandolfi 

Libby and Pandolfi 

Libby and Pandolfi 

Libby and Pandolfi 

Schiegl 

Libby and Pandolfi 
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TABLE II:     Temperature coefficients of isotope ratios in bio-organic 
material computed for manufacture at equilibrium. 

COMPUTED* FOR CELLULOSE ppt /0C 

0.96 
18 

a    CCU 

18 
a    (C02) 1.14 

18 
a    (H20) 0.92 

13 
a 

a(HCOD) 

a(DCOH) 

^FROM REFERENCE 5. 

0.36 

O.Jf 

2.0 

- 

L 
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TABLE III: Delta values for isotope ratios in blue green algae growing 

in hot springs, Rotorua, New Zealand, and temperature 

coefficients evaluated from the measurements. 

T 

degrees 
Centigrade 

S13* 
parts per 
thousand 

818* 
parts per 
thousand 

D 
parts per 
thousand 

30° +1,3.7 — -56 

46 -2.6 -23.3 -29 

51 +1.4 +1?.: -13 

55 -1.2 +15.1 -9 

56 -3.3 +17.7 +22 

64 -9.3 +22.4 +64 

* The deltas are the differences from the values predicted 
o 9 for 50 C by least squares analysis . 

813 = {31.1 - [0.62 ♦ 0.12] T|  ppt 

S 18 
■ j-110 + [2.2 ! 1.0] T} ppt 

6D  = |-165 + (3.30 t 0.73)T| ppt 

The relatively large errors in the evaluated temperature coefficients probably 

relate for the most part to fluctuations in water temperature issuing from 

the hot springs as described in Reference 7. 
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ABSTRACT 

The stable isotope ratios of carbon, oxygen and hydrogen have been measured 

for an oak from central Germany in wood samples consisting of roughly three 

years each, for the years 1712 - 1954 A.D. and correlated with the exist- 

ing weather records for these years, from England, nearby Basel, and 

Geneva.  In this way, the empirical temperature correlations can be 

expressed by the following coefficients for 0/0:     (5.29 + 0.68), 

(2.91 4 0.41) and (2.86 + 0.52) respectively, the corresponding coeffi- 

cients for C /C  are (2.73 + 0.67), (2.01 + 0.37) and (2.37 + 0.41), 

respectively, and for D/H (89 + 16), (67 + 6), and (71 + 8) in units of 

parts per thousand per degree Centigrade (ppt/"^-     Use of these three 

numerically calibrated Isotope thermometers may allow the study of air 

temperature changes in climate before 1712. 
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INTRODUCTION 

Information on climate is stored in natural data banks, namely in bio-organic 

materials that are deposited year after year and thereafter remain undisturbed. 

In particular, tree rings in living and dead trees may provide a worldwide 

record of climate for the last few thousand years.  The information is in chemi- 

cal form, namely in the ratios of stable isotopes; that is, variations in air 

temperature, and therefore in the temperature at which the wood is formed, 

cause variations in the stable isotope ratios in the new wood as it grows. 

An additional variable is the temperature of formation of water which nourishes 

the tree. 

The justification for regarding stable isotope ratios in land plants as thertnom- 

etcrs for air temperature is twofold. Although we also need to know the isotope 

ratios in atmospheric C02 and of rainwater which nourishes the plants, there is 

good reason to believe that in the long terra average, atmospheric C02 has re- 

mained unchanged for a long time, say millions of years, so this is not an 

unknown. The isotope ratios in precipitation have been studied all over the 

world's surface for the last 15 years and have been reported in the data compila- 

tions of the International Atomic Energy Agency.  So we know the percent of 

18 16 
0 10      and D/H in rainwater as a f- tion of altitude and latitude and longi- 

tude of the surface of the earth. These ratios may have undergone variations in 

the past caused by changes in the global temperature.1 

Consequently, stable isotope ratios in land plants depend on several temperature 

dependent functions.   The resulting temperature dependence has been observed 

experimentally. 

When a plant dies, the record of the air temperature may be stored in its 

tissues, in the form of the numerical values of the stable Isotope ratios. 
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.- The most important of these ratios are D/H, C13/C12, 018/016, N15/N14, and 

s3V2. 

• 

• • 

The ratios were measured for three independent elements in the wood, H, C, 0, 

that is, the records from three thermometers were read, so that it appears 

that temperature variations in the past can be evaluated, with some confidence 

and the observed variations seem truly to be correlated with temperature changes. 

Factors that can be calculated quantitatively are the equilibrium temperature 

coefficients of the stable isotopes of H, C, and 0 in cellulose (trees being 69% 

cellulose, the remainder being mainly lignin).  They are large enougi. so that 

variations of a few degrees in air temperature should cause measurable effects.2 

The values of the coefficients for D/H, C13/C12, and 018/016 have been computed 

in Reference 2 (see Table 1) on the assumption that cellulose is formed at 

chemical equilibrium.  It is known that at least for C13/C12 in marine plankton3,4, 

and for D/H m peat,  the measured coefficients are approximately equal to the 

computed values.  In general, however, the observed effects may be expected to 

be larger than the equilibrium effect, the latter depending on the difference 

of the rates for the forward and back reactions.  Two temperature effects are 

probably involved, the first characterizing manufacture of cellulose and the 

second characterizing manufacture of rain water.  Eventually these effects 

should be separated.  Until now, the temperature coefficients in trees had not 

yet been measured. 

Anyhow, because of variations in 018/016 and D/H ratl  in precipitation, the 

stable isotope thermometers in trees must be calibrated; namely, their observed 

variations in rings formed in the last few hundred years must be compared with the 

official weather records of variations in air teroerature in «he neighborhood of 

the tree, to yield numerical values for the changes in isotope ratios per degree 

Centigrade change in temperature. 
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Calibration of the effects of climate on stable isotope ratios in living trees 

must be undertaken judiciously, keeping in mind that numerical air temperatures 

have been recorded at best for no more than about three hundred years in Europe, 

and for only about one hundred years in America. Furthermore, both the tempera- 

ture records and the recently formed tre3 rings may be perturbed by local climate 

changes caused by increasing heat and air polli tion produced by the cities growing 

up around the existing weather stations and around the trees. Also the introduction 

13 12 
of fossil fuel C02 (Suess Effect) is expected to perturb the C /C  ratios in 

rings grown after 1890. 

13  12  18  Ifi 
In the present paper are reported measurements of C /C  , 0 /0  , and D/H in 

the rings of an oak which grew in Aalen, Germany, 10Oll' east, 48O50' north, 

about half way between Mannheim and Munich, from 1700 to 1965 A.D.  Air tempera- 

ture records exist for nearby Basel since 1755, for Geneva since 1768, and for 

England from 1698.  The measured isotope ratios as a function of tree ring data 

have been compared with these official temperature records for 1712 - 1954 A.D. 

using the dated tree ring sequence to determine the corresponding age of the tree 

rings in years.  In this way, temperature coefficients of the stable Isotope 

ratios have been evaluated, as a phenomenological effect, without attempting 

to separate the effect of to mufacture of cellulose from that for manufacture 

of precipitation. 
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THEORETICAL 

- 

Of the various falters that determine the isotope ratio for a given element 

in plant material, at least one, the thermodynamic isotope exchange constant, 

can be calculated rigorously. Consider, for example, exchange of CO and 

cellulose at equilibrium according to the schematic reaction: 

Consider, for example, exchange of C02 and cellulose at equilibrium according 

to the schematic reaction: 

C1302 + (H-C
12 - 0H)n -C1202 + (HC

13 - 0H)n 

The equilibrium constant K is given by, 

K . ^0iL    Q(HC130H) 
Q(C1302)     Q(HC

I20H) 

where the Q's depend only on temperature according to 

-(l/2)lWkT 

[1 _ e"^1] 

for each frequency. 

These n'f are frequencies of vibration, and depend on the force constant k and 

the reduced mass, m, of each two vibrating atoms, according to: 

w - 27rV^- 
m 

For a given pair of atoms bound to each other, the force constant, or spring 

constant k, has the same value regardless of isctopic mass. The isotopic effect 

occurs because m is different for different masses, so the »*• are different. 
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For the C-0 bond for example,  there are four different frequencies corresponding 

to the isotopic pairs, 

c12o16, c13o16. c12o18, c13o18 

Thus, in land plants the equilibrium constant K depends on air temperature, T. 

The equilibrium constants K(300oC) and K(2730C) for the formation of cellulose 

at equilibrium have been computed according to the schematic reaction: 

C02 + H20 —-(H - C - 0H)n + 02 

The temperature coefficient a for exchanges of  the  stable isotopes between 

cellulose and  C02,   or  K20,  or 02  is  then obtained   from  the computed  K's according 

to: 

a ,      K(300OC)  - K(2730C) 

270C 

2 
These computed coefficients    for exchange at equilibrium are found to be    large 

enough to measure,   see Table 1.     If exchange occurs away from equilibrium,   (these 

are called kinetic effects),  the temperature coefficients can be larger. 

An example of a kinetic effect  is evolution of a gas,  e.g., 0    in the above 

example,  preventing  the reverse reaction from occurring and hence preventing 

equilibrium conditions  to be reached. 

In an equilibrium process,  atoms and molecules must react and back-react many 

times.     If a substance leaves the site of  the reaction as soon as it is formed, 

there can never be equilibrium.    For instance,   if water vapor escapes into a vacuum 

at the instant it  leaves  the surface of liquid water,   or if oxygen leaves a  tree 

j leaf as soon as  formed  in photosynthesis,   these are dynamic effects and preclude 

equilibrium. 
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Of the five principle isotope thermometers in bio-organic material, no two 

atoms, H, C, 0, N and S are tied through the same set of bonds. For example, 

in cellulose H is tied to C and to 0; 0 is tied to H and C; and C is tied to 0 

and H and other carbons. Thus there are three independent thermometers, and 

two more if N and S are added.  In shell there is only one thermometer because 

C and 0 are tied through the same bond.  If one isotope ratio changes, thers 

is uncertainty as to the cause. Rut if three isotope ratios depend on temperature 

as well as on other parameters, and all three change simultaneously, then it is 

likely that the changes were caused by temperature change. 
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EXPERIMENTAL 

In a 2" thick slice cut across the tree, a groove 1/3" wide and 1/3" deep was 

milled perpendicular to the tree rings, that is along a radius of tne tree from 

the innermost (oldest) part of the tree out to the bark (see Figure 1)  Each 

time that the milling tool had moved 1/3", the sawdust produced was collected 

into an individual vial with the aid of a camel's hair brush.  Each sample 

consisted of sawdust from about 3 or 4 rings, depending on the variations in ring 

widths, the total number of samples being 68 for the time span 1712 - 1954 A.D. 

The stable isotope ratios were measured In the sawdust samples by mass spectro- 

metry.  The spectrometer has a very small quartz manifold, of volume about 
s 

100 cm .  About 5 mg of sawdust were used for each measurement.  The chemical 

.eactions used were as follovr.: 

13  12 
a. For measurement of C  /C  , the sawdust was burned to completion 

in oxygen gas, yielding CO«. 

b. For measurement of 0 /016, HgCl2 + sawdust evolves CO  gas
9 when 

heated; HCl is removed with a quinoline trap. 

c. For measurement of D/H, sawdust is heated with powdered uranium, 

to evolve H.. 

For each measurement, the amount of reagent used was much larger than needed for 

5 mg of sawdust, to insure that the reaction was complete so that there would be 

no fractionation. The residue was inspected, after cooling, for the same reason. 

The measured ratios are listed in Table I along with the tree ring dates as 

determined by the Munich Forest Botanical Institute6. The measured variations 

in stable isotope ratios in tree rings are seen to be large, of the order of a 

few parts per thousand (ppt), expressed in the form: 
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1 "^      19 
(CJJ/C-LZ)   sample 

(c13/c12)0 

_(0l8/016) sample 

(018/016)n 

(D/H) sample   . 
(D/H)0       " 

1 

x 1000 

x 1000 

x 1000 

1   ' 
r 

The normalizing ratios (C13/C12) . (018/016^  and m/m  M«. u„ A   r ■     J • 
'^  •'O' ^  /u ''Q 

and ^u/h-'o may b" dpfincd in any conven- 

ient way, and here have been cnosen arbitrarily as the measured ratios for the 

years 1712 - 1714 A.D. for computing the delta values listed in Table I. 

The .npwood of the oak extended over about 30 tree rings.  That is, sapwood 

changed into Jneit hardwoo : some 30 years after it was manufactured, and thus 

for about 30 years each tree ring was bathed in flowing sap from ground water. 

Consequently, it is to be expected that oxygen in the alcohol groups of cellulose, 

its modular formula being (HC0H)n, is exchanging with sap water, and thus that 

the stable isotope ratio of oxygen in each ring is averaged over about 30 years1? 

There is less reason to believe that carbon in the wood is exchanging with carbon 

dioxide dissolved in sap, but it has not been proven that there is no exchange11'12. 

On this account, the measured isotope ratios are reported nn the form of a running 

average over 9 samples at a time, namely as an average over the time that a 

given ring is sapwood. Winter air tennparatures, from official weather records7'8 

averaged in the same way, are also listed in Table 1. Temperatures for January, 

February and March show the major increase since the Little Ice Age (1440-1850 A.D.), 

whereas the summer temperatures then were not much different from now13.  So the 

average yearly temperatures vary in the same way as the average temperatures of 

January, February and March, but with a somewhat smaller amplitude.  Oak trees make 
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the greatest growth of the year in early spring when the ground thaws and the 

winter's accumulation of precipitation melts, so it seems reasonable that they 

will be senyiLive to late winter temperatures, especially for isotopes of oxygen 

and hydrogen which come from the melt water and depend on the temperature at which 

precipitation formed. 

The carbon ratios (5--) for the years 1890 - 1950 A.D. have been corrected 

for fossil, carbon production, the maximum correction, that for the year 1950 A.D., 

taken as +8,4% or a maximum increase of +2.1 ppt in 6,_.  This correction was 

estimated as follows.  In wood from rings of 1920 A.D. two radiocarbon dates 

]4       ■ 
were measured  as 375 _ 35 years old with respect to 1950 A.D. , whereas the 

actual age is 1950 - 1920 = 30 years, corresponding to 4.2% dilution of atmospheric 

C 0„ by inert CO» produced by man's burning of coal and oil up to 1920.  In 

1950 the correction for C  at this particular place should be 8.4% and the 

13 correction for C  dilution in atmospheric C02 therefore should be 8.4% of 

1A 25 ppt       or 2.1 ppt;   see  further  discussion  in Reference 15. 

The  ratios  and  terüperatures were  correlated by  least squares analysis,   expressing 

the ratios  in the  form, 

6    =    a + bT [2] 

and  evaluating the coefficients  a  and  b,   (a  is  the value of  6  at  T = 0,  and 

b  is  the  temperature coefficient).     Their numerical values  are  shown in Table II 

and plotted  in Figures 2 and  3.     The average of  the temperature  coefficients 
_ 1R  16 

for 0  /0  computed from air temperatures at Basel and Geneva, (these places 

being closer to the tree than is England) is (2.88 * 0.36)ppt/oC.  This may be 
t 

compared to the value of 2.2 t  1.0 ppt/0C measured for blue-green algae . The 

I 
1 o  19 

average for C /C  in oak is 2.19 -  0.25 ppt/0C, which is a good deal larger 

than the value of 0.35 ppt/ C measured by Eadie for marine phytoplankton. 
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The oak tree oxygen depends on changing rain water however, whereas the 0 and H 

in the water plants should be from an unchanging water supply. The average for 

D/H is 69 + 4, and it also is large compared with the value of 3 ppt/0C derived 

from Schiegl's measurement. A comparison is made of the averages of coefficients 

for England, Basel, and Geneva temperatures with theoretical coefficients in 

Table III.  In a manner of speaking, trees store old rainwater,  ^o, to the isotope 

fractionation caused by evaporation of water vapor from the oceans and precipita- 

tion as rain, the tree adds a further fractionation caused by absorption of ground 

water into the salt and sugar solutions in the root system, and by manufacture Into 

bio-organic material.  The combination of thesp processes appears to produce large 

temperature coefficients. 

. 

■ft 

i 
1   i 

If the correlations reported for this oak are general for all oaks, then this 

effort can be very useful. 
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• YEARLY FLUCTUATIONS. SIGNAL "NOISE" 

Yearly variations of C13/C12 In atmospheric CO,, resemble a sine function with a 

I      few parts per thousand peak to peak amplitude; the amplitude may be geographically 

.      dependent17. All available data on this seasonal variation   appear to show 

depletion of C13 in the winter, enhancement in summer, and the greatest rate of 

change in spring and fall.  Thus, if spring comes early or late, namely if the 

tree begins it major growth of a new ring early or late with respect to the inflection 

point of the sine curve, the C13/C12 ratio in the new wood may be depleted or enhance- 

cd by up to 3 ppt, with respect to the average ratio. 

One expects that similar yearly variations occur for 018/016 in atmospheric CO,,. 

For comparison it is known that there is a similar seasonal variation18 both for 

C02 /C(i,16 and for C1302/r
1202 in the atmosphere of a few partr per thousand. 

However, this source of year to year variations in the oxygen isotope ratio in 

wood is probably tM« than the variations in rain and snow. 

Namely, at any given geographical place, the 018/016 ratio in rain water varies by 

some 10 ppt during the year19 , even fluctuating by several parts per thousand month 

by month ami day by day. depending on the temperatures at whicn sea water evaporated 

and at which the precipitation formed, and therefore on the altitude of the clouds 

-       (see Figure 4). This dependence on temperature is exact but the dependence on air 

temperature at ground level is valid only on the average (see Figure 5). indicating 

that the average air temperatures aloft where precipitation forms are correlated to 

average air temperatures at groun. level. At higher latitudes where trees make 

a rapid spring growth consuming the melt water from accumulated winter snow, 

both that oi the surface of the ground and that stored in the soil as winter frost, 

C-16 
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the new tree ring binds oxygen whose isotope ratio represents an average over 

the winter time precipitation. 

If the winter has been colder than average, the melt water is depleted in 018, 

and if warmer than average, then it is enriched, to the degree of several parti 

per thousand (see Figure 4 and 5).  Study of the IAEA data shows thac 6  is 
18 

independent of total rainfall. 

It is because of the large yearly fluctuations in the air temperature data that we 

have plotted their running averages and used them in  the least squares fits. 

- 

Comparison of a plot of 8^ vs SD in tree rings (see Figure 6) with that in 

precipitation -hows that the slope of 8 for precipitation no longer obtains, 

probably because the rates of exchange of 1) and 018 between cellulose and sap 

are quite different from each other.  (Thus, it may be now possible to study 

dynamic physiology of trees, as a research independent of the study of climate.) 

In the long term of tens of hundreds of years, a distinct climate change may 

record it.self by a distinct change in the 018/016 ratio in precipitation and 

therefore in the tree wood manufactured after the climate change compared with 

that from before.  It is known that in a water plant, Euglena, 90% of the bound 

20 
oxygen is suppl   from water  .  In tre-s, the source of oxygen is not known, 

but because the amount of water in the tree is so much greater than the amount 

of dissolved carbon dioxide, it is to be expected that the major source is 

rainwater, even ii C02 and H20 are in equilibrium. 

C-17 
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CONCLUSION 

Every kind of thermometer has to be calibrated. The stable isotope ratios in 

tree wood depend partly directly, partly indirectly on the temperature at which 

the wood was manufactured. The present paper reports the phenomenological cali- 

bration of the oxygen, carbon and hydrogen isotope ratios in a European oak.  The 

long term increase in air temperatures from the Little Ice Age to the present 

offered the opportunity to make this calibration.  In each case the measured 

temperature coefficients are larger than those computed assuming the wood to have 

been manufactured in equilibrium with CO,, and BjO, as is to be expected because 

kinetic effects, no doubt, play a role, and because in formation of precipitation 

used in the manufacture of cellulose the temperature coefficients of Q18 and D 

are large and positive.  In this first attempt to study isotope thermometers in 

tree rings vc have lumped the temperature coefficients for cellulose manufacture 

with the temperature coefficients for precipitate fornation for an evaluation of 

the over-all phenomenological coefficient.  We realize that many problems must 

be solved for a better understanding of these effects, that woody material must 

be grown under controlled conditions for evaluation of the cellulose manufacture 

coefficients, that other oaks must be compared with this oak, and that oaks 

should be comparec' with other kinds of trees. Using the measured temperature 

coefficients of these thermometers, and using measured isotope ratios in chrono- 

logic sequences of tree rings manufactured before 1712, it now may be possible to 

evaluate the Turopean climate from the centuries before the advent of mechanical 

22 
thermometers  . Use of more than one thermometer increases the likelihood that 

temperature effects are being observed.  Other isotope thermometers in tree rings. 

namely nitrogen and sulfur, should also have measureable temperature coefficients. 

The. authors are deeply grateful for helpful suggestions from Samuel Epstein, 

Hans Suess, Ian Kaplan, Harmon Craig, Devendra Lai. Edward Teller and Willard Libby. 
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TABLE I  - Measured isotope ratios in dated oak tree rings and 

corresponding winter temperatures from official weather 

records for England, Basel and Geneva. 

SAMPLE 
NUMBER 

613 
ppt ppt 

618 
ppt T     0C 

'Eng L T         0C 'Basel ^ 
Geneva 

DATE SPAN 

1 0 0 0 4.26 1712 - 1714 

2 1.13 156.0 3.62 3.89 1715 - 1717 

3 1.90 181.0 6.35 3.98 1718 - 1720 

4 3.41 141.0 6.35 4.24 1721  - 1723 

5 3.56 110.0 7.20 4.36 1724 - 1726 

6 3.87 131.0 7.96 4.30 1727 - 1731 

7 4.32 103.0 8.36 4.39 1732 - 1734 

8 4.02 73.2 8.28 4.46 1735 - 1737 

9 4.09 51.1 7.88 4.38 1738 - 1743 

10 4.55 23.2 7.12 4.52 1744 - 1747 

11 4.47 46.4 6.67 4.52 1748 - 1750 

12 3.49 31.7 7.24 4.25 1751 - 1753 

13 3.71 58.0 5.39 4.00 0.06 (0.14) 1754 - 1758 

14 3.11 63.5 5.59 4.03 0.98 (2.30) 1759 - 1761 

15 3.03 45.7 5.11 3.98 0.81 (1.90) 1762 -  1764 

16 3.41 54.2 4.38 3.95 0.93 (2.30) 1755 - 1767 

17 4.32 60.3 4.18 3.97 1.00 2.34 1768 - 1772 

18 4.02 55.7 3.29 3.86 0.95 2.72 1773 - 1775 

19 4.40 62.7 4.50 3.73 1.02 2.49 1776 - 1777 

20 3.64 68.9 3.21 3.70 1.21 2.25 1778 - 1779 

21 4.24 75.1 2.09 3.69 1.29 2.30 1780 - 1783 
22 4.85 48.0 2.01 3.84 1.35 2.31 1784 - 1786 
23 5.46 41.8 1.93 3.77 1.12 2.17 1787 - 1791 
24 5.46 37.9 1.85 3.82 1.20 2.00 1792 - 1794 
25 3.49 39.5 3.78 3.82 1.33 2.07 1795 - 17^6 

26 3.00 29.4 3.94 3.66 1.18 1.85 1797 - 1801 
27 2.73 51.1 4.22 3.86 1.46 2.09 1802 - 1804 
28 2.12 45.7 3.78 3.89 1.45 2.11 1805 - 1808 
29 1.21 15.5 3.22 3.93 1.23 1.90 1809 - 1811 
30 1.36 10.1 4.46 3.99 1.23 1.98 1812 - 1814 
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TABLE I   (continued) 
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^ 1 

SAMPLE 
NUMBER 

hi 
ppt 

60 
PPt 

618 
PPt 

T  0C 
'Eng L T   0C 

'Basel L 
^Geneva 
0C DATE SPAN 

31 0.60 12.4 4.98 3.93 1.14 1.91 1815 - 1818 

■ 

32 0.83 9.3 4.50 4.01 1.34 2.06 1819 - 1822 
33 0.45 18.6 4.86 3.98 1.31 2.06 1823 - 1826 
34 2.80 37.2 3.50 3.95 1.20 1.98 1827 - 1829 
35 2.88 42.6 4.06 4.14 1.36 2.16 1830 - 1833 

36 3.87 20.9 3.69 4.04 1.21 2.07 1834 - 1837 
37 3.33 31.7 2.45 4.01 1.10 1.94 1838 - 1843 
38 4.32 33.3 3.62 4.04 1.24 2.06 1844 - 1848 
39 4.40 47.2 2.81 4.06 1.37 2.11 1849 - 1852 
40 3.34 65.8 3.58 4.14 1.52 2.21 1853 - 1856 

41 5.23 72.0 4.50 4.09 1.53 2.20 1857 - 1861 
42 5.84 71.2 3.66 4.15 1.73 2.42 1862 - 1866 
43 5.76 57.3 4.14 4.16 1.70 2.39 1867 - 1872 
44 5.91 61.9 2.93 4.15 1.56 2.36 1873 - 1876 
45 5.15 78.9 3.54 4.28 1.63 2.38 1877 - 1880 
46 4.47 80.5 4.54 4.34 1.73 2.49 1881 - 1884 
47 5.23 89.0 5.59 4.37 1.71 2.49 1885 - 1888 
48 5.53 87.5 5.59 4.36 1.54 2.31 1889 - 1893 
49 5.07 78.9 4.66 4.41 1.62 2.41 1894 - 1898 
50 5.23 92.1 3.22 4.51 1.76 2.54 1899 - 1902 

51 5.31 91.3 5.02 4.66 1.86 2.47 1903 - 1906 
52 4.85 112.0 5.43 4.59 1.99 2.54 1907 - 1909 
53 4.24 111.0 6.43 4.69 2.32 2.77 1910 - 1912 
54 4.40 105.0 6.68 4.73 2.57 2.91 1913 - 1913 
55 4.78 112.0 6.95 4.68 2.51 2.89 1914 - 1916 

56 5.15 123.0 6.27 4.68 2.42 2.81 1917 - 1919 
57 5.00 125.0 7.80 4.75 2.55 3.00 1920 - 1923 
58 4.47 150.0 9.2P 4.79 2.55 3.05 1924 - 1927 
59 5.00 148.0 I0.6S 4.59 2.31 2.94 1928 - 1931 

L JO 6.67 154.0 10.29 4.46 2.23 2.90 1932 - 1933 
— 1 
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TABLE I (continued) 

SAMPLE 
NUMBER 

613 
ppt 

6D 
ppt 

618 
PPt T     0C 'Eng L T         0C 

'Basel  '' 
Geneva 

0C DATE SPAN 

61 7.05 166.0 9.69 4.65 2.29 2.95 1934 - 1934 
62 7.05 161.0 9.37 4.35 2.10 2.85 1936 - 1938 
63 7.05 155.0 9.12 4.42 2.10 2.92 1939 -  1941 
64 7.20 159.0 9.32 4.43 2.17 2.95 1942 - 1943 
65 7.50 159.0 9.33 4.41 2.38 3.14 1944 - 1945 
66 7.66 154.0 7.20 4.41 2.50 2.98 1946 - 1947 
67 7.96 156.0 6.15 4.30 2.55 3.34 1948 - 1950 
68 10.31 108.0 9.89 4.24 2.19 2.95 1951  - 1954 

Average standard deviation on each 9 sample average of  lfl = 0.31 ppt 

Average standard deviation on each 9 sample average of    ■ 0.21 ppt 

TABLE I 

Nine sample running averages for measured ,. and ,0 vs. 

year of center of the sample and vs. official average winter 

temperatures (Jan., Feb., March) in England and Basel and 

Geneva. Temperatures for Geneva for 1759 - 1783 (shown 

In parentheses) were not recorded and have been chosen by 

normalizing to Basel temperatures. 
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TABLE II    -    Temperature coefficients  computed from measured isotope 

ratios and weather records. 

EXPERIMENTAL TEMPERATURE COEFFICIENTS** 

Computed by correlating* the isotope ratios with official6,7 averane 

winter temperatures (averaged over January, February and March). 

ISOTOPE 
RATIO 

I18 

«16 

TEMPERATURE COFFFrr.IFNT 

+ [(5.29 t 0.68)1,; 
England ]ppt 

^[(2.91 t0.41)TRACol]Ppt Basel 

+ [(2.86 ♦ 0.52)1 
Geneva ]ppt 

C1 

13 

2 
+ C(2-73 *- 0-67)TEngland]PPt 

♦ [(2.01  t 0.37)TR;,co1]pPt Basel- 

+ [ (2.37 ♦ 0.41)1 Geneva ]ppt 

D 

H 
+[(89.5±16.0)TEngland]ppt 

♦ [ (67.4 t  1.4)?, 

♦ C (71.4 t 8.2)1 

Basel ]ppt 

Geneva ]ppt 

Number of 
Samples 

68 

56 

56 

68 

56 

56 

68 

56 

56 

Temperature Coefficients in (ppt) • (0C)"1 

*The Bio Medical Data Processing Program20 obtained from the UCB computer 
department, courtesy of Dr. James Enstrom, was used to correlate the isotooe 
ratio measurenents with the official air temperatures. 

**These temperature coefficients were evaluated using 9-sample running averages 
^L^r^V50^6 ratios- We have also correlated the 1-sample data with 
temperature by least squares to show that the values of the coefficients are 

e?forS aJ? lflrnp
Pr^nt 0n SU n,ecthod 0f ^^^  althou9h the associated 
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TABLE III  -     Comparison of measured  temperature  coefficients with those 

computed assuming formation of  cellulose at  equilibrium. 

COMPARISON OF MEASURED    and COMPUTED* TEMPERATURE 

COEFFICIENTS OF CARBON AND OXYGEN IN TREE RINGS IN 

PARTS PER THOUSAND PER DEGREE CENTIGRADE. 

18 
for exchange of 0     between 
water and cellulose 

18 
for exchange of 0     between 
atmospheric oxygen and 
cellulose 

18 
for exchange of 0     between 
COg and cellulose 

13 
for exchange of C  between 
COg and cellulose 

for exchange of D between 
«ater and the 0-H bond in 
cellulose 

for exchange of D between 
water and the C-H bond in 
cellulose 

Computed* 
Assuming 
Equilibrium 

0.36 

Measured 
in this 
Paper** 

3.7 + 0.5 

0.96 

1.14 

0.36 

2.0 

0.4 

2.4 + 0.4 

76 ♦ 10 

*The computed values, taken from Reference 1, refer to isotope exchange at 
equilibrium and therefore represent lower limits of the real vilues of 
exchanges which may depend on dynamic effects. The measured values are 
larger than the computed values and thus must include dynamic effects 
and effects from formation of rain water. 

**It is known that for a water plant, Euglena, that 90% or more of the 
oxygen bound in cellulost comes from water, (Reference 12). The source 
of oxygen in trees has Mt been determined, but probably i: the same. 
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WELLINGTON, KWER HUTT CITY. NEW ZEALAND, 18-25 OCTOBER, 1972 

WULMNl» AHO RAOIOOWBON DATES 

L.R. Ubby and H.r.   Libby 
IMivarsily of CaUfornia 

Lot Angelas. Caliramla.  U.S.A. 

ABSTRACT 

We consider »hathar tha long tan. parturüatlon or radiocarbon dates, 

which is kno«n to be approxiaately a «in function of period about 8DDQ 

/ears and amplitude of about B% peek-to-peak,  could have bean caused in 

•ny »ajor part by «ulcani».   Ue conclude that thia ia not the case. 

On tha contrary,  present dey »oicanoea are a far lass important source 

of inert C02  (about 100 fold leas) than is man', burning of fossil fuel, 

•hi* has caused tha SUBS» dilution of about 2%. 

I. Introduction 

The emission of  C02 by volcanoes could,   in principle,   reduce  the 

concentration  of  radiocarbon in atmospheric carbon  dioxide  and thus 

.Tzauce errors  in the radiocarbon dates for the past millenia.     However 

t-.a  correctiona are opposite in sign to the effects that  are substantiated 

:/  the geologic  evidence.     Namely,  the volcanic explanation would require 

t-.at  over   the  last  eight millenia, volcanic activity would have had to 

increase substantially  up to the present,   contrary to  the geologic 

i.ldence.     Considerable evidence about the nature of  such  effects is at 

^snd from the studies of the perturbations of  the radiocarbon age caused 

-/   the burning  of  fossil  fuel end consequent emission of  carbon  dioxide, 

wiich like volcanic gases,  contains no radiocarbon. 

II. material  Balance 

«s first  suggested by Suess1,   the C02 generated by  combustion of 

fossil  fuels in the period 1850.19B0 A.D. would have reduced the  C1"/^2 

ratio in the  atmosphere by a  full  10% had all   the fossil   C02  remained in 

the atmosphere.     The actual observed dilution is 2.0 . 0.35E.     This smaller 

effect most  likely  is caused by the relatively short residence  time of 

C02  in  the atmoaphere  before absorption into tha sea,  a  time variously 

estimated a. being between 10 end 30 year.1'2.     In the  time  of  100 years, 

«hich is much longer   than the mixing  time,  most of the  fossil   CO    «ill 
have dissolved in  the  sea. 2 
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Production of Radiocarbon in Tree Rings by Lightning Bolts 

L. M. LlBBY 

K & D Assoriali*, Sanln Monica, Calilornia   901,02 
School oj Eugmeering and Applied Science, University of Calilornia 

Lot ATtgeles, Calilornia   90024 

H. R. LUKENS 

dull Ritdmtiun Technology, Gull General Atomic 
San Diego, Cahlornia   92112 

I.'KliHiinK bolt.^ uppcur to he ablr to producp noutrons by procosKrs associated with the 
IKTI lemlion of ions to an amount Mtintted t< ^ about a percent, of the cosmic ray neutron 
proiluctioii. The corrospondinK effei't on radiocai. n in tree rings can explain the well-known 
rtliorl-term secular errors in radiocarbon dales as heing caused by climatological fluctuat.ons 
in frciiuency of liKhlning storms. 

• 

The short-term .secular variations of radio- 
carbon in tree rings have a time scale of about 
IDU year.' and an average aiiiplitiido of a few 
percent They have been attributed to fluctua- 
iions in the .^olar cosmic ray intensity \Suess. 
l!«i.5) The likelihood that they could have been 
caused by chnnges in the volume of volcanic 
i'iiii!<sions has been discounted [Lihhy and 
l.ihby, 1(I72| 

In the present cominuiucalion we discuss "C 
produiiion in thutiderstorms and show that its 
present day tnagmtiide may be a few perrent of 
"C prodiiciiiin by cosmic rays, so that hundred- 
war fluciiiaiiniis m the fro(|uency of thmider- 
siorius could explain the short-term secular 
N.iriaiions in radiocarbon in tree rings. 

Neutrons have lieen observed to be pro(lr;ed 
in liboratnrv electric discharges; therefore it 
iii.iv be that they are produced in natural dis- 
i hargis, tiiinelv, lightning bolts. 

In a ligli'mng storm, as deseribni by Loeb 
|l!l.r)4|, there are Heetric fields up to 1500 
\nli.~ nm giving nse to lightning bolt 10' kw 
hours in niagiiitudc, with average electron energv 
nf «•IM kev If a Roltzmann distribution is 
avsumed. a finite fraction (10') of electrons 
have energies greater than 22 Mev, and a much 
-mailer fraction (10 *s) of electrons have ener- 
i.'ie> greater than s Mev Furthermore, other 
acceleralinn   inechamsms,   (■hiefl\-   pmch   effect. 

Coiiynglii   t   I17J l.y ihr Amcnian Ota^kftkai l'iiion 

seem to he operating and thus producing copi- 
ous quantities of neutrons of ~2.5 Mev, ac- 
cording to experimental observation. 

In an experiment [Stephanakis et al., 1972] 
in which electric discharges were created be- 
tween electrodes connected with nylon threads, 
the nylon exploded; electrons and heavy ions, 
which were accelerated to approximately equal 
energies, on the average about 10 kev, and 
neutrons of about 2.5 Mev were produced. 
Nylon threads enriched in deuterium, when 
they were similarly exploded, produced 
copious 2,5-Mev neutrons from the d-d reac- 
tions; thus it was siiown that the heavy ions 
were being accelerated. The yield of 2.5-Mev 
neutrons from exploded hydrocarbon threads of 
natural hydrogen abundance was determined M 
ab« ut 10* neutrons for an electric discharge of 
14 watt hours, in a discharge a few centimeters 
long. 

For a lightning bolt of 10" watt hour rLoch, 
1954, p. ,S4K] the number of neutr. is is ex- 
pected to be 10". Specifically, this production 
is arrived at as follows. 

The yield Y of neutrons in a pinch is exjiected 
to var> as the square of the density N of ions 
and as the volume V and lifetime r of the 
pinch, so that 

L. m (KL)
7
 h tL 

K. ~ \NJ  r„. r, 
where the subscripts / and v designate light- 
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ning holts and exjiluding wires, respectively. 
We take r, - 500 ^sec, T. = 50 nsec, V, ~ 
10 ' g/cni1, A'. ~ 1 g/cm', V, ~ 10" cm", and 
V, ~ 10' rth', from which it follows that 
y,/Y. = 10". If K. = lO-, then Y, ~ 10". 

f)ii the average around the world, R. E. 
Ilolzer (private rommunication, 1972) has 
i-valuated the total number of lightning bolta 
per seidiui to be between 100 and 300, which, 
if Locb's calibralitm of lightning bolts is aa- 
lUincd, would lead to an estimate of abollt 
I X 10'" to S X 10" neutrons created in ihe 
.itiiiospherc per second over an area of 5 X 
10" cm'. Hölzer warns that this calibration is 
probably too high by at least a factor of 10. 
We therefore reduce it by this factor and arrive 
at a neutron prodiiftion from storms of (2-6) 
X 10' neutrons/cm1 sec, as compared with the 
rosüiic ray production of 2.6 neutrons^ctn" sec, 
or a perturbation of about 1%. 

9mm notes that a comparison of recent radio- 
carbon Huituations in tree rings with sunspot 
numbers .since 1000 A.D. suggests that a corre- 
lation exists between them. It is not unreason- 
able that frequency of thunderstorms should be 
correlated to «unspot numbers and should 
modulate the production of atmospheric radio- 
inrbon by ductric discharges; thus the correla- 
tion found by Suess in tree rings would be 
i xplmned. 

It is barely possible that an enhancement of 
radiocarbon in trees on a mountar ridge fre- 
<|iu ntlv struck by lightning could be measured. 
The natural rate of "C decay is 15 dpm g C, 
M.rrexpoiuiing to a content (taking the lifetime 
as N368 years or 4.1 x 10" min) of 6 x 10'u "C 
atom.s/g ('. Let us ask for a 1% perturbation, 
namely, that t) x 10* "C atoms/g C be pro- 
duced by K'liining, m dense dry (dead) wood, 
this .orrcsponds to 2 x 10' "C atoms/g wood. 

The nitrogen content of such wood is about 
3 x 10' by weight. Neutrons entering wood 
are captured «■' her by hydrogen :r by nitrogen. 
The fraction captured by nitrogen is given by 

f  =  AN<rSl'(AN<rN + AH<TH) 

where AH and ,1H are the atomic fractions of 
N and H and where ah = ffN(«"N -♦ p1^) m 
I 7  x   10" cm" and <r„ s (j„(nH -» yD)  = 

U .1 x 10 " cm' 

5903 

Taking the schematic formula for wood to be 
CH.O and considering capture in a fallen tree 
with negligible water content, such as Bristle- 
cone, we find that F ~ 0.02. 

To create 1% excess of "C in wood then 
requii-es capture of lO1" neutrons/g wood, or 
10" neutrons in a tree weighing a ton. Thus, 
to produce this amount, several hundred light- 
ning bolts must strike nearby trees and rocks. 
It follows that fallen trees on an exposed ridge 
where electrical disch rge is common in every 
storm just might show this enhancement. This 
"C may be chemically separable from cellulose 
and lignin, since the hot atom chemistry of 
carbon is unlikely to introduce the "C into 
these molecules without shattering them. This 
possibility could be checked by irradiating wood 
with neutt-ons. 

A caution should be added that the foregoing 
estimates of "C production may be in error in 

■ither direction. Namely, the value of the aver- 
age lightning bolt energy [Loeb, 1954] we have 
used although it was decreased by a factor 10 
may still be too high. On the other hand, the 
numbers of neutrons observed in experimental 
'iischarges [Stephanakia et ed.. 1972] scatter 
over a range of up to 5 X 10* neutrons of 2.5 
Mev, and there may be much larger numbers of 
lower-energy neutrons produced, ?I1 of which 
are able to produce "C by capture into nitrogen. 
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Globally Stored Organic Carbon and Radiocarbon Dates 

LEONA MARSHALL LIBBY 

Evginee.-ing School, University of Calijon.la at Los Angeles 
Los Angeles, Calijornia   90024 

When recent data on the rate ol addition of COj to the atmosphere as a result of baclerially 
caused decay of orRanic carbon produced by the biosphere are used, it is found that variations 
of climate actinj; on the biosphere can cause fluctuations of up to 100 years in amplitude in the 
corrections to radiocarbon dates. 

• 

This paper discusses the effect on radiocarbon 
dates of variations in the amount of carbon 
stored ßlobally as organic material that origi- 
nated in the biosphere. Using new measure- 
ments of global evolution of CO, from the 
decay of stored organic carbon, we find that 
the short-term 'wiggles' [Suess, )970] in thj 
amount of radiocarbon in tree rings, ol an ara- 
plitudo of about 100 years peak to peak, can 
b» explained. The present discussion updates 
and quantifies the original trc.-'ment of this 
subject hy Libby [1952], 

DISCUSSION 

In the process of making bio-organic matter, 
plants store carbon depleted with respect to 
atmospheric carbon by about 2.7«^ in "C 
[Krooptiick ct al., 1070; Gordon and Williams, 
1970; Maugh. 1972] and therefore by about 
1% in 'C \Raft,r, 1955]. If the amount of 
depleted carbon stored in the biosphere in the 
past has been different from what it is now 
radiocarbon dates for the past will reflect an 
error. The size of error is estimated in this 
paper and is found to be about 100 years maxi- 
mum. 

The carbon m the bio-organic material with- 
drawn from the atmospherr and stored in the 
plant for the life of the plant plus an additional 
time of storage as dead organic carbon is even- 
tually released by bacterial decay and returned 
to the atmosphere mainly as CH«. In the atmo- 
.-plifrc methane ("niickly oxidizes to CO, as an 
end product. At present the global quantity of 
CO, originating from plant decay and returned 

Copyright © 1973 by tht American Gtophyiical Un 

to the almo.')herc ia estimated [Maugh, 1972] 
as about l.S x to'0 tons COa/yr, or 1.0 X W 
g C/cm' yr. Let the total time of withdrawal 
from the atmosphere be T years. Then it follows 
that the amount of C presently stored as or- 
ganic carbon is 1.0 x 10"' rg/cm'. 

The storage time r may vary depending on 
climate and vegetation; for example, the mean 
age has been found to range from 10 to 1000 
years in New Zealand soil [O'Brien and Stout, 
1972]. The mass of organic carbon is mainly in 
the oceans, however. The average concentration 
of dissolved organic carbon in the oceans i- 
measured \ Menzel and Uyther, 1970; Ilvlm- 
Uansrn, 1970] as about 500 /.g/l or 0.5 /ig C/| 
sea water. When the average depth of the oceans 
is taken as 2.S00 meters, if follows that 0.14 g 
organic C/cma is stored as dissolved material 

Since 1 X lO"" g C/cm11 is returned to the 
atmosphere per year [Maugh, 1972], the aver- 
age storage time is about 140 years. 

An independent estimate of the storage time 
comes from the following biological argument. 
More than OS^ of all organic carbon in the 
oceans is dwoived organic carbon, at about 500 
/ig'l [Uolm-Uanscn, 1970]. The total quantity 
of this dissolved organic carbon in the entire 
depth of the ocean represents about 100 times 
the average annual production of organic carbon 
in the sea surface. The annual production is 
k-.own quantitatively to just be able to satisfy 
t'ie metabolic reqiiireinents of tie grazing popu- 
IfttiM [Memel and Ryther, 1970J. Thus the 
total organic carbon in the oceans is the amount 
presently produced m about 150 years and u 
in steady state, being eaten and re-eaten. I hi 
final state being gases produced by bacterial 
action. The chemical estimate of 140 vears and 
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the bioloKini 
in reasonable agreement. 

In comparison, Libby [1952], in explaininjr 
the fundamentals of radiocarbon dating, arrived 
at an inventory of 0.33 g organic C/cm'. His 
estimate, made 25 years ago, was remarkably 
close to the above estimate of 0.14 g C/cm* 
derived from new data. 

The total atmospheric CO, is about 2.33 x 10" 
tons, or 0.13 g C/cm'. The value of the atmo- 
spheric residence time before absorption into 
i'ie seas has recently been updated [Gullikson 
and Nydal, 1972] to about 8-12 years. In the 
absence of universal agreement, for convenience, 
we round it off here as 10 years. Then 2.3 X 10u 

tons, or 0.013 g C/cm', are exchanged with the 
oceans each year. 

In past times the total mass of stored organic 
carbon may have been larger or smaller than 
it is now, depending on the climate. Let us 
define as the norm the amount of carbon pres- 
ently stored and define a time dependent factor 
n by which the organic carbon reservoir may bo 
increased (« > 1), „s in a lush, tropically 
global conl age, or decre: sed (a < 1), as in an 
ice age. We assume that the total atmospheric 
CO, has always remaine', tnc same. 

Since the organic ca bon reservoir is about 
6% depleted in radioorbon, the atmospheric 
reservoir is correspomlinglv enriched by about 
5% multiplied by the ratio of the mass of stored 
organic carbon la tiie total carbon in both reser- 
voirs, muncly, the atmosphere and the organic 
reservoir. That is, the enrichment < is given by 

t = 0.ü5|0.14Q/(0.13 + 0.14(1 - 0.05)a]| 

t = O.üSMO.O:** + O.93)] W 
where a is the ratio of the mass it of organic 
carbon at the time when the material was alive 
10 the BMM M* in the vear 1972 AD a = 
U/U*. 

The .■nnchinent t can be positive or negative 
with respect to the present. NW in 1972 A.D. 
we define ,, = 10 and < = <• = 0.0386. The 
error in th,. radiocarbon due with respect to 
the norm is gven by Ihe enrichment difTerence 
tunes the nrali radiocarbon lifetime of 8268 
years: 

''''"I  ■ (« - •*) X 82G.S years       (2) 

The age correction depends on the numerical 
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estimate of about 100 years are value of 5% deletion of "C in plants in com- 

parison with JO, in the atmosphere. This quan- 
tity in turn depends on the temperature T at 
which the bio-organic material grew and itself 
has a temperature caefTicient. The coefficient 
for "C/"C in marine plankton has been mea- 
sured as 0.35 ppt/0C [Bs et al., 1965] and 
independently as 0.5 ppt/0C [Eadie, 1972]. It 
may be the same o.- larger for the average of 
all plants [Libby, 1972]. In the absence of 
more measurements we assume it to be the 
larger of the two experimental values, namely 
0.50 ppt/°C, because it bcems unikely that the 
true value is exactly equal tr the minimum 
value allowed thcrmodynamically [Libby, 1972], 
which is 0.35 ppt/0C. 

Then, on the basis of the foregoing assump- 
tions, the temperature coefficient will be 1.0 
ppt/0C, so that, if the climate were much 
warmer, say, by 10oC, the "C depletion of the 
stored organic carbon would decrease from 
0.050 to 0.040, corresponding to an age correc- 
tion of (0.050 - 0.040; X 8208 year«, or U 
years too old. Similarly, if the temperature fell 
10°, the depletion would inTease to O.0GO, 
corresponding to an age correction of 83 years 
too young, even without any change in the mass 
of the biosphere, the dependence on which is 
set forth in (2). 

But. still another effect enters: that caused by 
the presence of ocean carbonate. The sea con- 
tains dissolved carbonate that is fractionated 
in "C/"C in comparison with that in the atmo- 
sphere, the amount, of dissolved carbonate 
depending on the temperaturcat the sea-.nr inter- 
face. Sea carbonate is enriched ,n "C with re- 
spect to atmo.-pheric CO, and is less so as the 
temperature increases, so that the result is to 
provide a small rorrection that partly cancels 
the effect of fractionation M stored organic 
carbon. 

This periurbation comes onlv from carbonate 
HI the -lOO-meter-thick suriace mixed layer 
at the ocean that contains fC;yi/V/ ct <;/., 1972| 
about 0.15 g C/enr, which is approximately 
equal to that m the .(tinosphere and to that 
m the orirame carbon dissolved in the total 
depth of the sea In ||1(, (..lsp „f or(T;inic r;lrl,(in 

the total depth of the sea is involved because 
bacterial deconiposition occurs at nQ depths, 
producing CM, and CO, with winch the sea 
water   is   saturated,   so   that   these   bacterial 
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gasps are huhhtng lip from all depths. In com- 
parison, the sea is not saturated with CO, at 
any depth \Crmg et a/., 1972]. 

Carbon Isotope fractionation by COi absorp- 
tion at the air-water interface has been mea- 
sured [Drgens and Deuser, 1967], and the ratio 
UC/"C has been found to van- from 9.2 to 0.8 
ppt over the temperature range O'-WC. The 
corrc>poiiding fractional ions of "C/"C ver.-us 
temperature are shown in Table 1 and are 
obtained by irultiplving the fractionation of 
,JC/"C by 2. 

The corrected enrichments (or depletions) of 
14C/"C in the atmosphere for climates 10oC 
warmer (Or colder) than those at present are 
given in Table 2, where it is assumed that the 
average global temperature at present is 20oC. 
The corrections caused by ocean carbonate are 
shown to be about 20% of the temperature 
variations of "C/"C in organic carbon and of 
opposite sign. 

The equation including both corrections can 
now be written 

7669 
TABLE 2.    Corrections  to Radiocarbon Dates 

Bio-Organic Materials as a Function of 
Average Temperature and Biomass 

10*C 

Correction,  years 

20*C 30*C 

0.5 ~1H •U -111 
1.0 5n 0 -40 
2.0 127 73 18 

M 214 144 

Corrections assume that the changed climate 
endures far 100 years or more and include the 
corrections caused by ocean carbonate in the 
mixed layer of the sea. 

(8) 
t = na/[(l - n)o + 0.93) 

n - (0.05 - 8.5 X \0'-(T - T*)] 

The computed corrections are shown in Table 2 
to be of the order of ±50 years-, namely, of a 
total amplitude cf about 100 years. 

We condmli- that the experimentally deter- 
mined fluctuations in the correction curve for 
radiocarbon datn [Sticss, 1970] u determined 
in tree nii^s may be caused by changes in the 
climate that perturb the storage mechanism 
discussed here. A short period of climate either 

TABLt 1. Corrections Caused by Fractionation of 
13C in Surface OCMN Carbonate and in Dissolved 

Organic Carbon Versus Average Temperature 
of the Sea Surface, a 

Sea Carbonate 
in 

Mixrj Layer 
Dissolved Organic 
Carbon in Sea 

Temperature. 
•c 

1 « u.uiBd' 
1 • i'.017 
i ♦ o.oir.4 
1 • 0.0138 

1 - 0.070 
I - O.ObO 
1 - o.oso 
1 - 0.040 

0 
10 
20 
}0 

is  the r.itiu ot (**C/**C)   in aqueous car- 
boiMte to  (l',C/IJC)   in atmospheric  CO.. 

•As given by Craiy et al.   (1972).     2 

warmer or colder than that at present could 
cause the atmospheric radiocarbon to differ 
from the norm, with a corresponding error, posi- 
tive or negative, in radiocarbon dates of bio- 
org.mic material for those periods. Uy short is 
meant periods of time about as long as the 
average storage time <>( about 100 years. This 
storage time itself might have changed with 
tune if the oceans had changed, but the tem- 
perature of the sea below the thennocline is 
only slightly above 40C and the time of over- 
turn is about 1000 years, so that no .-ignificant 
change could have occurred in the last 8000 
years, the period for which the fluctuations in 
tru- nnc radiocarbon have bem mi a-iired 

Support for the hypothesis of a fluctuation in 
the amount of stored organic carbon in the past 
is Miecested by meaMirements on CO m the 
t'ireenland and Antarctic icecaps [Caiaiingh it 
nl.. 1972). Specifically, these measurements find 
i'oncentrations of CO as high as 0.3 ppm in air 
trapped in the ice for ice samples up to 2500 
years old, whereas modern CO concentrations 
in clean air. reinute I'mm cities, a^e 0.04-0.20 
ppm at ground levels \Jafjv. 1972] and 0.08 
pptu at a -l-km altitude and dicrea.-e to 0.01 
ppm at a 15-km altitudf \Br9tfufH, 19721 Sinrp 
the largest clobal source rif Co is oxidized 
nuiliane, these measuremeiits MigceM that the 
reservoir of stuivd bio-organic inaicnal has 
varied in the past. 

AchiowlcJgmcrit. This research «as supported 
by the Advanced Research Proecta Agency of 
ilip Department of Defense nr.l was monitored 
ly llie Air Tope Otlicc of S<ienlifir BlTHITll 
under conlniil I',44020-73-C-O029. 
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Multiple Thermometry in Paleoclimate and Historic Climate 
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The prinriplr of isotope thrrmonu try is that isotope ratios are temperature dependent. 
It is proposed that isotopic ratios in bio-organic material may i.ave independent temperature 
coefficients, so that, by measurin« ratios for several elements, ,-.g., hydrogen, carbon, and 
oxyRin, it may be possible to show that, a temperature change occurred. Assuming' that 
crllulose is formed almost at eciuilibrium, temperature coefficients for C, H, and 0 are com- 
puted and found to be of measurable size. The coefficients computed for "C/"C and D/H 
agree with measured values. Thus indications are that temperature changes in pa^t climates 
can be measured in old tree rings by using this principle of multiple thermometers. 

The principle of isotope tlierniometry is that 
the isotopic ratios are temperature dependent. 
There are two kinds of temperature depen- 
'ence. kinetic and equilibrium. The theory of 

netic  isotope separation  i» well  established. 
jr example, in the gaseous diffusion process for 

separation of the uranium isotopes, separation 
is caused by a differenee in the rates with which 
the two species pass through holes in a btrrier. 
In ease of equilibrium, separation is caused by a 
difTcrence of difTerencc?, namely the difference 
between separation by the forward rate and 
separation by the reverse rale, the two rates 
being equal. Distillation of liquid in a closed 
container is an «xarnple of separation at equi- 
librium, while vaporization into a vacuum is 
kinetic. 

In distillation of a liquid containing two or 
more elements in the molecule, the correspond- 
ing isotope thermometers are functionally re- 
lated, because the corresponding vapor-pressure 
ratios, which determine the separations on evap- 
oration and condensation, depend on the same 
force constants tying them together 

In bio-organic material, however, there may 
bo »I le.'i.-t three u.-eful i>oiopc thermometers, 
namely I)/il, "r/T, and "O/T). The basic 
reaction is pholo-vnlliesis with product ion of 
cellulose, here written schematically as a basic 
module, 

Copyrighl % 1972 by the American Gfophysical Union. 

H - C - OH 

I 
according to 

or   CH,0 

CO, + H20 -♦ CH20 + 02 

In this reaction, all three elements may yield 
isotope thermometers, and they may be inde- 
pendent of each oilier; that is, the ratio '*0/"0 
is no longer functionally related to D/H, be- 
cause diatomic oxygen is being evolved, and so 
rotational and vibrational energies of the 0-0 
bond are involved, and because, in cellulose, 
oxygen is bound ,0 carbon as well as hydrogen. 
For the same rea.-on. the temperature coefficient 
of "WO and "C/'C may not be functionally 
related. Finally, the ratio "CP'C should be in- 
dependent of D/H, because carbon and hydro- 
gen are initially in different molecules with dif- 
ferent vibrational frequencies. 

If variations are measured for only one iso- 
tope ratio, the relation to paleotemperaturc is 
not proved. However, if ratios are measured for 
two, three, or more independent i-otopes in the 
same organic material, it is po.-sible that the re- 
lation to temperature can be firmly established 
and quanlified, and this is the principle point of 
the prc-ent discussion. 

Over the small temperature interval (0oC < 
t < -f30°C) within which climate could have 
varied without killing terrestrial life as wc know 
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it, the dependences of isotope ratios on tem- 
pemture can be assumed to be linear for bio- 
organic material. That is, for isoloiKj ratios B', 
where ;' = 2, II, 15, 18, 34, 41, • • • , referring 
to D, "C, "N, '"O, *% "K, ••• , the tempera- 
ture Jependence can be written as 

S' = a'/ + 6' 

in1 and 6' constants) 

where a' is the teniperature coefficient and ( is 
temperature. Then n change A' is related to a 
change AS' by (for a given compound) 

HKRM0METI1Y 4,311 

M = 
A&' A»" A51 Ad 

The multiple üverdetermiiiatidii of tCf&pcnitUK 
by using a set of many thermometers may make 
it possible to show witii some level of confidence 
that a temperature cliange did occur. It is also 
possible that new effects, not caused by tem- 
perature, will be demonstrated by the method of 
multiple thermometry, if some of the above 
ratios, but not all of them, show equality. Prob- 
ably the specific relations to temperature will 
have to be calibrated at each geographical posi- 
tion to take into account local variations in 
water and CO,. 

Finally, bio-organic data bases can be radio- 
carbon dated, so that, if evidence for tempera- 
ture changes is stored in them, the dates when 
the changes occurred can be evaluated. 

EXPEHIMENTAL EVIDENCE FOR TEMPERATUHE 

DEPENDENCE OF ISOTOPE RATIOS IN 

UIü-OR(;ANIC MATERIAL 

Alt hough animal bio-organic material is not 
directly derived from photosynthesis, neverthe- 
less animals are largely what they cat, so that 
bio-organic material from both plants and ani- 
mals may be useful in isotope thermometry, 
Some of the evidence [Craig, 1953J on isotope 
thermometers in bio-organic material is as 
follows. 

The "CA'C ratio in comlnistible organic mat- 
ter in core- from sea bottoms shows variations 
of as much a.s 8 %, with depth. These have 
been measured and attributed to temperature 
variation in the sea surface with time by Rogen 
mill Kooii-s \iW.)]. Ahn, in i study of marine 
plankton \Sarkett ft al., IMftJ the "C concen- 
tration was found to be depleted by 0 per mil 

where surface waters are near 0oC relative to 
samples collected where surface temperatures 
are about 250C. These observations on both 
plant and animal plankton suggest that the 
temperature coefficient of "C/^C in bio-organic 
material is ~0.24%r/oC in the temperature 
range 0,-2S,C. 

In further work [Deycns el ul., 196.S], the 
teniperature coefficient of "C/^C in marine 
phytoplankton grown in laboratory cultures was 
measured as ~0,35^/oC between 10° and SOT. 

Although shell carbonate is not, strictly speak- 
ing, bio-organic material, nevertheless, for com- 
pleteness we note here that variations in the 
"■O/'T) ratio in Foraminifera shells from Carib- 
bean Sea cores have been measured by several 
workers and interpreted in terms of paleotem- 
peralure variations {HmiUnni, 1966], This, in 
fact, was the fir>t isotope thermometer devel- 
oped by Urey [1947], 

It may be that other i-otope ratios in bio- 
organic material are temperature dependent, 
such as "N'/'N and "S/^'S. perhaps increasing 
the number of independent thermometers in bio- 
organic data bases to five or six. This possibility 
should be investigated. 

THE QUESTION OF KQUILIIIHIUM 

An attempt is made here to estimate the 
magnitudes of the teniperature coefficients of 
the several isotope thermometers in bio-organic 
data bases. This can be done using thermody- 
namic considerations, if one assumes that the 
organic material is manufactured in equilibrium 
with its surroundings. This is of course a major 
assumption, but one that does not seem too 
unlikely. For example, in experiments in the 
laboratory, the isotopic composition of CaCOj 
slowly formed from aqueous solution was found 
to be the same a.s that in the shells produced by 
aquatic organisms at the same temperature 
\McCrea, 1950]. In any case, this assumption 
can be tested for plants and animals grown 
under laboratory conditions. 

In the wild state, in coastal waters and 
estuaries, the carbon and oxygen isotopic com- 
position of shell carbonate has been shown to be 
in isotopic equilibrium with bicarbonate dis- 
solved in the water \Mi,iil; and Voyel. 19fi*>]. 
The life span of (he .-hell fi-h is about one year, 
so it would seem that equilibration in ?elf- 
manufacture might  take place rapidly, say in 
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le.^s than or about a day. Equilibration between 
CO, gas and s-ea water is known to occur in 
less than 48 hours (Li and Tsui, 1971], and 
among CO, gas, water, and precipitated CaCO, 
in less than C days [Buttinyu and Craig, 1909; 
Emrirh et ul., 1970], In living animals, tritiated 
water is known to equilibrate with blood serum 
of rats in B days or less [Gleasun and Freedman, 
1970]. Tims the evidence, although meager, is 
that equilibration takes place rapidly compared 
with the relevant life spans. 

In shells, the carbon and oxygen arc not inde- 
pendent thernioineters, because they arc tied by 
the same vibrations in the C-O bond. However, 
there is organic material in the shell matrix that 
could provide a set of multiple thermometers, 
and also could lie radiocarbon dated. 

The question of the degree to which equilib- 
liuin obtains in formation of cellulüse is interest- 
ing in itself. If equilibrium seems to apply, the 
as-umption could be extended to computations 
of production of other substances. If equilibrium 
does not obtain, and instead the processes of 
i.-otope fractionation are kinetic, then the tem- 
perature coeflicienls should be fven larger than 
those estimated by assuming equilibrium. 

CALCIL.VTIOX OK I'AHTITION FV.VCTIOX FOR 

CELLULOSE 

For a reaction in which there is isotope ex- 
change, the equilibrium constant A'„ can be ex- 
pressed in terms of the total partition functions 
Q* and Q for molecules containing the heavy 
and light isotopes, respectively, as follows. We 
define Q a.> the product of rotational, vibra- 
tional. and tran^lational parts, neglecting vibra- 
tional-rotational coupling: 

Q = Q..Jl,bQ„ (1) 
For sohds  and  liquids, Q,r   =   1  and  Q,n  is 
given by 

QUT) =   ZLo, exp (- ,,„ A) 

exp(-A«,/*r)    {n = 0, i, 2, ■■ 
which cm be wviticn as 

LEONA MARSHALL LIUIIY 

TABLE  1. Stretching Vibrations 
Assumed for Cellulose 

)    (2) 

'A.b(7') = U,(i,[\ - e*p(-ht/kT}\" 

•oxpi-A^/kT)       (3) 

We .-hall  be eoinputing partition functions at 

Bond 

Stretching 
Vibration, 

cm-1 

1 
-C -II 

i 
2960 

«   1 
-c -c- 1    1 

900 

-0- II 3680 

—C — (OH) (1200)* 

160 —160 1580 
B  = 1.44560 

Calculated from a force 
constant taken as  1/2 of force 
constant  for C = 0   [Heizberg, 
1945, p.   195, Tables 51  and 89J. 

~3I)00K, .-o that the harmonic o.-cillator ap- 
proximation is rea.-onably good. Here /: i- the 
Bolttmann con-tant, t is the ibteiutc tempera- 
ture, r, is the frequency of the jth appropriate 
vibraiiou of deceneracy (;,. n is the vibrattonal 
quantum number, and At, is the dilierence in 
zero-point energy between the isotopes. In cellu- 
loso, the barriers preventing free internal rota- 
tion are high, so that rotations deteriorate into 
torsional oscillations or bending vibratioi.s. In 
the present treatment, these will be included in 
y,,,, as part of the vibrational partition function. 

The stretching and bending vibrations appro- 
priate to cellulo.-e, which i- a chain molecule of 
module (II-C-OH). arc listed in Tables 1 and 
2. Their frequencies differ -lightly for moleeuh's 
containini different i.-otope.-, beeau-e the i.-o- 
topir ma>- enter- into the reduced mass /i of 
the appropn.ite oxill.itor from which the par- 
ticubir Irequeticv i- comiiuteil. according to; 

.-i(r     o) 
where A' i- the force con-tant of the particular 
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viliralion. Siibsiiiuiiii^ in (.'<) the frrqiinnncs 
from TaMc 1, MIKI noting that tlic torsioiial frc- 
qiiciu')-, !)"_*() cm ', is tlirccfold (liKcncrate, one 
euinputr«Q(373*K) = l.L';i()2aii(IQ(2(.»,s0K) = 
13BHI Ua ilic modnlr {ll-('-()H}. In principle, 
the 1)-11 isdiopc cITcct in rcllnlose involves two 
possilile siili.-litutioiis: namely, snbstilvilion of a 

TABU"; 2.  Hcndiny Vibrations 
Assumed for Cellulose 

Bending 
Vibration 

/"i1 

R— C — 011 

I 
R 

R— C—Oil 

I 
R 

II 
I 

R—C —Oil 

li 

R— C —0 — H 

I 
R 

II 
I 

R— C — Oil 

V. 

Bending 
Frequency, 

cm 

1)20 

920 

920 

(700)* 

(375J 

•Hctwet'j (I'J-i:, p. 196, Tables 
SI   and   89j. 

■rilerzberg 11915, Tables 118 and 
119J. 

TABI.I, 3.    Püititiun Functions CcnputrJ 
I 

for  the  Module of Cellulose   [H—C—01IJ 
I 

and  Its   Isotopjc Modifications 

Tartit ion 
lunet ion irr« 

QdKQII) 
(.'{DCOll) 
(.'•(Mconi 
(,•(' 'Cll.-O) 

1.25U2 

•lu.sr.o 
3r..cii 
i..t:iii 

i.jf,;« 

1   J'J81 
■>:.o'.is 
2R.(ll-'i 
i. ;.:ii 

I .(':.■) 

dciitcron for llie hyrirogen linked to the carbon 
atom and Mibslitiiiion of the hydrogen attached 
to nvyp'ii In the paup of R and H' a'tached to 
the pivoial carbon, the appropriate- reduced 

m.i" \> in.-en~iti\e lo siib.-iitution of H b\' D 
biv.nne the ma-M'.- of R and R' are almost in- 
fnntely larse nlatne to II or 1). The partition 
fimeiion« computed fur the various i-otopie -ub- 
stitutions of the cellulose module are given in 
Table 3. 

Because of the cni'Ieness inherent in assimiinp; 
bond frequencies for cellulose to be equal lo 

those known in rather small orjMiiic molecule-, 
we neglect inharmonic lorrcctinns and compli- 
cations Mich a- hydration m -olution or eft'ci 
of hydrogen bond formation. 

The fractionatinn ratios can be written as 
follows For the oxygrn isotopes, there are three 
equilibriums corresponduii: to isotopic exchange 

between cellulose and each of the three o.wgen- 
contaiiung molecules involved in the reaction: 

l8K(Ü,) = 
^*((TI./K())    QTOJ 

Q*(CH,"0)    (KC'Ok) 

if K(H,ü) = Q*(CH.''0) CKH/'O) 

(5«) 

(56) 

where ijf* is the purtilion fimclinn lor the 
heavier i-otiipe. For the hydrogen isotopes, two 
eqiiililiriuiiiK niter -o that 

K(iK'Ui)} 

K(DCOH) 

^(( Il.o;   Q«(IIÜOj 

^(IH'OII)   QjlhO) 
C/(CTI,0)   Q*{\\DO) 

(6J 
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and, for the carbon isotopes, only one equilib- 
rium enters, that with COi, so that 

TABLE 5.     Partition Function Ratios Computed 
for Cellulose Containing Heavy Carbon 13 

..     = Q*('3CHaO)  Q("C02) .., 
Q('3CHaO) VC'CO,)        W 

but what the chemist actually measures [Urey, 
1947] is an isotopic fractiona'ion o. For exam- 
ple, for oxygen the fractionation factor corre- 
sponding to equation 5a is: 

Partition Function 273*K 298'K 

(8) 
|2["Oal + |"0"'Ol| [CH^O] 
|(,,0,sO] + 2["03]) [CHA)] - 0 

Considering the reaction 

"02 + "O, !=* 2[,801,0] (9) 

the equilibrium constant is 4, neglecting a tiny 
correction for isotope effect [Urey, 1947]: 

«•[l3CH20]/i;|12CH20]a 

In (}*[13C02]/«['2C02]   (gas)b 

ä*[13C02]/«['2C02J   (gas) 

"Table 3. 
bBottinga  [1967]. 

effect is large, so that 

1.157S 1.1435 

0.19732      0.17558 

1.2181 1.1919 

a(HCOD) 
_ QÜHCOD] j\2QlU20] + QfHDOA 

QfCHtO]   l(<2[HDOJ + 2Q1D20]/ 
(13j 

a(DCOH) 

4 = ro,4or/r"o ifo ]      no)    = <r[DC0H] /MMLt^UiDojl I  U  ÜJ /L 02JI 02] (10) Q[CH20]   \Q[HD0] + 2Q[D20]j 

because "0. and "0,, being symmetrical, have 
only hal. as mai y rotational states as the asym- 
metrical molecule '"(TO. Substituting (10) into 
(8), the fractionation factor reduces to 

a"(OJ -   <?r0'1'/3   ^tCH'"Ol        (n) ^   rrojr Q[CH2
I>

O]    
(11) 

Corresponding, CO, and C"0„ being sym'- 
metric, have only half the rotational states as 
C"CrO, so that 

a'»(co) - W1'0'}"2 Q*1CH2'
8
O]     .19. 

0 (COJ)
 " Q*[C1802]"

2 g[CH2"0] (12) 

but for o(HCOD) and o(DCOH) the isotope 

TABLE 4      Partition Function Ratios 
ComputeJ  for Deuteratcd Cellulose 

Partition Functic 273^ :98"K 

«•(ncoiij/ciiicoiiia 
<;*|IICOI))/C(IICOIIJ 
W'li'joig^/viihoi    .'J' 

33.206 25.187 
28.4b2 21.(,3b 
16.503 12.513 
32.7400 24.9460 

The partition function ratio for  liquid  is 
obtained by rnul t iplying the partition function 
ratio  for  gas  by the D/H ratio in liquid divided 
by that  for gas.     It  is taken here as  1.104 at 
273*»;,  and as   1.074 at  298%  IHerlivjt et al. 
1903]. 

'•'Table  3. 
bi'rey  (1947). 

Here, while HsO and D,0 are symmetric, none 
of the -Jeuterated or hydrogenated cellulose 
modubs are. Finally, because "CO, and "CO, 
have the same number of rotational states, also 
H,"0 and H,"0, the fractionation factors are 

KOW - QW*0) Q(CH2"O) 

Q("C02)  <3*("CH20) 
Q*(13C02) QTCEJO) 

a13 = 

(14 

(15) 

For the isotope ratios D/H, "C/'2C, and 
l,0/ltO, we can now compute the partition 
function ratios (Q*/<3)CH.O. The partition func- 
tion ratios for {Q*/Q)0.yt.B are taken from Urey 
[1947], those for (H,0)|lq are taken from com- 
putations of Bollinga [1967] and those for (COj),., 
from Bollinga [1967] and for HDO and D'Ö 
from Urey [1947]. 

The ratios appropriate for each isotope ex- 
change aru listed in Tables 4, 5, and 6. By sub- 
stituting these in equations (11) through (15), 
tho fractionation factors have been calculated 
for 273°K and 2Wi«K. The corresponding tom- 
perature cocdicicnts arc- li-ted in Table 7. 

Tho temperature coefficient so calculated for 
"C^C of 0.36^r/oC, agrees with the coefficient 
measured for "CA'C in plant and animal ma- 
terial by Sackett and his co-workers [Sackelt, 
et al., 1965; Degens et al., 1968], so that the 
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TABU; 6. Partition Function Ratios Computed 
for Cellulose Containing Heavy Oxygen 

4316 

Partition Function 2730K 2980K Source 

0*[CH2180]/Q(Cll2160] 

l«*(1802)/e(1602)]gas
!5 

1.2697 

1.0923 

h  In |«*[C1802]gas/C[C
16Ü2]gasJ  Ü.12S50 

|e*(c18o2]/e(c
16o2]} gas^ 

in  lPMll2180]gas/(?[l'..160]gas| 

|«MH2180]/C(I1?
160]}   gas 

1.1336 

0.06822 

1.0706 

1.2833 

1.0818 

0.11108 

1.1175 

0.06164 

1.0635 

This paper 

Urey   [1947] 

Bottinga  [1967] 

Bottinga  [1967]a 

The partition function ratio  for liquid water  is obtained by 
multiplying the partition function ratio for water vapor with the 
iSo/lbQ ratio in  liquid water divided by the ratio  in the vapor.    This 
correction is taken as  1.01150 at  273° and as  1.00930 at 2980K  [Bottinga. 
1967,  p.   806]. 

assumption of equilibrium appears to be more 
or less valid, and o';e can hope that the like 
calculations for oxygen and hydrogen may be 
meaningful. 

At equilibrium, the temperature coefficient of 
HDO/H.O is 312^/0C [Urcy, 1947], much 
larger than that of the (D/H) ratio calculated 
for cellulose, so that measuring it in a geographi 
cal distribution of the same kind of trees would 
measure the distribution in D/H ratios of rain 
water, and measuring it in a chronological se- 
quence would meaaure time dependence of the 
rain water. 

Our naive assumptions are mainly as follows. 
We have assumed that cellulose is formed in 
solution, that in cellulose rotations have degen- 
erated into tor.-ional vibration, that its vibra- 
tions are like those in small organic molecules, 
and that manufacture of cellulose in planU is an 
almost equilibrium process. { A further assump- 
tion has been made in the neglect of acoustical 
vib.ations of celluluse in the lattice of solid 
wood. While these might make a contribution 
to iba fractionation factors, (heir temperature 
coefficients appear to be negligibly small, judg- 
ing from the estimates of Botti'iya [19G7J for 
solid calcite; he points out that the lattice con- 
tribution to the temperature cocliicient is small. 
Our main concern in the present paper is with 
the magnitudes of the temperature coefficients, 

rather than with the fractionation factors them- 
selves.) 

The intent of the present computation is to 
show that all three of the isotope ratios D/H, 
"C/^C, and ,bO/"0 may well be thermometers, 
and that their temperature coefficients may have 
measurable magnitudes in bio-organic plant resi- 
ilues, and so may give information about climate 
variation in the past. 

For example, we can measure these ratios in a 
chronological sequence of tree iings. The results 
of Parser [1964] are that (1) different plant 
species growing side by side in a marine estuary 

TABI.L  7.     Temperature Cüeft'icieiits Comiuted 
for  Isotcpcs of C, II,  and 0 in Celluluse 

Tenp. 
Coeff., 

Fractionation 273^ ;98*i; "Voo/'C 

««•(O,) i.lU4 1. I8(>.1 ♦ 0.96 
au(CO?) 1.1200 1,14« ♦ 1.14 
«■■(llyO) 1.17J5 t.tm ♦0.S2 
a" U.'ISOJ 0.9SSM ♦U.30 
a (HC0Ü) 1.S88I t.wu ♦0.4 
a (IXXJII) 1.60J5 l.!ibC6 •2.0 

The computed temperature coefficients   listed 
above agree very well with the value 0.55 0/oo/"C 
measured for   13C/12C by Degens et al.   |1958),  and 
with  the value 3 0 "/oo/'C measured for U/ll by 
Schicgi   [1972]. 
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can li.'ivo (lifTcrent ijorccnt.'igcs of UC in tolal 

earbofl eontent, and (2) individuals of the same 

species have about the same percentage of "C. 

Therefore, in evaluating past climates from iso- 

tope thennunieter.--. we should measure changes 

in ■ single species of tree and we should measure 

a chronological sequence consisting of several 

individuals, of the same kind of tree, having 

overlapping life spans. By measuring trees of 

overlapping life spans, and trees that grow in 

sparse environments, such as mountain slopes, 

one may avoid spurious effects caused by the 

relatively greater removal of CO» from air near 

the ground by abundant low-growing plants. 

The temperature coefficient of oxygen in rain 

water could be as large as -O.StftVC \Urey, 

1947]. Al^j important is the fact that CO, 

mixes rapidly through the entire global atmos- 

phere in a time of ~ö years, and with the oceans 

[Bien aiul Sueu, 1907; Sum, 1970; Craig, 

1957] in about 15 years, so that at any time 

the atmospheric carbon isotope ratios reflect the 

temperature-dependent isotope separation in the 

sea, which has coetiicients of —021%»/*C 

for oxygen [Bottiuya and Craig, 1909], and 

-O.llWC for «arboii [Emrich et at., 1970). 

One may ask whether there is isotope ex- 

change between the hydrogens bound in old cel- 

lulose and in new sap. As Table 1 shows, both 

hydrogens are bound very tightly, even more 

so than the C-C bonds, so that, knowing that 

radiocarbon dates in tree cellulose mainly agree 

with the tree ring dates, meaning that in heart 

wood carbon does not exchange, we can hope the 

same to be true of hydrogen in heart ivood IJut 

this point »hould be te>ted. When cellulose is 

prepared in a thin layer or finely ground and 

repeatedly wetted and dried, there is some ex- 
change IScpaJl ami Maxim, 1901], but the.-e 

conditions are quite different, from those of cellu- 
lose in sound heart wood. 
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