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ABSTRACT

The princijle of isotope thermometry is that isotope ratios are
temperature dependent. It is proposed that isotope ratios in bio-
organic material may have independent temperature coefficients, so
that by measuring ratios for several elements, e.g. hydrogen, carbon
and oxygen, it may be possibie to show that a temperature change
occurred. Assuming that cellulose is formed almost at equilibrium,
temperature coefficients for C, H and O are computed and found to be
of measurable size. The coefficients computed for 013/012 and D/H
agree with measured values. Thus indications are that temperature
changes in past climates may be measured in old tree rings, using

this pririciple of multiple thermometers.



I. INTRODUCTION

The principle of isétope thermometry is that the isotopic ratios
are temperature dependent. There are two kiqu of temperature dependence,
kinetic and equilibrium. The theory of kinetic isotope separation is
well established. For example, in the gaseous diffusion process for
Separation of the ﬁranium isotopes, separation is caused by a difference
in the rates with which the two species pass through holes in a barrier.
In case of equilibrium, separation is caused by a difference of
differences, namely the difference between separation by the forward
rate and separation by the reverse rate, the two rates being equal.
Distillation of liquid in a closed container is aﬁ example of separation
at equilibrium, while vaporization into a vacuum is kinetic.

In distillation of a liquid containing two or more elements in
the molecule, the corresponding isotope thermometers are functionally
related because the corresponding vapor pressure ratios, which determine
the separations on evaporation and condensation, depend on the same
force constants tying them together.

In bio-organic material however, there may be at least three
useful isotope thermometers, namely D/1, C13/C12, and 018/016. The
bgsic reaction is photosynthesis with production of cellulose, here
written schematically as a basic module, H - % - OH, or CHZO, according

to CO2 + HZO -> CH20 + 02. In this reaction all three elements may
yield.isotope thermometers, and they may be independent of each other.
That is, the ratio 0'18/0'16 is no longer functionally related to D/K
because diatomic oxygen is being evolved and so rotational and vibra-

tional energies of the 0-0 bond are involved and because in cellulose



Oxygen is bound to carbon as well as hydrogen. For the same reason,

6
and C13/C12 may be not functionally

the temperature coefficient of 018/0l
, . 13,12 .

related. And finally, the ratio € °/C"° should be independent

of D/H because carbon and hydrogen are initially in different molecules,

with differing vibrational frequencies.

In case variations are measured for only one isotope ratio the
‘relation to paleo temperature is not proven. But if r:tios are
measured for two, three, or more independent isotopes in the same organic
material, it is possible that the relation to temperature can be
firmly established and quantified, and this is the principle point
of the present.discussion.

Over the small temperature interval ( 0°¢c < t < +30°C) within
which climate could have varied without.killing terrestrial life as
we know it, the dependences of isotope ratios on temperature may be
assumed - to be linear for bio-organic material. That is, for isotope

ratios 5J, where j = 2, 13, 15, 18, 34, 41, . . .referring to D, C13,

-y, .
<N15, 018, 534, K 1,. . .the temperature dependence may be written as

5J = ale + bJ, (aJ and b? constants)

.where al is the temperature coefficient and t is temperature. Then, a

change At is related to a change A@J by, (for a given compound),

2
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The multiple over-determination of temperature by using 2 set of many
thermometers may make it possible to show with some level of
confidence that a Serjacdture «honge oid MJJU{. it 28 alsc possilic
that new effects, not caused by temperature, will be demonstrated by
the method of multiple thermometry, if some of the above ratios, but
not all of them, show equality. Probébly the specific relations to
temperature will have to be calibrated at each gographical position
to take into aceount local variations in water and COZ'

Finally, bio-organic data bases can be radiocarbon dated, so that

if evidence for temperature changes is stored in them, the dates vhen

the changes occurred can be evaluated.



II. EXPERIMENTAL EVIDENCE FOR TEMPERATURE DEPENDENCE OF

ISOTOPE RATIOS IN BIO-ORGANIC MATERIAL

Although animal bio-organic material is not directly derived from
photo-synthesis, nevertheless animals are largely what they cat, so
that bio-organic material from both plants and animals may be useful
in isotope thermometry. Some of the evidence(l) on isotope thermometers
in bio-organic material is as follows.

The C13/C12 ratio in conwustible oxganic matter in cores from
sea bottoms shows variations of as much as 6 parts per thousand with
depth. These have been measured and attributed to temperature variation
in the sca surface with time, by Rogers and Koons.(z) Also, in a study of
marine plankton, by Sackett et al,(3) the C13 concentration was found
depleted by 6 per mil where surface waters are near 0°C relative to
samples collected where surface temperatures are about 25°C. These
obscrvations on both plant and animal plankton suggest that the
temperaturc coefficient of 013/(:12 in bio-organic material is ~0.24
parts per thousand per degzee C in the temperature range 0 = 25°C.

In further work by Degens ct al.(&) the temperature coefficient

13,12

of C"°/C™" in marine phytoplankton arown in laboratory cultures was

easured as ~0.35 parts per thousand per degree C between 10 - 30°C.



While shell carbonate is not, strictly speaking, bio-organic
material, nevertheless, for completeness we note here that variations
18, 16 . . 3 o ) .
in the 0" /0"~ ratio in foraminifera shells from Caribbean Sea cores
have been measured by several workers and intcrpreted in terms of paleo~

(5)

temperature variations, This in fact was the first isotope
(6)
thermometer as developed by H. C. Urey.
It may be that other isotope ratios in bio-organic material are
temperature dependent, such as NlS/N14 and 834/532, perhaps increasing
the number of independent thermometers in bio-organic data bases to

five or six. This possibility should be investigated.

ITI. THE QUESTION OI' EQUILIBRTUM

In the following paper an attempt is made to estimate the magni=-
tudes of the temperature cocfficients of the several isotope thermometers
in bio-organic data bases. This can be done using thermodynanmic
considerations, if enc assumes that the organic material is manufactured in
equilibriun with its surroundinas. This is of course a major assumption,
but one vwhich does not seem too unlikcly. For example, in experiments in
the laboratory the isotopic composition of CaCO3 slowly formed from
aqucous solution,was found to be the same as in the shells produced
by aquatic organisms at the samo temperatuse.(7) In any case, this
assunption can be tested for plants and anirals grown in laboratory

conditions.



In the wild state, in coastal waters and estuaries,
the carbon and oxygen isotopic composition of shell carbonate
has been shown to be in isotopic equilibrium with bicarbonate

(8)

dissolved in the water. The life span of the shell fish
is about one year, so it would seem equilibration in self-
manufacture might take place rapidly, say in less than or
about a day. Equilibration between CO2 gas and sea water
is known to occur in less than 48 hours,(g) and between

CO2 gas, water and precipitated C«CO., in less than 6 days.(lo’ll)

3
In living animals, trxitiated water is known to equilibrate
with blood serum of rats in 6 days or less.(lz) Thus the
evidence, although meager,'is that cquilibration takes place
rapidly compared with the relevant life spans.
It should be pointed out that in shells the carbon and
oxygen are not independent thermometers because they are tied
by the same vibrations in the €C-0 bond. But there is also
organic material in the shell matrixz which could provide a
set of multiple thermometers, and furthermore could be
radiocarbon dated.
The question of the degree to which equilibrium obtains
in formation of cellulose is interesting in itself. If
equilibrium seems to apply, the assumption could be
extended to computations of production of other substances. If
equilibriun does not obtain, and instead the processes of isotope
fractionation are kinetic, then the temperature coefficients should

be even larger than those estimated by assuming equilibriuv.



CALCULATION OF PARTITION FUNCTION FOR CELLULOSE

For a reaction in which there is isotope exéhange, the equilibrium
constant Keq can be expressed in terms of the total partition
functions Q* and Q, for molecules containing the heavy and light
isotopes respectively, as follows. We define Q as the product of
rotational, vibrational and translational parts, neglecting vibrational-

rotational coupling:

R Qrot Qvib Qtr (1

For solids and liquids, Qtr = 1, and Qvib is given by

i - h ) :
Q4 (M = ; ; By exp Vit ke eXP (-Asj/kl‘) (2)

(n=0,1, 2,....)

which may be written as,

Qvib(T) = ngj m- exp(-h\)j/‘k’l')]-l exp(-A?j/kT) 3)



We shall be computing partition functions at @BOOOK so that the
harmonic oscillator approximation, is reasonably good. Here k is
the Boltzman constant, t is the absolute temperature, vj is the frequency
of the jth appropriate vibration of degeneracy gj and n is the vibrational
quantum number and Aej is the difference in zero point energy between
the isotopes. In cellulose the barriers preventing free internal
rotation are high, so that rotations deteriorate into torsional os-
cillations or bending vibrations. In the pfesent treatment these will
be included in Qvib as part of the vibrational partition function.

The stfetching and bending vibrations appropriate to cellulose,
which is a chain molecule of module ‘(H - C - OH), are listed in Tables
I and II. Their frequencies differ slightly for molecules containing
different.isotopes because the isotopic mass enters into the reduced
mass, u, of the appropriate wscillator from which the particulér

frequency is computed, according to:

(4)

<
]
Dl
]

I

where K is the force constant of the particular vibration. Substituting in (3)
the frequencies from Table I, and noting that the torsional frequency,

1, is 3-fold degenerate, one computes Q(273°K) = 1.2302 and

920 cm~
Q(298°K) = 1,2981 for the module [ - C - OH}. In principle, the
D-H isotope effect in cellulose involves two possible substitutions; namely

substitution of a deuteron for the hydrogen linked to the carbon atom and



secondly substitution of the hydrogen attached Eo oxygen: In the case
of R and R' attached to the pivotal carbon, the appropriate reduced mass
is insensitive to substitution of H by D because the masses of R and R'
are almost infinitely large relative to H or D. The partition functions
computed for the various isotopic substitutions of the cellulose
module are given in Table ITI.
Because -of the crudeness inherent in assuming bond frequencies

for cellulose to be equal to those known in rather small organic
molecules, we neglect anharmonic corrections, and compiications such
as hydration in solution, effect of hydrogen bond formation, etc.

| The fractionation ratios may be written as foilows. For the
oxygen isotopes, there are three equilibria corrcspondlng to isotopic
exchange between cellulose and each of the three oXygen~-containing

molecules involved in the reaction:

K180,) = T@,0"%)  o(,16)

1618

e LS (5a)
Q(CH20 ) Q*(0"07")

ey Q*(CH2018) Q(co, Ll :
0) = —=r 2 (5b)
Q(anolﬁ) 0 (cot0 15

Q#(H,0'%) g, 0l6) |
0 i e | P M (5c)

18
K™ (H
Q(CH2016) Q*(H2018)

2

where Q* is the partition function for the heavier isotope.
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For the hydrogen isotopes, two equilibria enter so that

Q*(liCoD)  Q(H,0) Q*(DCOH)  Q(1,0)
K(HCOD) = - s K(bcoH) .= (6)

Q(CH,0) Q*(11D0) Q(Cl,0)  Q*(HpO)

and for the carbon isotopes, only one equilibrium enters, that with

C02, S0,

13 12
K13 ) Q*(C H20) Q(C 02) )

FEI )
Q(c H20) Q% (C 02)

6
but what the chemist actually measures( ) is an isotopic fractionation, a.
For example for oxygen the fractionation factor corresponding to

equation 5a is:

18 18 16 16
{2[0,™1 + [0770""]} [cH,07"] oo @)
{[018016] + 2[0216]} [CH2018] '
Considering the reacticn,
18 16 18 16
02 +0, ¢ 2(00707"] (9)

the‘equilibrium constant is 4, neglecting a tiny correction for isotope effects6)

' 18 16. 2
4 =10 0] (10)

18 16
[0,"*110,"]
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because 0218 and 0 16, being symmetrical, have only half as wany

2
rotational states as the asymmetrical molcecule 016018. Substituting
(10) into (8), the fractionation factor reduces to:
16,1/2 . 18
T 112 qrien,0'S)
a0, =~ ——E—
2" ar10,"117% qrenyo!y an

Correspondingly 60218 and C0216, being symmetric, have only half the

rotational states as 0018016, so that

18,5y, %% 1172 arlono'®y a2)

a-(co,) = 18,172 16

Q*lCOZ 1" Q[C”20 ]
bui: for a(liCOD) and a(DCOH) the isotope cffect 1s Javpe so,

Q*[1coD) [2Q[HOO] -+ Q[lib0)

a(licop) =
Q[CH20] [Qliipo) + 2Q[DZO] I

(13)

Q*{bcon) | EQ[HQO] + Q[uDo]
a(bCoH) =

Q[CHZO] Q[uno) + 2Q[020]

Here, while n20 and Dzo are symmetric, none of the deuterated or

hidrogenated cellulose modules are. Finally because 01302 and 01202

have the same number of rotational states, also "2016 and h,Ols, the

fractionation factors arc



18

z Qo' qr(cn,0'®)
& (IIZO) & = T ”w (14
e (1,0'%)  a(en,0'®

3 (! o,,,) Qx(cPi,0
a I (15)
ooy a0

13 ‘:i".’“! uzmm

For the Isotope ratios O/, € o and O s MO Y ROW COite

the partition function ratios (0%/0)
W
for (0 lmwyr e

taken fron cenpntat lons of Bmlfm.au ) and those for (m")rw from

c-“ o° The partition function ratios

are taken from Urey (Rcf. ). those for (N (»)” are

Bottinga s (l” and for NOD aad nzn fros !Ernygt’)

The ratios appropriate feor easch frotope exelunge are 1isted in
Tables IV, V and VI. By substituting these in equations (1) throush
(15) the fractionation factors have been caleulated for 273% and 208"k,
The correspending temporature cocfficlents are )isted in Table VIL.

The tesperatus e coefficient g0 caleulated for c':’ﬁ;'z of 0.36 PMI%.

agrees with the eoefficient neasured for Cl3/clz
1. ')

in plant and anisal
matorfal by Sackett and his co~vorkers, o0 that the assueption of
equilibriva appears to be nore er Jess valid and one can hope that the
1ike calculations for oxygen and hydropgen may be meaningful.

From Ref. 6, at equilibriun the tesperature coeff fcfent of
unom 0 16 3127%0 per degree €, namely much larger than that of the

(/1) ratio ealculated for ceflulozes 80 that neasuring 1t in a

geographical distribution of the same kind of trecs would weasure the
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distribucion in D/l ratfos of rain vater, and measuring it dn a chronological
sequence would weasure tine dependene of the rain water.

Our nafve assumptions arc nainly as follows. We have assumed
that cellufose {s forned In solution, that in cellulose rotations have
degenerated fnto torsional vibration, that ite vibrations arc like those
in wall organic molecules, and that nanufacture of cellulose n plants
is an alwost equilibriun pruccsssl%)

The {ntent of the present coaputation s to show that all three
of the isotopé ratfos D/, Clalctz, and leom say vell be thernoseters,
amd that thelr temperature coefffelents say have seasurable mapgnitudes
in bio-organic plant residues, and vo wray give Infornation about
clinate varfation In the pasy.

For exanple, we may neasure these ratfos in a chronological
sequence of tree riazs. The results of Parkcr(lﬁ) are that (1) different
plant species groving side by side In a marine cstuary can have different

13 in total earbon content, and (2) individuale of the

percentages of C
sane species hiave about the sase percentage of 13. So in evaluating
past clinates fron isotope therrozeters ve should neasure changes in

& single spocies of tree and ve should neasure a chronologfcal sequence

consisting of several individusls, of the same kind of tree, having over-
lapping life spans. By veasuring trees of overlapping life emane, and
trees that grov in sparse environsents such as mountain slopes, one say
avoid spurious effects caused by the relatively greater removal of

coz from air near the ground by abundant low growing plants.
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From Ref. 6, the temperature coefficient of oxygen in rain water
could be as large as -0.36%0 per degree C. Also important is the fact that
002 mixes rapidly through the entire global atmosphere in a time of 5
years, and with the occans(IG-lg) in about 15 ycars, so that at any time
the atmospheric carbon isotope ratios reflect the temperature-dependent
isotope separation in the sca, which has a coefficient of -0,21 ppt/oc
for oxygen (Ref. 10), and -0.11 ppt/°C for carbon (Ref. 11).

One may ask whether there is isotope exchange between the hydrogens
bound in old cellulose and in new 8ap.  As shoun in Table I, bhoth
hydrogens are bound very tightly, even more so than the C-C bonds, so that,
knoving that radio-carbon dates in tree cellulose nainly agree with the
tree ring dates, meaning that in heart wood carbon docs not exchange, we
can hope the sanme to be true of hydrogen in heart wood. But this point
should bLe tested.s  Vien cellulose is prepared in a thin layer or fInely
ground, and repeatedly wetted and dricd, there is sone cxchnngcszl)
but thcse condftions arc quite different from cellulose in sound heart

wood .



Table I

Bond L Stretching Vibration
' -1
=C=-H 2960 cm
'
[ ] [ ] -l
eCe=(C- 900 em
[ ] [ ]
-]
«0-h 3680 cm
) -1
- C = (O1n) (1200 ca ")
[ ]
o!6 . olf 1580 cm”! B = 144560 cm” )

* Calculated from a force constant taken as 1/2 of force constant
for C ~ 0, see G. Herzberg, Infraved and %aman Spectys, D, Van
Nostrand & Co., Inc., New York, 1945, Table 51, pp. 19, and sce
also Table 89,




Table II

Bending Vibration Bending Frequency

H

[ ] * -l
R-C-=- Ol 920 cm

]

R

i

] .l
R=-C-0ll 920 cnm

]

R

]

' -1
R=C- Ol 920 cm

'

R"’

]

. -
R-C-0=-1 (700 e lys

]

R

|

’ -]
R=-C-OH (375 cm ")

]

R

¥ Sce Herzbers, Infrared and Raman Spectga, on, cit., page 196, and
Tables 51 and 89,

** Sce lerzberg, Infrared and Raman Spectra, en, cit., Tables 118 and
119,




Table 111

)
Partition Functions for the Module of Cellulose (Il = C ~ OR)
]

and 1ts isotopic lodifications

Y y o3 * e ol8
Q(ucoi) Q(bcoit) Q(con) Q(c Ilzl)) Q(CIIZO )

L3

273°x 1.2302 40.850 35.014 1.42%0 1.5620

298°%x 1.2981 32,695 25,0806 1.4844 1.6659




Table IV

Particion Function 213°K 298“& Corzzent
Q*[bcon) /q[ucon) 33.2006 25.187 Table 111
Q*[ncon] /a[ucon) 28,462 21.036

1.2 3 &
(Q*IDZG}EG‘IQIHZOI”as) 16.503 12.543 . C. Urey (Ref. 6)
Qﬁfllu)())gMIQlllzolwm 32.7400 24.9460

* The partition function ratio for liquid Is obtained by muledplying the
partition function ratio for gaw by the /Y ratie in Yiquid divided by
that for gas. It Is taken here as 1.10% at 2739, and as 1.074 at
2989, vhere the nunbers In parenthesee refer to partition of tricie-
sce Ref. 22,

Table V
Pertition Function 223% 298°x Coe=ont
q*(c"uzollqlcizuzol L1575 1.1435  Table 111

oalc"ozliqlclzozl (s3s)  0.19732  0.17558 Y. Bottinga’

q-(c"ozjlqlc‘zozj (cas) 1.2181  1.1919




Table V1

Parcition Punction 273°x 298°l: Source
18 16
Q*{ci,0 1/qicu,0) 1.2697 1.2833 This paper
[924¢0}%) /a0l ) 142 1.0923 1.0818 Urey (Ref. 0)
1/2 1ntQ{col®)pansqlcol®) ) 0.12530  0.11108  Botefnga, (Ref. 13)
(Q*ICD;BIIQICO;GIIl,Egas 1.1336 1.1175
18 16, :
.ln(Q*lllzo Jgas/qi1,0" ") pas) 0.06822 0.061064
= Bottinza, (Ref. 13)
Q"l"aowlmmzomlmﬁ 1.0706 1.063% See corsment helow

Comzent: The partition function ratio for Hguld wvater §s obtained by
mlu{%yinﬁ the partitlon fuaction ratio for vater vapor with

the 018/0!

ratio in lquid water divided by the ratio {n the

vapur. This correction is taten as 1.01150 at 273" and as

1.00930 at 298°%; (Roef. 13, page B0G)



Table VII

o o Temperature
273K 2987k Coefficient
a'®(0,) 1.1624 1.1863 +0.96 % per °
18 [ o
a (coz) 1.1200 1.1484 +1.14 ,oo per
18 (] o
a™"(11,0) 1.1725 1.1956 40.92 /,o Per
al3 0.9503 0.9594 4036 °/  per ©
a (icon) 1.5881 1.5983 +0.4 °/ o Per °
a (DCon) 1.8095 1.8606 +2.0 °/00 per ©

The computed temperature cocefficlents listed above agree
very well with tiie value 0.35 ppt per °C measured for cl3/
cl2 by Degens et. al., Ref. 4y and with the value 3.0 ppt
per ©°C mecasured for D/ by W. E. Schicgl, Seience 175, 512-
513, (1972), "beuterium Content of Peat as a Paleo-Climate
Recorder.”
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