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ABST®» -

This study examines the ss.5le use of hydrogen and
: |

-

oxygen isotope records preserved in tree fiHQS(ES paleo-
temperature indicators. The study consists afrtvé parts.
The first part deals with theimethedclcgy whereby the
iyotopic composition of tree rings can=be determined. The
econd part investigates the significance of the isotope
records as a paleo-thermometer.

A new method of  measuring both D/H and !%0/!'¢ ratios

organic cbmpoﬁnds is discussed. This technique involves
the pyrolys€§ of organic compounds in a nickel reaction
véssel and utilizes diffusion of hydrogen gas through the
thin walls "‘of a nickel reaction vessel. This method
enables quanpitative extraction of hydrogen and oxygen
from tree tinqc for isotopic analysis by mass spectrometry.
The method givé; reproducible and accurate results with a
variety of_ggggnic compounds and atandard waters.

In order to eliminate aﬁy fractionation problems
associated with chemical hggerageneity.in tree rings,:
cellulose was chosen as the working material. For hydrogen
isotopic analysis, the éellui@:e was nitrated to eliminate
the exchangeable OH hydrogen in the cellulose. Two methods
of nitration were tested. One method (W-C-CN) involves
the extraction of a-cellulose from wood mill followed by
nitration. The other method (H-CN? invélvgs‘diIEEt

nitration of the wood mill. The first method (W-C-CN)

iv



appears preferablérté.the latter (W-CN) in terms of repro-
ducibilit§ and correlation with climatic parameters.

The D/H ratios of cellulose nitrate axtraetgd?fram ;
the wood of three spruce trees, which grew in Edmonton,
were measured. All three trees showed a sudden shift in
D/H ratios between juvenile and mature sections of the
tree, In each case the juvenile sections are depleted in
deuterium compared to the mature sections. The phenomenon
is not present in the oxygen isotope records, nor is it

due to climatic changes. Possible gxplaﬁi%jans for this

phenomencn are given.

Both D/H and '%0/!%0 ratios from cellulose in tree

=

rings show functional relationships with climatic para-
meters. D/H ratios in cellulose nitrate®*show a strong
linear correlation with temperature at the growth site.
190/1%0%ratios in cellulose are less well correlated with
temperature but are still significant.

) Strong positive linear correlations between isotopic
compositions and ﬁinter temperature, together with nega-
tive correlations with the amoumt of precipiéaticﬁi . ;
indicate ﬁh;t the iggtgpi: composition of soil water is
the primary factor controlling isstaéic compositions of
tree rings. é

Both hydrogen and oxygen isotope models are developed.
The hydragcﬁ isotope model incé?pﬂrgﬁgs the evapotranspira-
tion model of ﬁangggnn et al (20) in which no temperature-
daggndgnt éra;tiangtianﬁig assumed. The oxygen model

-



¢ .
assumes that oxygen iﬁ‘ce;lulésg is deﬂveé from atmos-

pheric CO, which s in complete equilibrium wjth 18at

" water and confains a temperature-dependent fractionation

éerm between CDE

are in excellent agreement E;Fh the éxperimegtai results

.and water. The modgls developed here

of North America.

The study shows that while the isotopic enrichment
of cellulose with respect to soil water is a function
of relative humidiﬁy, paleo-humidity information cannot

be ohtained from isotope data bew®

compositions of waters are unknown. k. best climatic

information from isotopic records in tgeg rings appears K
to be tegperatu:e variation, particularly that‘af mean
annual temperature, whtch does not require a priori
knowledge of isotopic composition of soil water.

In summary, this study shows éhgt isotopie composi-
tions, particularly those of hydrogen, preserved in tree
rinésg prdvide A measurement Qf:palegiggmperatu;e changes

occurring during the life span of the tree.
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CHAPTER I
INTRODUCTION

It is generally accepted that global climate has
undergone considerable variation in the past. It is to be

expected that such variation will centinue in the futuraes.

-Considering the vital impact of climate on human life and

the uncertainties associated with future climatic variations,

the development of an ability to forecast these future

.variations is an important and challenging task. 1In

addition to natural variations which have been observed,
there is‘a growing belig; thit human ac;i;it;es, especially
recent industrial dgveiapments;mﬁy have :c%s;deragle influ-
ence on future elimate)(75); , | |

Study of the past cliﬁaég vadiation is essential for
the develépmentgsfﬁzl;ma;e models which may form the basis
for prediction of future climate trends. Over the past few

centuries, the development of Eétgérélégi:al instruments

has enabled the collection of data which has allowed

.quantitative analysis of climate and climate variations.

The study of climatic variations, however, cannot depend
entirely on instrumental data’which extené‘back only a
relaq}ve;y short time perigd. Additional climatic informa-
tion must come from proxy records, such as fossil pollen,
mountain glaciers, sediments from 1akes_and oceans, and
isotope data. ‘

As early as 1948, Urey (99) proposed that paleo-

temperatures of the ancient oceans could be estimated by

L}
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measuring oxygen isotope dist;ibﬁtiéﬁ between éa;zium car-
g@nage and water. The method is basell on the ébservatian
that the oxygen Esctapic composition of EBEQB differ; from
that of water at equilibrium and that the difference is

temperatg:e-dgpgndenti Since Urey's proposal many
researchers throughout thl'ﬁﬁrld have used this p:inéiglg
to investfgate paleoclimate variations. The study of
paleotemperatures in the Pleistocene was Piéneered'by
Emiliani (23,24,25). By measuring the oxygen isotopic
composition of planktonic foraminifera from deep-sea

sediments, Emiliani assembled a detailed record of tempera-
1 H

»

ture variations during the Pleistocene epoch. However,
Shackleton et al (89) demonstrated that the observed
isotope variations reflect primarily the changing volume
of polar ice. Tﬂe generalized paleotemperature curve
thus revised by Emiliani and Shackleton (26) revealed
recurring temperature fluctuaﬁians extending for about
700,000 years into the past.

Another successful application of isotope techniques
to paleﬁtgﬁp&r;?ure reconstruction h;s!peen reported by
Dansgaard et al (17) and Lorius et al (71). They showed
that the pxygen isotopic composition in each accumulating
layer of polar ice caps is closely related to the tempera-
ture ag the site of p:@eiﬁit;;iéni Isotope records from
the ice caps are in éxcglleﬁt agreement with those of
calcium carbonate from deep-sea sediments for the equiva-

lent periods. Thus, they yield temperature information



Vt:acing back a few hundred thousand years.

Bio=-organic materials that are deposited yea%‘afte:
year have been reported to preserve climatic information
in the form cf_stablé isotope abundances (65). In general,
the temperature at the site of precipitation (16). Thus
the isotopic composition of biological systems utilizing
mete@rié water may preserve the record of past temperature
variations. In addition, if the photosynthetic process
leads to temperature-dependent isotopic fractionation
bétween different photosynthates in the biological system,
a detailed récard of temperature variationsscovering
,several thaus?nd years may be obtained. 1In particular,
tree rings have great potential as climatic indicatﬁfi
for a number of reasons. Dendrochronology provides an
absolute dating mechanism and relatively 1én§ continuous
climatic réca:ﬂs are possible,.

Like any man-made sensing device, natural’ paleo-

climatic indicators must be calibrated and their distinctive

performance characteristics must be understood before
rigorous paleoclimatic reconstruction is possible. There-
fore, the main objective of this work is to investigate the

existence of possible isotope thermometers in tree ring

:equané&:; their :iqnifizgnce and calib?étiéni



CHAPTER 1I1I

BACKGROUND

1. Isotopes and theéir Properties

It is now known that almost all the elements have
more than one naturally occurring isotope. Isotopes of an
element have the same number of protons but slightly diffe-

rent atomic masses depending upon the varying number of

o

eutrons in their nuclei. As a result, their chemical and
physical properties are not identical.

The chemical properties of an element are largely
determined by the number and arrangement of their orbital
electrons. Thus, the isotopes of an element, having the
same number of electrons arranged in a similar manner,
would have similar chemical properties. Research ddne
since 1930, however, has revealed that the isatépes of an
element and their compounds differ slightly in their
chemical properties and that the diffsrenceé in chemical
properties are due to the differences in their thermo-
dynamic properties associated with thgi; masngs_‘ It was
also recognized that the isotopes aiffer in théir physical
properties that are directly related to mass, such as
diffusion rate, rate of Qvgpargticn; vapor pressure, and
density of gaseocus and condensed phases.

During the early :tagg of isotope studies it was
believedsﬁhat the stable isotopes of elements occur in

nature in constant proportions. With the introduction of



mass spectrometric methods for the determination of the
abundance of the stable isotopes, it became evident that

the isotopic composition of elements, especially those of

low atomic numbers are variable because their isotopes are

o

ractionated in the coyrse of certain chemical and physical
processes occurring in hature. This fractionation is pro-
portional to the diffeggngg in masses between two isotopes.
The higher the mass difference between two isotopes, the
greater the fractionation effect. For this reason stable
isotope studies haée tended to concentrate on commonly
occurring low atomic mass elements such as hydrogen (D/H),
carbon (!'?c/!'2?C), nitrogen ('*N/!*N), oxygen (!'0/!*0) and

sulphur (¥*s/?2s),.

2. Natural Isotope Variations

In general, isotopic fractionation occurs during
several kinds of chemical and physical processes (79,32).
1. Isotopic exchange reactions invelving the gedist:ii

bution of isotopes of an element among different

" =
molecules containing that element. For example,
é §i1%0 + H_1%0 = i §ilto_ + H_ls¢
2 7 27 2 ° 2 2 :
2.  Unidirectional reactions in which the difference in
reaction rate between two isotopic atoms or molecules’

leads to fractionation. The differences in reaction
rates are due to differences in thermodynamic pro-

perties, such as energy, entropy and the free



=

energy @f the species.

tion, melting and crystallization, adsorption and

desorption in which mass differences come into play.

3. Equilibrium Constant in Isotope Exchangef?gactiqgi

The thermodynamic properties of isotopic molecules
and the resulting fractionation of isotopes have been
studied by a number of researchers (5,99). Quantum
mechanics shows that the energy levels of molecules are
mass dependent. Thus isotopic species have different
energy levels which result in a difference in the behaviour
of the isotopes of an element in certain chemical reactions.
The fractionation that occurs in such natural processes is

indicated by a fractionation factor which is defined as

L 4

aap = Ra/Rp " [1]

where RA

molecule A or phase A and Ry is the same in phase B.

is the isotopic ratio such as D/H or '*0/'®0 in

A typical isotope exchange reaction between two

molecules A and B may be written as
A, + B ' _ (2]

where subscripts 1 and 2 represent the light and the heavy ..
isotopes respectively. Then the gquilibriém constant for
this reaction is given in terms of partition functions
Q by .

»
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b | (3]

1. A/ ¥1,B

R
[ [ V]

At equilibrium, the fractionation factor a is equal to the
equilibrium constant k:

aAB &= K. | (4]

If the fractionation factor is greater than unity, the
products of reaction [2] will be favoured, while if it is
less than unity, the reactants will dominate. Equation
[3) indicates that the equilibrium constant or fractiona-
tion factor is determined only by the ratios of partition
functions. The partition function is defined as ~

=E./kT e -
e 1 . - [5)

-

[ ]
| el ave |

where k is the Boltzman constant, T is the absolute tem-

perature and Ei is the energy at quantum state i (3).

Equations [3] and (5] indicate that fractionation is a

function of the energy of the molecule and the temperature ,

of the system.

The energy of a molecule in a gas can be described——

in terms of the electronic interactions plus translational,

rotational and vibrational components of the atoms in that

molecule. Thus the overall energy of the system can be

Ewrittgn as

= Eelecti + Etranli + Er@t; + Evibj‘ (6]

=

Accordingly, the overall partition function of the molecule



becomes the product of individual partition functions

associated with the corresponding energies.

Q= (Q

-

) x (Q ) (Qpoe .

elect. trans.

In general, the partition function due to electronic
energy does not contribute to isotope fr nation except
in the case of hydrogen. The excited electronic levels of
the atom; or molecules of interest lie so far above the
ground state that only at temperatures of several thousand
degrees does the term‘kT become ,Fmpgrable withithe energy .
term E, and the partition function assumes significant
probability. Thus only the ground electrani; state of

degeneracy 9 comtributes to the energy and the electronic

partition function becomes simply the degeneracy ‘I’

Q= go.

When only the ratio of partition functions is considered,
1t becomes unity so that no isotopic fractlcnatlen occurs.
The translational partition function is given by

2

. : \ 5

| 7 -n? 2h?/2ma%kr 3 :

trans. | e ' ' (8l
. n=1 /

where m = atomic mass, a = length of motion, 53 = volume

‘of gas, n = quantum number, and h = planck constant.

Replacing the sum by the integral leads to virtually no

loss of accuracy and the translational partition funetion

becomes
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- L A e-n2#2h2/2ma2kT\3
trans. ; . /
o
/ ‘-
. 2mh" ‘

where M = molecular mass, V = volume of gas.

The rotational partition function is given by

s 2 )

= 1 )
rot. [o} j-O

where o = symmetry number.i§ 1 for an asymmetric molecule

and 2 for a symmetric linear molecule, I = moment of inertia

2
and j = rotational quantum number. For T >> ;;k ,» the

equation reduces to a simpler form by making a change of

variable z = j(j+1) and dz = (2j+1)dj:

a 2 : ' .
S | -zh“/2IkT _ 2IkT .
QUot. = 5 J dz e —5 - [11)
o oh : :

- The form of the vibrational partition function

neglecting anharmonicity is.
o -Ui/z
- (Ve hv /KT _ e |
Qib. = ™1 é e 1 Ti =U. [12]
1-e ?

where U; = hv,/kT, v; = vibrational freQuoncy, V =
vibrational quantum number.
Thus the overall partition function ratio.between

the light and heavy components of a molecule is g}ven by



R — . - (13]

Py \l-e 711/ \1-e P1i
|

/

The tragpslatighal partition function at all tgmpgratgres.
is classical §s is the rotational partition functicn at
normal temperaktures except for some mclecu{gg\edgtalnlng

hydrogen. Acc%rdlng to a theorem of Teller an&giedllch (99)

[14)

" [15]

The rstio of the masses of the isotopes cancels out in any
chemical reaction (5). The ratio of.the symmetry numbers,
regardless of its value, will not iead to isotopic frac-

tionatioq since it merely represents the relative probabi-
lities of forming symmetricg} and unsymmgtfical molecules.
Thus the clgssical.ratia (mzfml)gfz is omitted in calcula-
tion of the equilibriumxéaﬁstAﬁt_ This smij:ian leads to

the equilibrium constant being the ratio of the equilibrium

constants for the dissociation of the two isotopic molecules

into atoms. A new partition function ratio is‘defined as

=0,./2 -U,

ﬁ - Q_2 %2 lil_\‘yz - Y2i . e 2} 1-e M
v = — - .
9 9 o m, Co U TUd? | Uy

‘10



By put;ing Uli = Uii - Aui and U2i - Ui' the equation

can be rewritten as

L[5 B

- i :
. i e ,1?%77,7__7_ . ' [17]

| ©
=<
=
-
|
o

Taking the natural logarithm of both sides of equdtion

(17] and utilizing series expansibn yields:

1n(Q3/0)) =

]
et~y
. a

e

a
—y

-

oy

.
]
e

where G = ;

Thus the final form of the fractionation factor is given -

by . |

) GAUi\A - [l Gauy 4. | - [19]
i i

This equation indicates that the fractionation factor is a
. function only of the vibrational frequencies of the mole-

cules involved and the temperature of the system. However,

in an isotopic exchange reaction, the vibrational frequencies.

of the molecules involved are fixed. Thus the temperature
léf the system becomes the only variable affecting isotopic

fractionation between the coexisting molecules in the

-
W

reaction. This is the basic principle underlying the o

L

tope thermometry.
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A plbt qf G vs Ui ih Fig. 1 (5) shows that for.high
frequencies and Tow temperature (Ui>20). the function G
approaches the value 1/2 and 1ln Qz/Ql’is’proportional to
1/T. Conseduently, lna,p is a function of 1/T. Por low
frequencies and high temperature (Ui<3); the function G has
a slope 1/12 and lna,, is proportional to 1/T°. At even
higher temperature the fractibnation factor becomes unity
and no isotope fraction occurs. /

The theoretical considerations presented here were
developed for ideal gases and extension of them to the
condensed phase is complicated by additional factors such
as lattice vibrational frequencies and interactions between
the lattice and the internal vibrations. However, this
theory serves as an excellent guide and similar temperature-
dependénces of fractionation factors have been observed in

both laboratory and natural systems.

-~

4. Chemical Processes

In the previous section, it was shown that vibrational
motion of molecules is respdniible for isotopic fractiona-
tion in chemical reactions. However, the vibrationa;
motion 6f polyatomic molecules is complex. Since the
normal coordinates of a polyatomic molecule resemble inde-
_ Qendent_vibrations, thefstudy of simple harmonic motion of
a diatomic molecule provides an adequate bgckground for the
understanding of more complex systems. The classical

vibrational f:equency.tot the simple harmonic oscillator is
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mm,

m)*m,

The force constant K is an approximate indication of the

where | = reduced mass and k = force constant.

strength of the chemical bond (85). Therefore, thg iso-
topic properties of a molecule depend largely upon the
nature of the chemical bonds within the molecule and the
reduced mass of the 91brat1ng System in the molecule. Thus
Hhen isotopic fractionation between the molecules is con-
sidered, factors such as oxidation state, ionic charge,
atomic mass and electronic configuration of the elements

to which the isotope is bonded play an important réle (79).
] In general, bonds to ions with high ionie pétenﬁial
and low atomic mass are associated wiéb high vib:atiaﬁal.
frequencies and therefore have a tendency to incorporate
the heavy isotope preferentially in order terlaggr the free
energy of the system. For example, in natu:alfeéuilibrium
assemblages, quartz (§i0,) is always the most k‘C)'-rir;:h
mineral and magnetite (Fe3@4) is the most !%0O-depleted one
(11,4). ' The small highly charged si%* jon bonded to oxygen
. has a higher P@E;ntiglienergy than does the relatively large
re?* ion and therefore in:a:paqﬁ;gs 140 preferentialiyi
Taylor (94) found a relatively large .!%0 diffg:encé
]liéa‘fgg)ébetwggﬁ érs:sulg:itg (CaBAlz(SiDQ)B) and andra-
dite (CajFe,(Si0,),) at 600°C. Since both Al and Fe are

in the same oxidation state (+3) in grandite garnet, the

;satagig difference comes primarily from the mass difference

14
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between ?’Al1 and *‘Fe.

The isotope fractionation will usually decrease with

increasing temperature since the difference in free energy

» between two isotopic species becomes less significant as

the total energy of the system increases. This is illus-

i

trated in Table 1 where the fractionation factor for the

COz-Hzé system is shown for various equilibrium tempera-

tures (6).

Table 1. Variation of Eﬁzéécgz with temperature (6)

a T,C

1.04606 0

1.04564 2

1.04283 15

1.04075 25 y

1.03881 | 35

1.03696 44.7

Ph :icg;f?:@egises

Physical processes are aquglly‘impaftant in producing

natural variations in isotope abundances. Among these,

evaporstion and condensation are ;hg most important pro-

cesses governing isotopic compositions of precipitation.

To understand isotope fractionation occurring in such

‘processes, the meteoric water cycle may be considered. The

most abundant isotopic components of water are H,'‘0, HD'‘0

and H,'%0. Their average relative abundances are approxi-
2

15



mately 997680:320:2000 ppm respectively (16). The natural
abundances of these molecules vary from site to site because
evaporation and condensation processes result in isotope .
‘fractionation. Fractionation factors for such processes
depend upon the temperature and rate of reaction. If the
pProcess proceeds slowly, then equilibrium conditions are
§facticaily realized at the boundary between the liquid and
vapor phases. The fractionation factor between the liquid
and vapor phases then becomes simply the ratio of the vapor

pressures of the light amd heavy components:

a = PlfP2 (21)

where subscripts 1 and 2 represent the liéht and heavy
components Yespectively. At normal temperature, the
fractionation factors for HDO and 523‘0 Are approximately
1.08 and 1.009 respectively. TQu$ when water evaporates,
the vapor is depleted in D and '%0. The remaining water
which . is subject to further evapa:g;igb becomes steadily
enriched in heavy ‘isotopes D and ''0. As the vapor condenses,
the reverse process occurs and HDO and Hzxga will tend to
concentrate in the condensed phase.

The Clausiuinélapeyfan equation predicts that the
vapor pressure of isotopic species of water is a function

of the molecular mass and the temperature of the system:
*

inP = =H/RT + constant & *ﬁLv/RT + constant [22]

where m is the molecular mass, Lv is the latent heat of
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vaporization and H is the enthalpy (85). The effect of
temperature on the fractionation factors for water is
illustrated in Table 2.

Table 2. Equilibrium fractionation factors for
hydrogen and oxygen isotopes at
various temperatures (16) -
' g \
T°C aD atto
. < i N N
100 1.029 1.0033
80 1.037 1.0045
" 60 1.046 1.0058
40 1.060 1.0074
20 1.079 1.0091
0 - 1.106 1.0111
. =10 1.123 1.0123
=20 1.146 1.0135 *

The aD and a''0 values for temperatures t>20°C are those
measured by Merlivat et al (74) and Zhgvarﬂnkev et al (110).
The fractiondtion fgctéf: below 0°C are calculated by
extrapolation.

Equilibrium conditions in this system are attained
énly in practically infinitely slow processes. In reality,
nén—:quilibriuﬁ conditions are prevalent and they have
important consequences for several steps in evaporation
processes in nature. Non-equilibrium processes are often
observed in the situation where extremely fast evaporation

from a limited water surface occurs as in the cases of



clost basins and lakes. The isotopic fractionation in
such cases becomes more complicated due to additional
kinetic effects introduced during the phase change.

The evaporation from open surfaces has been consi-
dered as a molecular diffusio& procgss into the atmosphere
(9,73,56). The equation describing the diffusion process

is given by
i - q Py q . -
i =x0d (c,-c,) @ | (23)

where j = water flux, k = wind vei@city coefficient, q is
a funég}on of the aerodynamical behaviour of the surface,
cs and C; are saturated and unsaturated molar concentra-
tions of water in the air respectively, and D = molecular

diffusivity. Then the kinetic fractionation factor is

given by
p.\9 ' |
ok - (-D-l-) .  [24)
2! .

Craig et al (14) have estimated the ratio ﬁf diffusion

rates from the kinetic theory of gases:

D—z. ﬁ.nz'&-MG 1/2 : , (25]
pl "2 . “1 + M'G . )

" "where ﬁl; D,, M, and Mz represent the molecular difFfusi-

1
vities and masses light and heavy water and HG is the
molecular mass of the gas into which the water vapor

diffuses. Their model values of isotopic fractionations



do not account
. fractionation.
model in which

cule model for
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for simultaneouslf observed D¢t¢and
Thus, Merlivat (73) proposed an alternative
he assumed a rigid elastic spherical mole-

water.

The ratio of diffusivities from

the kinetic theory of gases is given by

\ _
_EZ./’.‘A.M2+MG\_1/2 rl+rc\2 (26]
Dy My My Mgy 2 * Tg, ‘

where [ is the diameter of sphcri-ca'I molecule model. The
equation is in relatively good agreement with observation.
The interpretation of the equation indicates that not only
the relative mass difference between isoﬁopic water mole-
cules but also the displacement of the center of gravity
of the water molecules on isotopic substitution plays an
important role in determining the kinetic fractionation
effect.

This kinetic effect, however, appears to be a unique
characteristic of evaporation. No kinetic effect associated
with condensation processes hgs been teﬁorted (16). Expe-
riments show that deuterium content is much less sensitive
to kinetic effect than the '!'°®0 component siﬂce aD deviates

no more than 15% from equilibrium value, whereas a''0

deviates 2008 (16).

Natural Isotopic Variation in Meteoric Water
. " N \

The study of natural isotope abundances in meteoric

6.

’

water is very important because meteoric water is involved

(4

*
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in almost all biochemical reactions occurring on land. The
isotopic composition of substances férmeﬂ)in such reactions
is influgnced by the isotopic composition of the source
water. The isotopic composition of meteoric water at a
given site depends not only.on temperature but also on the
thermodynamic conditions pre;ailing during évaéﬁratiﬂn and
condensation and on the initial isotopic composition of the
source water.

°
Condensation is the most important process that

determines the isotopic composition of precipitation. The

' first small amount of water condensed from the vapor in

L

eqguilibrium with the source water will have essentially the
same isotopic composition as the source water from which
the vapor was derived. By further condensation the vapor
becomes progressively more depleted in heavy components and
80 does the newly formed condensate from the vapor. Dans-
gaard (16) has examined va;ious condensation praceisesiand
the corresponding isotopic fractionation. 1If condensation
occurs in a closed two-phase system with equilibrium
betweeh the liquid and vapor. phases at any stage, the iso-

topic composition of liquid and vapor can be expressed as

¢ 1 ;
Sv ® a3 eF _+1 1 : - 127

* = L l - - < ‘ . (28]
Sc a, ‘ET;TT , ; - . ‘ (28)

*

A

where ¢ = éh& 1, a, = a at the beginning of th:-prgcgjsiil_

20



and Fv = the renaininé fraction of the vapor phase (15).

In the case of isothermal condensaqion,

N S | ,
lim Gc = - 1l : [29]
- [e}
Fv 0
1‘ 6' - 1- ’ . . o . (301
nd,=3z7-1- ' (201
FV*O ©

a ;alues of condensate and vapor formed in isothermal
processes are shown as two practically ;ttaight lines in
Fig. 2. If the condeﬁsatiou is caused by cooling, @ will
increase as the process proceeds. The isotopic-composi-
tions for such cases are shown by the dashed curveé in
Fig. 2.

Rayleigh condensation is a slow process with imme-
diate removal of the condensate from the vapor after
formation. Under Rayleigh conditions, condensates and

‘'vapor will change as

' _;%: m-1 ' o

6o =i r, - [31]
> -1 Om-1 - .

Gyt Ryt | 1)

respectively, where a, o,

at momentary temperature t, initial temperature t_. and

average temperature (t+to)/2, respectively. These are

shown as Gc and év in Fig. 2. 1In contrast to condensation

under closed two-phase system conditions, fractionation

aﬂﬁ“&m are fractionation factors

b



n‘
‘ﬂ‘

-
K
7 — &y

3]

Isotopic fractionation of the remaining vapour

and of ‘the condensate as a function of the

remaining fraction, F,, of vapour (16).

5;(6;} = equilibrium between the total liquid
and vapour phases during isothermal

s

8(82)

condensation

same as above during condensation by

cooling

sublimation by
composition of
sublimation or
under Rayleigh
composition of

cooling. s is the mean
the solid phase
condensation by cooling
conditions. 6c_is the-
newly formed condensate.

)
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under Rayleigh conditions increases drastically as conden-
sation_procgeds_ In nature, however, exchange will more

or less smooth out the phenomenon and the actual jisotopic
compositions of water will follow curves in between the two
extreme 6& and 62 curves. In fact, isotopic v;pa:;pressu:e

data collected by Craig et al (14) show that

8D/8 '*0 = 8 ae¢ -10°C
<
ép/é '*0 = 5 at 100°C

>

=

coffespondinghta Rayleigh processes at liquid-vapor equili-

brium. Craig (12) has abtaineé essentially the same
relatiohships between 6D and 6'°0 with water samples from
various localities. .

Evaporation at the site of precipitation is also
important in determining the final composition of precipi-
tation. During their fall from clcud:tc ground the rain
drops are subjecﬁed to evaporation and exchange wit; the
environmental vapor. The evaporation is relatively high
in a dry ;;gicn and pgp?ably pr@:ged; under non-equilibrium
conditions (21). thnighe humidity is high exchange
between the environmental vapor and the ﬁewly rarmgé con-
densate will po#sibly be the dominating factor (42).
\ A number g: researchers have studied the fractiona-
tion occurriég during evaporation and condensation of

water vapor as it is carried in an air mass.

1. Epstein et al (27) found that oceans, being large 1

3




reservoirs of water, have a fairly uniform isotopic ,
composition disregarding those parts which are
directly mixed with fresh water.

2. The deuterium and oxygen 18 concentrations of
meteoric water usually vary in parallel (40,27,12,16).
In general, deuterium and oxygen 18 variatiops in
water from various rivers, lakes, rain and snow

follow a relationship

~

6D = 86'%0 + 10 {Craig, 12) C {33}

except for water from él@iéd basins in which evapora-

tion is the dominant factor gﬂverning.thé igetapic

relationship.

. 3. . The heavy isotope content in precipitation decreasés
as the condensation temperature drops. This is
relaﬁed to several factors such as latitude and
aititude (16).

4. There is also a seasonal effect on the isotopic
composition of rain waﬁer: isataéie composition is
‘lighter in winter precipitation than in summer
precipitation because of cooler e¢néeni;tian tem-

peratures in winter (54).

7. ‘Isotope Thermometry
The-isbtopic composition of molecules formed in
natural processes depends not only upon the temperature

of the system but also on the overall isotopic composition

24



of fluids and athe; solid phases in equilibriuﬁg -Whgn two
solid éhases formed in equilibrium are considered the iso-
topic fractionation between the two will be determined only
by temperature and ‘it will be independenﬁ of the presence
or quantity of any other substances. fhis»suéges;s that
for a pair of co-existing molecules, if the riigtian:hip

' between the fractionation factor and the temperature is
known (gither by exgerimenﬁ-ér theoretical'calculation),
the measured fractionation between the pair will yield the
temperature of 1ast!equilibriumi This is the basiec
pringiple behind the so-called "thermodynamic thermometry”

f stable isotopes (65). Most of the geothermometers

o

dealing with the formation temperature of minerals belong
in this category. For example, Bottinga et al (7) found
the fractionation factors between quartz and madhetite in

the temperature range 600°C to 850°C to be related by

1

ST=2

c18 _ 218 x € ET 5 1 -4
é DQ 6° "0y 5.57 x 10" [34)
where Q = quartz, M = madmetite and T = absolute temperature.
In practice, instead of measuring absolute isotope
abundance ratios, it is customary to measure the isotope
ratio relative to a standard and to quote the result as ‘a

6 value defined by

. [R \ . -
a-(;—"-uxluao T ~ [35)
% / ’

vhurenﬂx - iigtapg ratio of the unknown sample and=RS =
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isotope ratio of the standard sample. The most commonly

‘used standard is SMOW (STandard Mean Ocean Wateér) whose
52°0 and 6D values are_iet-equal to zero. A positive value
for § means the sample is enriched in the heavy isotope
relative to sea water and a neg;tive § value means the
sample is depleted in the heavy isotope relative to sea
‘water. ’ " .

The fractionation factor between two substances A

and B can be expressed in terms of ¢ values:

N / s
Gap = 2 :1230 *'1) {Iggé + 1\°
Rg \ ,

Taking,logérithms on both sides,

,‘ \ N / .
/& \ A PO

= A - | e : .
l.naAB In m + l} ln : 1000 + 1.

/ v

If 6, and §5<<1000, - e

1000 1lna,, > &, -.6g- | - - - - [36]
Since most bidlogical reactions occur gt'ncar normal
environmental temperatures, the fractionation factors

: ihvolvod in such processes are axpected to be an inverse
function of the absolute temperature: -

. R g ¢ . . o
1000 lna,y = 6, = 65 =3+ b | ; 1377

where a and b are constants. In,addition,'the total

.



variation of temperature in such reactions is very small
(a few degrees). Thus the equation can be simplified to

1000 lnaAE = SA - 63 = =CT + b [3?]

where C. is ‘a positive constant. Thus lna turns out to be
a negative linear function of temperature. The equation
indicates that by measuring the difference in isotopic
composition of the two solid phases formed in equilibrium
one can deduce the temperature of the equilibrium.
:FfEQHEﬂtlyg it is difficult to find two co-existing
solid phases in equilibrium which show a significant
temperature-dependent fractionation between them. For
example, equilibrium assemblages secreted by organisms,

such as calcite, silica, and phosphorite show distinct

between water and the minerals (13,61,70). Unfortunately,
their temperature coefficients are gractically'identicgl
resulting in no oxygen isotopic fractionation between the
ca—exisﬁing minerals. In such cases, absolute temperature
information cannot be obtained and a variety of environ-
mental factors controlling the isotopic composition of

the individual substances within the system must be takeﬁ
into consideration to obtain temperature infafmatien.:
‘This is the sgﬂcalledrienvizagmentgi thermometry®, intro-
.é;ced by Lerman (65). Most of the isotope thérmamgteric
obtéined from biological éystem; belcngiin tﬁis category.

To determine past climate it is necessary to find



natural systems which have recorded the isotope variations

in sequence. Such systems must satisfy a number of

criteria (48). '

1. The isotope variations found within the system must
be determined solely by climatic factors or in such
a way that non-climatic influgﬂcgslcan be filtered
out.

2. The isotope record must be permanent. Thus it must

be proven that no further fractionation processes
such as re-equilibrium or exchange have occurred
after the strata have been deposited.

3. The record prese:ved by the strata should be
.reasonably complete and continuous.

4.  The strata must be datable so that a time scale can
be attached to the record.

5. The time resolution of the stratified system must

be compatible with thé climate information required.

;&atural systems which, to a greater or lesser extent,

S%;iify the above :ritgria include: deep ocean and lakg

ieéimentsp pclgf ice sheets, spelecothem deposits, peat

deposits, annual ¢oral rings and annual growth ringsiéf

trees.

8. Tree Rin

¥

‘,
Living organisms consist mainly of the elements
oxygen, carbén'ané'Eydrégen'whizh are incorporated into

~'their tissues from the environment by metabolic processes.
A



In consequence,.the abundance of stable isotopes of these
elements in plant and animal tissues depends both on the

isotopic composition of the environment and on the isotope

fractionation occurring during photosynthesis and other

metabolic processes. The use of biological systems as
climate inéicatars presently presents complex isotopic-
geochemical problems. However, high rates of deposition
and good time resolution suggest great potential for these
methods. Furthermore, biological systems present intrigu-
ing possibilities in that they contain three potential
isotope indicators which, in any given system, may be

independent of one another. These are the isotope ratios

a single sample. Thus mﬁltiéle,cve:ideterminatian of
tamperatu:é using three isotope indicators may provide an
excellent means of cross-checking the result with some
level of confidence. lIt is alsd possible that non-~
ﬁemperatu:e effects will be demonstrated by the use of
multiple thermometers.

| One type of sample which appears to be suitable as

a recorder of past climate and environmental conditions is

4

E matter of vegetable origin, e.g. tree rings, peat, humus,

etc. Other samples of organic origin which might also

éreserve isotope records are ;hnsg of animals e.g. taeeth,

antler, bone, skin, eggshell, etc. Animals reflect basi-

célly the isotopic compositions of vegetables on which

they feed (P8,36).

A
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The systems studied to date are tree rings and to a
lesser extent peat deposits. Tree rings have great poten-
tial as climate indicators for a number of reasons:

1. Annual growth rings of trees provide a time resolu-
tion of at least one year.

2. . Absolute dating by means of dendrochronology is
accurate to one year.

3. Axlcng continuous time period can be investigated.y
The bristlecone pine chronology from the White
Mountains in California, for example, has a length'
of 7000 years (33). 7

4. Tree samples are widely distributed throughout

almost all continental area.

8.1 D/H Ratios in Tree Rings _ 7 .

‘The use of the isotopic composition of organically
bound hydrogen as a paleothermometer has been recently
suggested by Schiegl (90,91) and Libby (66,67). Schiegl:
et al (92) measured D/H ratios of both marine and land
plants and found systematic vériatiané of ﬂeutériﬁm cantént
in plants. For example, the hydrogen of both marine and
land plants is significantly depleted in deuterium compared
to the water in which the plants grew. They also found a
systematic relationship between the natural deuterium
content of organically bound hydrogen and that of precipi-
‘tation. Since the deuterium content of precipitation

depends mainly on the climate, particularly on mean annual

i
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temperature (16), Schiegl (92) concluded that plant
material should carry information on past climate. In an
attempt to check the conclusion, Schiegl (90) measured

the deuterium content of peat from The Netherlands and
\

peratures. The method was subsequently applied to growth
rings of picea frém southern Germany (see Fig. 3). Schiegl
(91) found that deuterium‘vafiatiéns in tree rings of picea
are-essenti§lly a function of annual air temperature.

Short isot@gie'gariatians are partly influenced by changes
of relative humidity; On a long term basis, however, it

is the mean annual temperature variations which are res-
ponsible for deuterium variations. -

The isotope thermometer introduced by Schiegl is an

example of an environmental thermometer Hhifﬁ?,annat
provide absolute témperatufes ‘but yields em?ical tempe-
ratures which may have been’alﬁeréd by various environmental
factors, such as 6D values of water, and relative humidity.
NeVerthéless. this was the first isotope study that .
examined the possible use of stable isotope data stored

in tree rings as a palecthermémeéer_ .

Libby (66), on the other Hand, utilized a thermo-
dynamic approach. Libby calculated temperature coeffi-
cierits of several isotope thermometers in bio-organie - = - -
material ﬁ:iﬁg statistical mechanics. The major assﬁmp*
tions made in this calculation are as follows: |

1. Cellulose is formed in EQuilibrium with water.. rf*f

[ 4
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2. Only the internal vibratiénal frequencies ‘and the
bending frequencies associated with rotational
energies are included in the calculation of
partitibn functions.

3. The internal vibrational frequencies used were
assumed to exist in cellulose molecules. The

actual presence of such frequencies and any other

poasible frequencies were not verified experimentally.

The fractionation factors and their temperature coeffi-

cients thus calculated are shown in Table 3.

Table 3. Fractionation factors computed for
isotopes of hydrogen and oxygen in
" cellulose (66)

Fractionation Temperature Temperature
a °K coefficient
. o -]
_ 273 298 7,/°°/ C,

al%0,-cellulose 1.1624  1.1863 0.96

a'®0., -cellulose = 1.1200 1.1484 1.14

a'%0., _-cellulose 1.1725 1.1956  0.92

HEQ

-anﬁzgscellulasa(cﬁ) 1.5881 1.5983 0.4

Py, 0-cellulose (CH) 1.8095  1.8606 2.0

For example, the temperature coefficient of the

fractionation factor between water and carbon-bound
hydrogen in cellulose was found to be 2°/,./°C. Libby

has compared this value with the measured temperature
' )
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coeffi ient of 3‘/,3/‘C obtained by Schlegl (85) fa: a
peat depﬂSLE in The Netherlands. However, this comparison
is not valid because the value 2°/,,/°C fepfeseﬁgs the
temperature coefficient of hydrggeg isotopic fraetiﬂnatién
between water and CH groups in cellulose whereas the value
3°/.0/°C is the temperature coefficient of deuterium
content in whole w@éd.

For the purpose of comparison, the properly calcu-
lated témperature coefficient of &D values of cellulose
would be 1.1°/,,/°C provided that the 6D of water is
(constant. This temperature coefficient appears to be too
sma;l to be used as a thermometer bgcaﬁse the average
precision of §D measurement is about :2°/,,. Furthermore,
the magnitude of the variation in annual mean air tempera-
ture is generally small. For example, the total variation

perlad Schiegl examined is less than 2'c The corres-

. ponding 8D variation would then be 2.2 °/_,, which is
within the random experimental errar} Therefore, the
small tempetrature EDEfflElEﬁt calculateﬂ by Libby may mean
that cellulose-water in tree rings cannot be used as a
thermodynamic thermometer. However, D/H ratios preserved
in tree :1ng: may provide an environmental thgrmcmetar.'
_It is‘appagen;vthat more work should be done to éxamini,‘“!,.
~ this ﬁ:mpefaEQEE*dependent fractionation of hydrogen

isotopes in tree rings.

To compensate for the limitation of tree rings as



a thermodynamic thermometer, Libby fES) has sugg%gted the
use of multiple thermometry in tree rings. Iﬂbph§t6§3ﬁi
thetic production of bio-organic m;te:iglsfvall three

9

VIn contrast to the relationship between D and '®0 in
meteoric water, therthree elements are not functionally
related in photosynthesis. The multiple overdetermination
of temperature using a set of thermometers may be useful
for cross checking the isotope result. In particular, it
may be possible to detect some effects that are not caused
by temperature and to filter out non-climatic effect.
Libby et al (67) measured the iset@pérratiés of C,
H and O in tree ring sequence of a German Oak and corre-
lated them with the existing weather reccrés from England,
Basel and Geneva to evaluate the empirical temperature

Table ‘4.

. The isotope data alaﬁg with winter temperatures
recorded in England are plotted in Fig. 4. Unfartunateiy,
it is impossible to compare these results with others
because the isotope ratios were measured relative to ag
irternal working standard instead of an internationally
accepted standard. Théfiagnitude of the temperature co-
efficients obtained is large. This was att:ibuéeﬂ to the
fact that the temperature coefficient is a combination of
equilibrium fractionation dgring photosynthesis, and both

equilibrium and non-equilibrium fractionation during

’ im w"ﬁ
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precipitation. Epstein et al (30), however, demonstrated
that the combined effect of thermodynamic and environmental
temperatures could not account for such large temperature
coefficient.

Table ‘4. Temperature coefficients computed from

measured isotope ratios and weather
records (67) '

Isotope ratio Temperature coefficient No. of

' I _Samples
180/1%0 (5.29:0.68)1'Englgnd °/eo’/°C 68
(2.91£0.41) Ty, o 0q °/0e/°C -~ 56
(?.86:0.52)Tcenev§ °/0o/°C 56
.6/& ‘ | (89.5:16.05’1‘England °/ees/°C 68
“(67.4:6.4)Tgaselé/,§/‘c 56
(71.428.2)T, . °/ee/0C 56

| ' Nevertheless, subsequent work done gy Ligby et al

(69):démonstrated qualitative correlation between air
tempetature and stable isotope ratios in tree rings. Their
subjectivé choice of temperature data for' correlation pur-
poses was again critici}ed_by Epsteinr(ED). r

The isotope results of Schiegl and Libby were obtained
using whdle-plant material and suffered from several comp-
lications. Plants are extremely complex chemical systems.
Wood for instance consists of approximately 40-50% cellulose

and 208 hemicellulose, the rest being mainly lignin (30%)
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with small amounts of other material (see Table 5).

Table 5. Average % chemical composition of
softwoods and hardwoods (95)

) Softwoods R Hardwoods
Cellulose | 42 . 45
Hemicellulose - 27 - 30 )
Lignin ' 28 20

Extractives ' 3 o .5

Isotopic differences between chemical substances in

plants may affect the D/W ratio determined for the total
system. Smith and Epstfein (93) found that the lipid |
fraction of plant material is approximately 100% depleted
in deuterium witﬁ ra;fg:t to the p;ant’tctgl hydrogen. The
lignin frasticgpgf‘whéle wood is some 10°/,, lighter in
1% than the cellulose fraction (51). Furthe;;ére:the
pPercentage composition of chemical substances is not -
climate dependent (51). T® resclvg the prablem agsociated
with chemical heterogeneity af giants, Epate;n et al (31)

and Wilson et al (107) used a single substance, namaly
cellulose, instead of whole wcaﬂ =
‘Cellulose is ‘the only substance in plants whose

chemical structure is relatively well defined. The defini-

=3

tion of cellulose has been‘a point of discussion among

workers in thé field. - There is 4 general agreement that

« (.1

cellulose is composed predominantly of g-linked D-gluco-

Pyranose units (53). Thus, extraction of cellulose in the

N\
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pure form from woody tissue is physically impossible. The

term cellulose in thisrstudyi therefore, is referred to as

a-cellulose which is alkaliirgsistant cellulose retaining
0.5-1.5% of non-glucan carbohydrates. The molecular

structure of cellulose can be represented by

CHZDH .

b 4

]

7n a celiulose maleculé{ the hydgggen atoms fall,iﬁt@
2 groups. One is carbon-bound hydrogen (CH) and the other
'is oxygen~bound hydrogen (OH) comprising 70% and 30% res- "
pectively. The bond strength of a CH bond is greater than
that of an OH bond. Thus their hydragen‘isatégie composi-

tions may reflect two different fractionations. An

additional complication is the problem of isotopic exchange

*
of hydrogen. Carbon-bound hydrogen in cellulose is non-

_ exchangeable under normal conditions whereas the hydroxyl

hydro@eqf éxchahqe readilyr(43,72). In addition, fine

structures of ceilulege also influence the hydrogen iso-

.

topic composition of cellulose. Cellulose consists of

highly ordered crystalline as well as disordered amorphous



40

regions (59). With different celluloses, the :elative
amount of material in the crystalline and in the amorphous
regiéns, as well as the degree of order within the crystal-
line region, are not the same. Infrared épect:al analyges
by Mann et al (72) show that about 25% of the hydroxyl
groups in cellulose are in the cryst§lline region §;d that
about 30% of this hydroxyl hydrogen together with all the

- hydroxyl hydrogen in amorphous regions exchange with water.-
In other words, 25§.of the total plant hydrogen in cellu-
lose comprising 22% from,amqrphous,DH group and 3% from
crystalline OH'group exchanges with the hydrégen in water. -
' %o resolve the problem.of exchangeable hydrogen in
cellulose, Wilson et al (10) equilibrated the hydroxyl
hydrogen with water of known isdt@pi: composition. Using
this technique, they anaiyzed D/H ratios in the cellulose
from a Monterey Pine (Pinus Radiata) growing in Hamilton,
New .Zealand (see Fig._S;. They found that tree rinés :
formed in summer were more depleted in deuterium than
winter rings. Since the isotopic composition of the céliuﬁ
lose varies in the opposite direction to the isotopic |
‘composition of precipitafion, they concluded that the D/H
ratio of cellulose in the wood of Monterey Pine changes
with temperature due to the temperature effects on bieé
chemical reactions leading to cellulcse."Taking into
account the isotopic variations of the atmaspher;é pre=
cipitation, they obtained a temperatufe coefficient -5°/,,

per °C.
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This work has been criticized in that the negative
temperature cceffiéient is opposite té_tha;vexpectEd §¥gm
thermodynamic arguments. According to thermodynamics, the
i:ﬂtépg'frgcticnaFian in a chemical reaction normally
decreases és the temperature of the system increases. To
satiafy the thermodynamic condition, the D/H ratio of.
cellulose should increase as the temperature of the systém
increases because the hydrogen isotopic composition of
meteoric water is a positive linear function of air tem- #
perature. There are several possible explanations for this
contradiction. The phenomenon may be explained in terms
of é time lag between the actual photosynthesis and cellu;‘
lose deposition. A conifer manufactures phatasyﬁthéte; at
all - times of the year except when climatic-cénditians are
unsuitable. These photosynthates are stored for short
or extended periocds before they éré laid down as wood.

Thus the cellulose in late wood of Monterey Pine might have
begp produced in summer instead of winter and thereby show
a high D/H ratio reflecting the D/H ratio.of summer pre-
cipitation. When this time lag is considered, the system
may show a positive temperature coefficient. - Another
possible explanation waﬁ-given'by one of the authors.
Wilson et al (107) assumed that the fraeticngtién between
.the hyé:aé:n of the water and the ON hydrogen of the
cellulose was small. Wilson (106), however, pointed out
that thé fractionation may be very large, perhéﬁg due to

thg extensive hydrogen bonding in the cellulose. The

42
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fractionatién must be of the order of 200°/,, such that
the OH hydrogen is enriched in deuterium. The correspond-
ing temperature ééeffieient is in the order of iogfgﬂfﬂc_
Thus if the crystalline OH hydfegen atoms have a very
large negative temperature coefficient, outweighing the

positive temperature coefficient of the CH hydrogen, the \

However, the temperature coefficient found by Libby for

the fractionation between OH hydrogen in cellulose and
-5 .

also opposite sign.

On the other hand, Wilson (106) proposed a possible
L ]
thermodynamic thermometer in tree rings, which util

=

zes
both CH an& OH hydrogen of cellulose. He hypothesizes

that the OH hydrogen in the crystalline region of cellulose
may provide a sensitive paleothermometer which would be |
independent of the cell water composition. The isotope
ratio of OH hydrogen could be determined by measuring the
8D of non-exchangeable CH hydrogen By replacing OH hydrogen
with --NO3 groups and ngn=exchangegble hydrogen (b@ﬁh CH and
OH) determined by the gquilibrgticn methaé; Using this
technique, Friedman et al (41) calculated 6D values af OH
hydrogen in cellulose and correlated it with the al;iﬁude
..of,Qtoﬁth sitas té-f{nd-thi temperature ?clltian-higr The
non-exchangeable OH hydrogens thus obtained were more
enriched in deuterium than sap water by as much as 650°/,,

indicating that the fractionation between OH hydfagen in

r
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cellulose and hydrogen in water is large. 1In contgast to
Wilson's prediction however, temperature dependence of the
fractionation was not detected, which may be in keeping
with Libby's prediction.' It is of interest to note from
the result of Friedman et al (41) that non-exchangeablé CH
hydrdgeh in cellulbse is more enriched in deuterium than
that of stream water by about 30°/,,. In oné case 6D
values of CH hydrogen were found to be even higher than
that of sap water. These are opposite to the results
obtained by Epstein et al (31) and White et al (103) in
which CH hydrogen, regardless of temperature and relative
humidity, is more depleted in deuterium than environmental
water and sap water by about 22°/,,. However, it is
appafent that further work with a well defined technique
is required to resolve this contradiction.

A second method of dealing with the exch@Mgeable
‘ hydrogen in cellulose has been reported by Epstein (31).
Plant samples were ni;rated and pure cellulose nitrate -
was extracted by acetone dissolution. Subsequent tests of -
the nitrated product have demonstrated that the nitration
extraction»procedure eliminates the OH hydrogen in the
cellulose but does not alter the D/H ratio of carbon-bound
" hydrogen. | | . o
o Using this technique, they measured the D/H ratio of
non-exchahgegble hydrogen in cellulose extracted from
aguatic and land plants. They foung that plant-extracted

cellulose nitraté D/H ratios are systematiéally related to .



the D/H ratios of the associated environmental water (see

4

Fig. 6). The equation thus obtained is

6D 13 = 0.97 6D -22°/,,

where cell and w represent cellulose and environmental
water respectively.

From the fact that thg overall rela nship is
linear with slope close to unity, they concluded that D/H
ratios of cellulose in tree rings reflect mainly the D/H
ratios of environmental water. In support of this, White
et al (103) found a similar linear relationship between
the D/H ratios of the non-exchangeable hydrogen in tree

cellulose and the i.!elicalculatgd D/H ratio of tree sap

?

for e@stern white pines:

[39]

=

Die11 = 5Dsap =2

where sap represents sap water.

The slope and the intercept of this equation are the
same as those of the equation obtained by Epstein et al
(31) despite the fact that White used sap water whereas
Epstein used envirénmaﬁta; water. This may indicate Ehg£
abia;ptién of water by plant roots involves no fractiona=-
tion. The temperature digt:ibutlan over much of the
earth s surfgce ha; bgan ca:related with the pattern of
D/H and '%0/'*0 variations in meteoric water (16). Thus

natural systems which record the variations with time of

45



cellulose nitrate extracted from plant
material and the 6D values of meteoric
waters associated with the plants (31).
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the D/H or»j’Q/“G ratios of meteoric waters at a given
site Qhould preserve a record of past temperature variations
at the site.

Epstéin et al (31) also found non-systematic but
significant differences between the values of plant total
hydrogen and non-exchangeable carbon-bound hydrogen (see
Fig. 7). Unlike nén—exchéngeaﬁle carbon-bound hydrogen,
pPlant total hydrogen has a poor functional relationship
with environmental water. They attributed this poor corre-
lation to the effect of chemical hetércgengity on 4D value
of plant material.

. Epstein et al (29) subsequently applied this technique
to paleoélimgté reconstruction. Measuring D/H ratios of
non-exchangeab;e hydrogen in cellulose, they obtained a 6D
record spinning 1000 years from two brigtleceﬁe pines,
whose growth periods overlapped by about 100 years, from
the White Mountains in California. This record is compared
with Lamb's winter temperature curve for central Englgnds
and ring width variations in albristlecgné pihé from the
White Mountains in California (see Fig. 8). Therg_is
qualitative agreement Eetéﬂen records. For example, all
four records in Fig. 8 show a cooling égriad between 1450
and 1860 ADA?hich is often called "The Little Ice Age".
‘Eébtgin et al (29) also obtained 5D records from a .Scots
Pine located near Loch Affric, Scotland (see Fig. 9). The -
average D value of the scots Pine is about -60°/,, as

compared to -95°/,, in the bristlecone pine for the corres-
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' ponding time interval. The diffe:encglis in keeping with
the difference of the éD values of meteoric waters in their
respective localities, -42°/,, for Loch Affric and about
-100°/,, for the waters in the bristlecone pine area. A
comparison of the 40 year running average of the &D values
of the two pines produces a relatively good linear relation-
ship which leads Epstein to suggest that long term isatopic
climatic trends, as recorded by the two species of p%ne,afg
similar, while the short term fluctuations are not related. .
Epétein et al (29) conclude that widely different types of
climatic environments produce 6D trends which may reflect
large scale longj;erm climatic changes, superposed upon
which there may exist short term 6§D variations whichgcauld

reflect temperature changes over & restricted local area.

is to identify possible periodicities in climate variations
and the causes of such variations. Libby et al (68) cal-
culated climate peribds from stable isotope ratios of
oxygeﬁ and hydrogen‘méasured in a Japanese cedar spanning
1800 years. These climate periods were compared with thal;
- from 800 year Greenland ice (17) and with periods computed
from the tidal stresses of the Sun-Moon-Earth system: ;
According: to Libby a good correlation was evident. Also,

" Fourier .analysis, done by Epstein et al (ZS)Ean'theéisétﬂpg
data of the bristlecone pineg“frsm the White Mountains,
showed a 22 year periodicity in the péwe:‘spaetrum;' They

related it to the 22 year drought cycle in the midwestern
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U_S.!(Eiii The 22 yedr cycle of éraught in. turn has been
attributeﬂ to the Hale sunspot cycle which seems to occur
at about 22:year intervals (76),; The validi;f'éf the.zz
year cycle in the power spectrum of the briséleccne pine
isotope data, however, is not firmly established due to

ible aliasing problems. In any time series analysis

o8

o

of discrete experimental data, the maximum statistically

meaningful frequency is the Nyquist frequency defined by

v, = —  [40]

n T

where T is the sampling interval (60). The sampling
L i

- interval chosen by Epstein et al (29) was 10 years. The

corresponding Nyquist frequency becomes 1/20 which is very

close-to the ffequgncy of the 22 year cycle. Thus, the

22 year cycle may be an artifact of:the Fourier analysi

of<data contaminated with colored noise. Sampling interval

Y

of 5 years or less may resolve the presence of the 22 ye§r=

cycle periodicity if the cycle is indeed real.

8.2 70/ %0 Ratios in Tree Rings

Oxygen isotope ratios have been used extensively in-

paleoclimate studies for a number of reasons. Firstly,

there exists a largé reservoir of oxygen in the oceans.
E] f : : . N

Secondly, oxygen is very reactive and forms compounds with

most other elements and lastly, the natural abundance
variations are relatively easy to measure. For example,

the natural abundances of the three atmospheric oxygen



isotopes; °0, 70, and '®0 are 99.759%, 0.037%, and
0.2039% respectively (78).

Oxygen isotope ratio measurements on cellulose
extracted from trees have been reported by Gray et al (49,
'50), and Epstein et al (28). Gray et al (49) have reported
180 values of cellulose from successive 5 yeér groups of
rings in a gprucé tree (Piecea gléuca) which grew in
Edmonton, Alberta (see Fig. 10). A striking linear rela-
~ tionship between 6"oland mean annual temperature was
obtained (see Fig. 11). The temperaturércaefficiEﬁt thus
- obtained is 1.3 0.1°/,,/°C with a correlation eaefficiEﬂé
of:Q.97. The correlation between Gl‘Qrand mean winter
temperature is good whereas it is poor for mean'summer

temperatures. The best correlation occurs with September

to August mean annual temperatures. Since spring and
summer are the time most conifers lay down growth fings;
" the poor. correlation between §1°0 and summer tempe}ature

requires some explanation. Gray et al (49) proposed two ﬂ;

possible exﬁlan ions for this observation. ?irst, in

addition to afy temperature effect on the fractionation
factor during'photogynthesié, there is also variation in
the isotopic compdsition of the source water beiné used to
_pro@uc; céiruloge. They assumed that the cellulose oxygen
is derived from Coz‘ﬁhich undergoes isatcpi& exchagge wit£

H,O'before photosynthesis occurs, and thereby reflects

2
1%0/1%0 rdtios of the source water. Thus it is possible ’

that winter precipitation stored as soil water after melting
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may play a significant role in the production of cellulose
during the growing season. Second, it has been ghsyn that
net photosynthesis and growth in coniferous trees depend
markedly on the production of stored foods. Thus wiﬁte§§ﬁs
temperatures mﬁy have a djrect bearing on the isotopic
composition of the cellulése p?aduced the following year.
This linear relationship between §!°0 of cellulose
and mean annuai temperature hag been eritiéized by Epstein
et al (29) on the basis that §'°0 walues of cellulose are
affected by evapétranspirgtian and bgmidity,aé well as the
§!%0 of the meteoric water. In support of this, Ferhi et
al (3S5), in experiments on bean plants grown under con-
trolled conditions, found that the variation of §!'°0 value
of cellulose with temperature was very small if not negli-
gible. In a subsequent series of exgerimgnts, Ferhi et al
-(34) concluded that the.mcst imﬁartaﬁt fgctérs in deter-
mining 1J"O/“‘O ratio of plant cellulose were the isotopic
composition of water absorbed in the roots and relative.
humidity. To clear this apparent contradiction, éray»et al
(52) measured 6§'°0 of cellulose for a number of trees from
‘various sites in North Ameriéai The overall mean §'°'0 and

L]

annual temperature data for each site are plotted in Figi

12. The least sguares estimate of the gquitian defining .. ..

these data is:
61%0 = 0.54T + 22.9. - (41}

These data are compared with §1°0 data obtained from

56
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/§Bh;§num moss. The slopes of the two lines are the same
wit;in experimental error while the intercepts are diffe-
rent. The fact éhat §'% éalues in cellulose of tree
rings, and sphagnum moss have a linear relationship with
air temperatﬁre éugqests that in many of Ehe regions

. temperature information is stored in the 6! '0 of cellulose.
Furthgrmagé, the iirtually identical temperature coeffi-
cients shown py two differeﬁt:biglagical indicators suggest
that enrichment by evapotranspiration muatlbe relatively
constant.. Evapotranspiration is known to be controlled
mainly by watef availability and relative humidity, and is
only i@ﬂirectly ?elated to temperature. The sphagnum moss
samples were taken from peat bogs where humidity is
generally high sand evapotranspiration will Ee minimized.
Thus the displacement of the tree ring line may be’expléined
in terms of enrichment by evapotranspiration. This is
possible only if evapaeraﬁspiraéian is assumed to be

_constant over a wide :ange;cf mean annual temperatures.

In supé@rt efrthié, a similar functional relationship
betwggﬁimg;n annual air temperature and &§'°0 values of
cellulose in trees from various coastal stations in North
America has beén :eper;ed by Burk et al (10). They found
a ‘linear relationship between §'%0 of cellulose from tree
rings and the latitude of the collaction site. “When con-
version from latitude to mean annual temperature was made,

annual temperature and

' 3

a linear relatiohahip between mean

180 of cellulose was established.

/

e

-



CHAPTER III

EXPERIMENTAL EQUIPMENT AND PROCEDURES

1. Gas Extraction Methods ]

o

material, it is _hecessary to extract thg desired elemgntav
in a suitable form for masas spect:gmetric analvsis.

Oxygen is normallv converted to CQZ while fcr hydrogen
isotopic analysis, hydrogen gas is the most suitable form.

The extraction of these gases from organic materials

introduce undesirable seccﬁﬁary fract;an;tlcn and alter
their original isotopic records. e k :
A number of methods for the separate extraction of

hydrogeﬁ and oxygen from biglggicél material have been

. described. For the extraction of oxygen, there are a

variety of methods (83,96,55). FPor hydrogen, only one
method is generally used. This involves the quantitative
conQeréion of hydrogen in a sample to water followed by
reductioﬁ of the water over haé uranium mgtgl to hydrogen.
These methods are time consuming and often impossible for
small samples. In gsome cases it is desirable to measure

both D/H and !%0/'%0 ratios on a given sample. Fpr this

reason, an attempt has been made‘tg analyze simultanpeously

hydroqen and oxygen from a single sample.



l1.1. Pyrolysis of Cellulose in a Quartz Tube

1.1.1. Procedure

The first method used involves the pyrolysis of

*ellulose in a quartz tube followed by separation of the

[y

lesi
£

[+

gases from the pyrolysis products. About 30 mg

[n]
[

red
cellulose is placed in the bottom of a quartz tube

\I-U‘

1.1 cm in diameter and 11 cm long. The quartz tube
containing the cellulose is then evacuated and sealed with

a heating torch. The cellulbse in the quartz tube is then
pyrolyzed in a furna:é at 1200°C for 20 minutes, after
which’thé qﬁaf;z tube is mounted on the separation line
(see Fig. 13). The gases from the pyréiysis are releéseﬂ
by breaking the auarti tubg'mechaniéally using a drop |
weight and the individual gases which include H,, HD, CO,
and CO are separated by means of chromatographic adsorp-
tion.

. The gés separation line consists of a spiral trap,
a silica gel trap aﬁd a toepler pump connected in series.
As the gas mixture from thé:pyralysii passes the
. chromatographic .columns, CDz is held in the spiral trap
kept at liquid nitrogen temperature and CO is held in the
ailica gel trap kept at liquid nitrogen. Hydrogert gas is
" collected with the toepler pump. The yields of gases thﬁs_'
* separated are measured manaﬁetricaliy. |

An altérnative method for the separation of

hydrogen gas from the mixture of gases was used. This
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involves diffusion of hydrogen through a 75% pallédium -
25% silver alloy wall maintained at 500°C. Hydrogen
diffuses through the thin wall of the palladium—silvér
tube and is coliected on charcoal at liquid nitrogen

temperature. 1Isotopic ratios of hydrogen and oxygen gases

4

were then determined by mass spectrometry.

1.1.2. Result and Discussion

To determine the optimum experimental conditions for
fhe complete extraction of hydrogen and oxygen from
cellulose, sam?éfs of Whatman filte? paper cellulose ézfe
pyrolyzed in quartz tubes under various conditions. The
results are shown in Table 6. 7

” The yield of Hz gas was about 90% of the!thearetical
value indicating incomplete dezgmpagitién of cellulose.
To enhance ;hg_yield various combinations gf‘reactién time
and temperature were employed. At a temperature range of
1280-1320°C, inéreasing the py?aljsis time produced o,
essentially no increase in the yield of H2 gas. The vari-
ation of temperatﬁre in the range éf 1280-1320°C appears -
td have no effect on the yield of hydrogen. A temperature
higﬁer th@n 1300°C is physically difficult to obtain due

to fast oxidation of heating elemepts in the furntce.



Table 6. & Yields of Hydrogen from Pyrolysis of Cellulose

Trial H, Yield Temp. Duration D/H ratio Cold Trap
. Temperature
8

% °c minute °loo - C
19 86 1280 15 -36 -189
20 87 1280 20 <32 -189
21 85 1280 15 -48 ~189
22 83 1280 25 -30 -189
23 91 1280 20 -15 -189
26 88 1280 20 21 -128
27 90 1320 20 19 -136
300 . 94 1320 20 - 31 - 67
3 96 1320 20 55 . - 96
32 100 1320 20 71 - 81
33 102 1320 20 63 -8l
34 102 . 1320 20 70 - 81
35 94 1320 20 29 - . -100
36 97 1320 20 116 - 96
37 86 1320 %o 4 -189
38 102 1320 38 134 - 81
40 105 1320 20 Y
41 105 1320 &o 91 - 81
42 89 . 1320 35 -15 Pd-Ag |
¢ e 1320 | 35 =5 . . PA-AG . ..
|
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The low yield of ﬁydrcgen may be due to the produc-
tion of methane gas.during pyrolysis. Mass spectrometric
analyses of the pyrolysis products showed the presence of
methane including deuterated compounds, such as CH2§2,

CH Approximately 10-20% of the total

\U\

37 CHD3 and CD4

‘hyﬂraggniin cellulose was in the form gf methane at the

end of pyraiysis. A similar result has bgen.repﬂrted by
Hailiaay etxal (58) . For thermal decomposition of methane
at temperatures up ﬁé 1§OD§C, they found that about 90% of
the methane converted to Hy, and the rest remained unaltered.
Thermal decomposition of methane at ﬁhig temperature is
bélieved_ﬁé take place ﬁainly on surfaces. Thus the
reaction is rapid initially and the reaction is virtually
cﬁmp;etg after 10 min;tes at which time the reaction.is
strongly Yetarded in thei§fesen:e of hydrogen gas. The
‘retardation is due to the preferential absorption of
hydrogen which pfatects the surface so efficientl%fkhat;
eventually further decomposition of methane is prevented.

Incomplete conversion of :ellulagé hyd;agén to free

hydfagen gas inevitably leads to isotopic fragtiénatiah

!bétHEEﬁ the’hydfagen gas molecules and the campéﬁnds
containing hydrogen. For éxémple, methang exchanges .
hfdrcgen isotopes with hydrogen gas molecules at 'virtually
all tgégéfatﬁres. Therefore the D/H ratio of the hydrogen
from the pyrolysis is different from that of the original
hydrogen.  in the ceilulasei |

The apparently high yieldd of hydrogen_ for trial 23-



41 in Table 6 are likely caused by the presence of

impurities, mainly methane gas, in the hydrogen gas phase.

Depending 6n the temperature of the silica gel trap, some

. , ol
methane gas may escape the cold trap and mix with

I}

hydrogen gas increasing the apparent hydrogen yield. The

methane gag#, when ionized inside the mass spectrometer

///igses part of hydrogen gas to form radicals such as CH,,

CHZ' etc. The isotopic composition of the hfﬂfagén thus

. released from methane is different from .that of h?drcgen

gas. This is illustrated in Table 7.

¢

Table 7. The effect of methane content in hydrogen
phase on the overall isotopic composition

of hydrogen

Trial : HZ ¥;Eld CHB/EE,
_ ' %
37 , 86 0.02
35 .94 | 0.25
33 102 2
, 34 102 2.2
| 36 97 2.5
38 . 102 3.1

The apparent D/H ratios of cellulbse hydrogen increase

D/H Ratio
oo
o

29

with higher methane content. This indicates that ﬁethage

¥ *

is more enriched in deuterium than hydrogen.

Unguftungtﬁiyp

&
the relative amount of methane in the final products of

cellulose pyrolysis could not be controlled.

The hydrogen gas from trials 42 and 43 were collected

* o
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by diffusion through a Pd-Ag tube which results in pure
hydrogen. However, they show a rather significant

the difference in hydrogen yield is only 1%. The relative
amount of meﬁhane ih the final products of pyrolysis and
the isotopic fractionation’désociated with it appears to
be sensitive not only to the average temperature of the

_ pyrolysis but also to the cooling rate of quartz after the:
ﬁyrolysis which is almost impossible to control. This may
ipa;tl’y account for the poor reproducibility_?f §D measure-
- ment of celiulose. It Qas also found that oxygen appears
'fo exchange isotopicaliy with quartz (Siaz)! Therefore,
the method of py;olysis of c;llulose in quartz tubes
cannot be used either for oxygen or hydrogen isotope

analyses.

¥

1.2. Pyrolysis of Cellulose in a Nickel Reaction Vessel

_?he second metbo& of obtaining hydrogen and oxygen
for isotopic analysis from organic matter made use of a
nickel reaction veésel. Thg péinciple of the extraction
method is similar to that ﬁrevidqsly described by Thompson

and Gray (91).

1.2.1. The Reaction Vessel
The reaction vessel ih Fig. 14 is designed to

separate hydrogen gas from carbon dioxide and carbon
1)

monoxide produced by pyrolysis of a sample in the lower

-



cooling —=

water | |

*
il | k= quartz tube
k |
| i ‘,
I *
: i , )
| ‘ Figure 14. Nickel reaction
;' ‘ . vessel.
~
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combustion chamber. Gases produced in this chamber afe
contained by a stainless steel plunger which forms a

vacuum tigﬁt seal with a gold gasket placed on, the rim of
a stalnless steel insert. At the pyrslysis:;eﬁperature of
1150°C, hydrogen diffuses through the 1.5 mm thick Hﬂli; of
the combustion chamber and is édscrbed on a coconut
charcoal trap immersed in liquid nitrogen.

The gpﬁer part of the combustion chamber is water-
cooled to S%cid-damage to the teflon %gcuum seals. To
.contain the hydrogen a quartz slééve gurr@unﬁs the c@mbus—l
tion chamber. A viton O-ring placed between the cooling

jacket and’thg'quartz produces an air tight seal when the

brass collar is tlghtened aga nst. the brass ring. The

addltlon of a quartz sleeve ¥o the reaet%Qn vessel has two

distinct advantages. |

1. Hydrcgeﬁ gaé diffusing through the vessel wall ®®an

be collected quantit?tivelyi

2. Since the nickel reaction vessel is nager exposed to

~air at high temperature, oxidation of the vessel
surface does not take place and the vessel has an
indefinite llfe_

However, prolonged heatlng of the quartz sleeve at high

témpqiature causes gradual dev1t:if;cgt14§ of the quartz

~

and the lower part o

Lo,

the quartz sleeve becomes opaque and
starts to deform. This does not appear to affect the
performance of the apparatus but the sleeves are :eplaéea

after about 30 analyses.
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tube and a 4000V p@téntial difference applied using \a neon

1.2.2. Procedure

1.2.2.1. Organic Material

20 to 30 mg of dry organic sample are weighed into a
nickel boat and transferred to the combustion chamber. The
gold gasket is positioned and the vessel attached to the .

vacuum line. It is evacuated and then the quartz sleeve is

opened to vacuum. The lower chamber is then sdealed off and
the quait: sleeve is connected to the charcoal tube. The
sample is then pyrolysed at 1150°C foy—2 hours. Hydrogen
g;srisrcaﬁtinu@uslyicgllested on the’/coconut charcoal trap ',

immersed in liquid nitrogen. During the pyfalysis,.twc
pirari vacuum gauges are used to monitor the hydrogen pres-
sure in the sleeve and any possible gas leak thréugh the

gold seal. When combustion is complete the plunger is
. ,
raised and the oxygen-containing gases are collected on g

gilica gel:trap immersed in liquid nitrogen:-r Between
pyrolyses, thé combustion chamber is cleaned with a rotary ,
brush and then with é nylon rotary brush using acetone as

solvent and lubricant. The vessel is then flushed with {
acetone to remove carbon and ashes.
The CO fractfon is converted to CO, and C in ashigh

= 1z .
voltage discharge maintained between platinum electrodes.

The CO i$ introduced slowly, in aliquots,‘ to’the discharge

' luminous tube transfbrmer., A Ehafacteristic'blug-dischar@g

2

is produced and CO is converted to CO_, gas. When the ~

.



conversion is c@ﬁplgte; the CDZ gas formed is combined
with the Cbz fraction from pjrclysis and the yield measured
manometrically. Hydrogen yields are measured using a

Toepler pump.

1.2.2.2. Aﬁate;mgnalysig

1.2.2.2.1. Quartz Capillary Method

For water analyses, a quartz capillary tube was used
to tran;fer water samples into the combustion chamber. 15
to 20 mg of water aie drawn into a quartz capillary which
is then sealed and placed in the reaction vegselxalang .
wiﬁh 20 mg of carbon powder which has been degassed by - |
heating‘atgllsoac for 2 hours. The carbon and capillary
are heated to about 500°C for 1 hour to degas the carbon.
At this température the quartz capillary does not break.
The combustion chamber is then sealed and the temperature
raised to 1150°C. EThe capillary explodes and reaction

between the HZD and C starts:

2¢ + 3H, +.3H,. . [42]

“tare should be taken to use excess carbon to promote

0+ CO + QQE

complete reaction. Insufficient amounts of cin results

in oxidation of the nickel wall, which is dif@ult to

remove. The remainder of the procedure is exactly the

same as in pyrolysis of organic material. |

70



1.2.2.2.2. syringe Method

An alternative method of transferring water into
the combustion chamber waz tried. After dega¥sing the carbon,

dry nitrogen at about a

ospheric pressure is introduced

into the guartz sleeve. The lower part inthe combustion
chamber is then immersed in liquid nitrogen. After waiting v
10 minutes for the hickel.vgssel to cool, about 15 ul of

water are injected from a micro-syringe through a gitan
diaphragm and frczen into the combustion chamber. Duriég

this aperaﬁisﬁ the remainder of the‘appaggtus is warmed to
avoid adsorptive losses of the water. It is essential that
the‘trangfef of éhexwgter be quantitative to avoid

isotopic fractionation. After the water is frozen into the

combustion chamber and the chamber sealed, the nitIQQEﬁ is
pumped out of the quartz sleeve and the pyrolysis started. -

1.2.3. Result and Discussion

Nickel has been used to purify hydrogen by diff;sieﬁ
(57,64). 1In general, the rate of diffusion of hydrogen
through palladium is greater than through nickel under
identiéal conditions. However, palladipm at high tempera-.
ture (>300°C) quickly develops a coarse crystalline
structure and breaks down after some hours of operation.

On the other hand, nickel is stable even at 1200°C.
Furthermore, continuous use of the nickel reaction vessel
has produced no ;igns‘af physical damage or any 12%5 l‘(

effective performance.



The rate of diffusion of hydrogen ghzaugh the nickel
wall. is a function of temperature, pressure difference, -
and'thiékness of wall. For a constant temperature, the
rate of diffusion through the wall per unit length is

. given by : .

q = const, x 91/2 rd (r>>d) - [43]

‘1
E
[
E_d

where r = radius of tube, d = thickness of nickel wall
and p = differential pressure. |
Whatman cellulose was pyrolysed in the nickel

the nickel wall was collected with a toepler pump. The

-

‘ yielé,jf hydrogen was measured manametricall§\§ The

pyrol

.to be evolved. Fig. 15 shows yields of hydrogen as a »

function of time at various temperatures. It is apparent
that the rate of diffusion through the wall of the nickel
reactiOn vessel is a fénetién of temperature. The rate of
‘diffusion increases as the temperature increases. Thus,
for rapid and complete pyrolysis, a high temperature is
desirable. However, the melting point of quartz sets an
upper limit to tﬁe reaction temperature. . The épgimum
pyrolysis temperature for isotopic ;ﬁa;yse; was féund to be
1150°C. At this ﬁempefature. no sigﬁificaht physical
.‘deformation of the quarfz sleeve was observed. A higher
temperature rapidly deteriorates the furnéee by oxidizing

the heating element.

is was stopped after 70 minutes when hydrogen teased
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At 1150°C, pyrolysis and separation of hygragéniby
diffusion are complete in 1.5 hours. To prevent possible
incomplete hydrogen extraction and isotope fra tiénatién-
associated with it, moat pyrolyses were allowed to proceed
for 2 haurg at 1150°C. Progress of the reaction was moni-
t@reé by measuring the residual pgessuge of hydraéen in
the quartz sleeve. Mass spectrometric analys%s of the
pyrolysis products of cellulose and cellulose nitrate show
no mga:urablé amounts of hydrogen or any other hydrogen-
containing gases in the vessel, indicating camplete'
pyrolysis. Unlike static pyrolysis in the quartz tube,
diffusion of hydrogen through nickel walls forces the
reaction to completion.

To teét the nickel reaction vessel method, a number

of water samples were analyzed and the results were eémpared

with those thalned by :anventia*;

are shown in Table 8.

reproducibility of the method is about t1°y=~for hydragzﬁ

and $0,2° /.a for axygen, which is camparable to other

mﬂthedl. ’ -
x
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Table 8 - Hydrogen and oxvgen isotopic compositions of
Standard Waters ,
(A) 4D values of Standard Waters (°/.,) (SMOW)
<. .
Water Sample’
Method NBS-1 GISP SLAP sawel
Carbon Reduction '
(i) syrince - -189(2) -418(1) -
(ii) quartz capillary -48(8) -187(2)  -424(2) -117(4)
Uranium Reduction -48(2)  -187(2) ~ -423(4) -117(2)
(B) §''0 values of Standard Water (°/,,) (SMOW) -
. Water Sample N
Method NBS-1 GISP SLAP
Carbon Reduction p
syringe -7.8(2) -24.5(2) -54.8(2)
CO,~H,0 equilibrium -7.9%2 © -24.7(2) -%5.4(2) -
) | !..
1SHW4 is one of the internal working standards
2Value taken ffom Thompson and Gray (96)
Number in parent‘osis is tﬁe ﬁumber of analyses.
- J e
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Thg:isj;e two distinct applications of thi:icgrban
reduction thethod for isotopic analysis of water. One is
the simultaneous measurement of 4D and 6'°0 values of water
samples. The other is the measurement of §!°0 values in
milligrdm quantities of water. This method uses 0.015-
0.02 ml of water whereas the QOZEHZQ equilibration method
requires relatively large amounts of water (0.5-30 ml)

(27,31).

The results of replicate 'analyses of variaﬁ:-grqanie
compounds are shown iﬁ Table 9.
| While the method is quite suitable for compounds
-with'a low carbon to oxygen ratio in the molecule (C/0),
it is less suitable for ¢compounds with a felgtively high
C/0 rati For example,. the hydrcgen yields af cltric
acid, cellulose nitrate and glyclne are 100% whe:ea; those
of cellulose and dextrose are lower. The reproducibility
of 6D measurements on citric acid and cellulose nitrate are
excellent (20.5°/,.). On thezéther hand, reproducibility
of 6D measurements for cellulose and dextrose are relatively
poor. )

The low hydrogen yield and poor repraﬂucibility can
be related to tar formation during pyrolyses. Compounds
with a high C/G ratio tend to farm tars during the early
stgéas of pyrnlylil which cbndense cnta the relatively caél
upper parts of the combustion chamber g?d are never com-
pletely combusted. The problem was partially solved by .

adding abaut 50 mg of Znél2 to the reaction vessellalﬂng
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with the sample. ’
Table 9. &D and §''0 values for some selected
organic compounds
Sample = H,0 Yield 6D §''%o  cy/o ratio
(%) (°/0oNBS=1) (°/ooSMOW)
:gli (5)* 9421 °  -37%5 30.120.2 6/5
+2nCl, (8) 9641 -12t5  30,1:0.2 6/5
dext (17) 96+l °  47.4:3.5 27.8:0.4 1
+2nC1, (14) 99+ 59.3t2.7 28.210.4 1
citric(4) 100¢1 29.520.5 - 6/7
CN(8) 102¢1  =5,7:0.5 - 6/11 .
‘glycin(8) 100+1 4913 - 1 )

*Number in parantheses ig number of analysis
Cell = cellulose, dext = dextrose, and citric =
citric acid

- CN = cellulose nitrate

Lewis acids such as 2nCl2 and Hgf;‘l2 have been used
extensively in the hydrocracking of coal (111). ' HCl fréﬁ
the thermal reaction between cellulose and ZnClz catalyzes
the nonglycosidic condensation an@ charring reaction of the

~_very early stages of heating (300°C) (62). Further heating

of n@nglycg:idicsccndenigti@n products leads to carboniza-

=
‘tion. Thus the role of Zﬁﬂlz is to start the decomposition
of cellulose at low temperature and to prevent condensation
of volatile products on the upper parts of the reaction

vessel,
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Addition of Zn\’;‘l2 increases both hydragén yields
and §D values, indicating considerable isotopic fractiona-
- . _
, . ] ] -
tion during the early stages of pyrolysis. For example,

it

thexD/H ratios of cellulose with ZnC1 present were 26° /aa
higher than_witbcut ZﬂClz when the hydregen yield increases
by only 2%. Since. virtually no oxygen is included in the
tars, §'%0 values are unchanged when 2nCl, is added. This

also demonstrates that ne;ther extraneous oxygen nor

moisture from the air is introduced with the 2nCl, even '
though ZnCl, absorbs moisture readily.

The uge of ZnCl2 however was not entirely satisfaés
tory, particularly with cellulose, as yield;rnever,re;;hed
1002; The relatively high .standard déviatian'af repliéatei
analyses refleéts the uricertAinty of the method. |

If hydrogen isotopic analysis alone is desired, tar
formation in conjunction with the pyrolysis of campaundi
of high C/0 ratios may be reduced by introducing either a
small amount of oxygen gas or other oxidizing agent with
the sample into the reaction vessel. |

N;tragen does not appear to interfere ylth the ,
quant;tatlve extraetlan of hyd;agen Or oxygen fram érgaﬁlc
samples. No attempt was made to separate the CO and CDi . .
fractions from hiérpﬁen,@: nitrogen oxides when the nit:§s
gen containing compounds were anilyzed; *If nitrogen Qxides -
ware formed dufin§ the-pyfciy:is.'éxyge% isotopic frac-

ﬂgéngtian b&tw-gn EQ, co 2 and nlt:aqaﬁ oxides would be

inevitable. waever, the mass spect:cmetrlc scans on the

Y L]
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pyroiysis pfoducts of glycine and intronaphthalene shcwéé
no t?aces of nitr5g®m oxides such as NO or NO.. This
suggests that‘pyrolysis resu;ts.in nitrogen being in the
molecular form, NZL This makes it pogiible to measure the
oxygen isotdpic composition of the nitrogen-containing
bo;pounds.

Table 10 shows the results of test for memory effe:t:

Table 10. Memory effect of pyrolysis of cellulose
nitrate in nickel reaction vessel

Date . Sample 6§D (°/,.NBS-1)
July 26 _ Whatman - -6
Aug. 1 o Whatman ' C -5

Aug. 4 Spruce (I)- -118
Aug. 10 Spruce (II) |  :_ ;lia
Aug. 14 | Whatman =5
Aug.f20 Spruce (III) 90
Aug. 22 Spruce (III) _¥917

A\

»

Alternating pyrolyses of cellﬁlo:e nitrates of differ-
ent isotopic composition show no memory effect in the
respective 8D values. Similar tests were e;rried out gging’
two cellulose samples differing_id D/H :étias by 170°/.,.
When the vessels were cleaned between analyses with a E
rotary wire brush, no significant memory effects were

i

observed in spite of the tar formation.
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2. Chemical Treatments of Wood Sample
i ~ L T

2.1. Extrattion of Cellulose B .

Pég iscteéic énalfsis, cellulose was isolated from
woody tissue accﬂrdiﬁg to thg'staqda:d sodium chléfiggf
methéd dese:ibed‘by Green (53). The pr@ce&ure begins with .
the cutting of wood samples to pass 40 mesh in a Wiley Qill
followed by removal of the extractivgg;with 1:1 benzene ané
"methanol for 24 hours. Treatment with the argani; solvents
is necessary because the benzene-methanol saluﬁle fractions
are so depleﬁed ;n:deuterium that even relatively small
amounts of é;tractﬁves in thergample might alter the final
‘measured D/H ratio (31). As an additionat precaution,
samples érg further washed for 24 hours with acetone. The
extr;ctive—EIEE Wood samples thus treated are vacuum dried
at 40°cC. 7

About 1 gram of the dried sample is suspended in 300
ml of hot water in a 1 litre Erlenmeyer flask @gﬁtaéﬁiﬂg
; ml of glécial acetic acid. Then 10 grams of techﬁizal
grade sédium chlorite is added. The flask is stoppered
uiFh an inverted beakey and heated for one hour at 90°C.
Thé ﬁhgie chloriting éperétign; includinngaghing, should
be done in a weli venﬁi;;téd hood bggauie chlorine dioxide,
generated during the :ea&ﬁian, is very toxic. After the
chlorite treatment, fresh p@féiens of acetic aciéﬁfs @1)

and sodium chlorite (10 g) are a&éedi This step is repeated

twice resulting in a total of 3 steps of chloriting treat-
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ment. The finsh residye should be nearly white and retain

the woody structure of the original sample. When a satis-

residye is filtered on a Buchner funnel and thoroughly

washed, first with hot water to prevent redepositiodn éf

oxidized lignin, and then with large amounts of ‘cold water.

This "solid residue is often referred to as holocellulos

2.2. Alkaline Extraction af Holocellulos

Holocellulosae thus gfeparéd contains an appreciable
amount of naﬁigluga% polysac Eharlées referred to as hemi-
cellulose. Hemiceliulase consists mainly of xyla and
manan with small amounts of other polysaccharides, such as
galactan, araban and glycurons. The isotopic compositions
of hemicellulose may not be the same as those of celiulcse
d&e to the‘éiffe:énce in chemical structure, molecular mass
and chemical bonds in the molecules. To eliminate the
possible fractionation associated with inhomogeneity in
chemical constitutents of the sample, holocellulosge is |
further treated with sodium hydroxide to give a-cellulose

which is the purestlfefm of cellulose one can obtain -

- )

experimentally.

Holocellulose is transferred to a beaker Hlth 50 ml

of 17% NaOH solution. The mixture is stirred at room

temgé%atu:g for 40 minutes. During this treatment, hemi-
cellulose dissolves in the water phase leaving only

a-cellulose behind. The mixture is often slightly brown

81



the alkaline treatment, extracts become c?lérless. -i% .

Holocellulose ’n general contains up to 2% of klasan
lignin. The sub:equent alkaliﬁe extraction removes most
of the lignipn leaving only traces. This alkaline extrac-
tion serves as a means of cﬁeckiﬁg whether delignification
with the sodium chlorite technique was successful or not.
When the halaceliulcqe, on contact with sodium hydroxide,
turns red in color, delignificati@n;is not complete. 1In
this case, one more step of chlorite t:eatmént was necé55
sary for the complete removal of lignin.

The mixture is then filtered by suction on a fritted
glass filter. a-cellulose thus extracted is washed first
@i th 17% sodium hydroxide to prevent redeposition of lignin

!-nd hemicellulose and then with 10% acetic acid to neutral-
ize the sodium hydroxide. The cellulose is then rinsed
with a large amount of-'distilled water. The cellulose is
then dried by solvent exchange with acetone on a buchner
funnél and further dried .in vacuo at 40°C for 2 days. The
dried cellulose was then used for oxygen 1satap1c analysis.

For hydrogen isotope measurement, the cellulose is nitrated.

3. Nitration Method . , : 8,

%

For hyﬂ:agen Lsatepe analysis, cellulose and other

chgmicals are nltrated in order té ellmlﬁate the prcblem;

associated with exchangeable hydroxyl hydrogen in cellulose.
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3.1. Preparation'bf Nitraiing Mixture

The nitrating acid mixture was prepared ac&ardiig to

the method of Alexander qnd‘MitcheIl (2). This involves

the slow addition of (0; Qrams'nf phosphorus pentoxide to
1000 grams of cold 90% nigfic acid to p}oddce an acid
mixture of 64% HNO, -261 5-313’0-&_.-1\9\ pzo';. .
1000 grams of 90% fuming nitric acid is transferred
to a*2 liter 3 neck-flask. %h{\flask is kept ice celé by
immersion in an icquater bath.i 404 grams. of phosphorus
pentoxides are added to the nitric acid. During the adéii
tion of p205' the acid is swirled continuously with a
mechanical stirrer made of a glass rod and teflon wings.
Care.should'be taken not to allow too muéh atmospheric

moisture to get into the acid mixture. 6 or 7 wide mouthed

powder funnels are recommended to prevent the pentgxid%

from sticking to the funnel, absorbing méig;p;e/aﬁé&%etting_

. R
.into the acid mixture. w;gg,oeCHEIEHZI swirling, the

solution is complete in a few hours and the acid mixture

\

.‘&gfthg filtered through glass wool into a glaQSestcppered

bottle and stored in a cool dark place.

Alexander et al (2) also have shown that the age of

*# nitrating mixture has a direct bearing on its nitrating

performance. The nitrating performance of the acid mixture

was poor béfore 3 days and after 2 months of age. -Thus, the

acid mixtures used in this study were aged between 3 days

. and two months after make-up. Deterioration of the acid

83
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deBcribed by Goring and Timell (47).

' ) . " . X ‘l . B4
was indicated by a marked increase in orange color due to

oxides of mitrogen.

3.2. Nitration pf, Wood
)

1g to the pgaeedu:e

Milled wood is nitrated accord
_ [N

proximately 500 mg
of 'extractive-free wood are rapidly sed in 40 ml of

the nitrating acid mixture which has been cooled to =16°C

in a ethanol-dry ice slush. Due to the violent reaction

particularly between ligniﬂ and Ehe*nitrating acid,
incaﬁplete immersion of wood samples inf the acid often
results in burning of the sample. Tﬁe réaction is allowed
to proceed in a refrigerator kept at 0 - 5°C for about

24 hours. |

L J
The mixture is then cooled to -16°C and filtered

through a sintered glass filter. Suction is applied %Pd at
the same time the sample is gently.pressed with a stainless
steel tamp which is roughly the area of the filter— This
gentle pressing of the sample with the tamp not only

removes the m;ximum amount of the é;id but also minimizes
the moist air drawn thrsug@,tﬁg samglei The solid residue
is immediately washed ﬁitﬁ;a lsl“migture_ef glacial acetic
acid and water cooled to -16°C. Then;the sample is immersed
in cold water (0°C) and ﬁegtralizediby adding a small
amount of pﬂuﬂa:&ﬁ sodium carbonate. The nitrate is washed

three times ! water. The nitrate is stabilized by three

S-minute treatment¥ with 60 ml each of boiling water. The
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. filtrate is then drained, soaked for 5 minutes in 50 ml of

'metganel and drained again with suction. The resulting

: v
nitrated wood is dried in vacuo at room temperature and

is then divided into two aligquots for further analysis.
y . )
For the extractian of cellulose nitrate, -one aliduot.
of the nitrated vccd is dissolved in 80 ml of acetone with

vigorous gti:r;ng for about one hour. ‘Duriﬂg this process,
acetone dissolves mostly cellulose nitrate Qith a trace of
hem;cellulese leaving others prgc;pltated The viscous

mixture is then centf;fuéed and the clear solution deeanted

A large amount of cold water is quickly poured into the
-
solution to give a fibrous precipitate of cellulose nitrate.

s1lulose nitrate thus obtained is washed on the glass

£i

o

lter with a large amount of water followed by washing
with methanol. The white fibrous cellulose nitrate ;s’
further dried-in vacuo at room. temperature f@riz days.
Unlike nitration of cellulose, cellulose nitrate
obtained from the direct nitration of wood is often light
brown in color probably due to impurities, such as coloring
matter and a trace of nitrated hemicellulose and lignin.

No attempt has been made to remove this problem.

3.3. ﬁit:;tiQQ”gﬁgge;lpiggé

. The cellulose samples prepared by the sodium chlorite
method were nitrated in a manner similar to the direct

nitration of wood. 100-200 mg of cellulose is nitrated

with 20 ml of ‘the nitrating acid mixture cooled to 0°C in

]
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an ice water bath. Unlike wood, addition of cellulose to ,

the acid mixture does not require further cooling with the

sufficient for the nitration of cellulose. The rest of the

procedure is exactly the same as the procedure employed

for the direct nitration of wood.

3.4, Discussion of Nitration

The purpose of nitrating cellulose is to eliminate
the éxéhaﬁgeable hyd?cxyl hydrogen in cellulose enabling
the 6D value of the non-exchangeable CH hydrogen in cellu-
lose to be measured. The nitration PEGEESSp‘hQ?EVEEP
involves a series of chemical treatments which may intro-
‘duce secondary isotope fractionation into the sy;temi
Therefore it is eéssential to ensure that the nitratian
process does not alter the original isotopic camﬁgsitiaﬁ
of CH hydrogen iﬁ cellulose.

Epstein et al (31) have shown that the benzene-
meﬁhan@l mixture has, within experimental error, no
significant effect on the D/H ratio of the nitrated
cellulose.

Two cellulose nitrations with acid mixtures of dif-
\

ferent isotopic compositions showed no difference in the

59-?;13:;495 the resulting cellulose nit:ate:} that is, no

tone on the isotope ratios during cellulose nitrate

ke



di;sq}uti@n was eximinedgby nitrating pure cellulose before
and after acetone treatment (see Table 11). The acetone
treatment has essentially no effect on the &D values of

the samples.

Table 11. 6D values of cellulose nitrate before
and after undergoing acetone dissolutioen.

f L 4
Sample Nitration +Acetone “~
8D 8D
Cellulose -5412 (12) =53+1 (5)

. It is not possible to obtain complete nitration of

OH group in cellulose without affecting to some extent the

joriginal isotopichcomposition of the cellulose. A longer

=

nitration time may increase the degree of substitutiaq of

OH group but will inev tably degrade the cellulose stri&turg

and thereby alter the original isotopic composition of the

cellulose. Thus it is essential to find the optimum
‘'nitration conditions t?at give the maximum degree of substi-

tution but minimum degradation of samples.

To find the optimum reaction time, cellulose and

samples of wood were nit:ated for various lengths of time.
The results are shown in fable 12. The duration of .

.nitration depends upon the tyﬁe of material to be nitrated.

87

The reaction time of one hour appear; sufficient to: camplete’

& y -

‘thg nitration f the exchangeable hydrogen of cellulose.
Similar results have been reported by Timell (98) in

which one hour reaction times were found to be sufficient.



Table 12. The effect of duration of nitration
on 8D values of the resulting cellulose
nitrates,

Sample . Duration . ' §D(°/0o)
Whatman -Cellulose .1 hour ’ -5422(3) ‘-

" 2 hours - -54:1(3)

- 3 hours . -5321(3)

" i 5 hours ) gsdzi(B)
spruce-1 | 24 hours : ~-146
spruce-1 | , . 40 hoursw« " -145
spruce=2 24 hours =140
spruce=-2 40 hours -138 v
spruce-3 24 hours 7—143
spruce-=3 40 hours | -140

The direct nitration of woodmills r:qﬁirc: a longer reaction
time (2,53,97,31), and a time of 24 hours appears safficient-
;he same nitration time has been used by Epstein et al (31).
Thgy also have shown that repeated nitration after the

first 24 hour-long nitration has no measurable effect on

6D values of the resulting cellulose nitrate.

Temperature also has anf efﬁec; on the optimum dura=
tion of nitratiéé and degradation of the resulting cellulose
nitrate, This is illustrated in Tab1§ 13. DP repfeéentg
degree of polymerization. Higher values of Dﬁ'csrfggpﬂnd
to increased degradation, the;efare a temperature of 0°C
gives slightly less degradation but requires longer reac-

tion time because at low temperature the acid becomes

(2
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syrupy and is slower to penet:;te the sample. . ¢

Table 13. Effect of nitration temperature on
nitrate degree of polymerization' (2).

Temperature °C ' DP (k=75)
0 | 1210
, 20 1140

40 -+ 1045

To ensﬁfe‘ghe completeness of nitration and minimum
éegradati@n of sample, a reaction time of 3 hours and a
reaction temperature of 0° to 5°C were adopted fr the
nitration of cellulose samples. For the direct nitration
of wood, a reaction time of 24 hours and a temperature of
0° to 5° were chosen.

The reproducibility of nitration of z%llulase was
tested. Table 14 shows that nitrating acid mixtures
prepared separatel% produce essentially the same 6D values

Table 14. Reproducibility of cellulose nitration
for Whatman cellulose

Nitrating Acid Yield (%) ~ 8D(%/00 NBS-1)
Mixture I (8)* | 102 -5.710.5
Mixture II (4) 102 !5i4z0i£

Mixture III (2) 102 -4.810.1
*Number in ‘parenthesis is the number of analyses.

A hydrogen yield of more than 100% may result from
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nitratiahs wﬁich have not completely replaced all the
hydroxyl hydrogens in’cellulose. To check th; degree of
substi%utign, the % yield of ni;ratiaQXZis calculated
according to the eq;atian

' Wt. of Product

t Yield = — x 54.6
_Wt. of Cellulose

The ? yields of nitration of Whatman cellulose yer
range of 96-100%, which is comparable with the result
(96-98%) obtained by Green (52).

There are two different ways of obtaining cellulose
nitrate; ofe is the direct nitration of wood mills followed
by acetone dissolution (W-CN) and the other is the nitration
of cellulose which has been prepared by the standard sodium
chlorite method (W-C-CN). It is important to check ﬁﬁethar
these gyo different methods produce cellulose nitrate of
the same isotopic cgmpgsitiéns. For this, 5 year groups of
tree rings of white spruce (WSl) were divided into two
aliquots. One aliquot of eacﬂ group was directly nitrated
followe& by acetone dissolution (W-CN). The second aliquot
was delignified by the sodium chlorite technique including
alkaliﬁe extraction to produce a-cellulose. The resulting
cellulose was then nitrated (W-C-CN). One soft wood and
a hard wood were also nitrated in_the same ways. The

~hydrogen isotope results are shown in Table 15.

It is interesting to note that there is a sfstgmatic

difference in 6D values between the two different nitrating

methods. Cellulose nitrate prepared by W-C-CN are enriched
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Table 15. Is§5§§ic compositions of cellulose
. nitrates prepared from the direct nitra--
tion (W=CN) and the nitration of
cellulose prepared by sodium chlorite
mgthod (W-C-CN). . ,
Sample  W-C-CN W-CN A6D
8D(°/0o) yield §D(°/00) yield — (°/°°)
ws1-1 =139 (2) ~146 (2) 7
WsSl-2 =129 (2) =139 (2) 10
Wsl-3 -134 (2) -142 (2) 8
Wsl-4 ~141 (2) _ =150 (2) , 9
WS1-5 =131 (2) =137 (2) . 6
' WS1-6 -132 (2) ~137 (2) | 5
WS1l=-7 =139 (2) =148 (2) 9
wsl-8 -131 (2) , -139 (2) 8
Soft Wood 7821 (6) 100% -85%1 (5) 101%s 7
Hard Wood -68:1 (6) 100% =82+3 (6) 104% 14
Number in parerithesis represents number of run. .

in deuterium relative to that Qreparad by W=CN. fhe
averaée difference is about 7°/,,. The phenomenon is even
more obvious for the hard wood where the isotopic difference
is 149/;5! ‘
The lower 6D value of cellulose nitrate prepared by
the direct nitration of vacdimay be attributed to the
presence of i:puritié;, such as q;miécllglasci_ealgring
matter and li§nin whose &D values are lower than that of
cellulose. As mentioned above, the final products of the

direct nitration of wood are slightly brown in color
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indicating the presence of impurities.
In particular, the presence of hemicellulose
especially manan in the cellulose nitrate from the direct

nitration may account for this phenomenon. Timell (97)

xylan and méﬂﬁaﬁi.and that W-CN contains slightly more

mannan thaniﬁ—cgﬁﬁér Xylan, when nitfated; becomes completely .
o : '
arlt .
insoluble in all safwa;
' ',—.5‘;._’;
is realized only after the molecular weight has been con-

ts and partial solubility in acetone

siderably :e&uceég On tﬁé égher hand, nitrated mannan and
presumakly gluco mannan are easily saluble‘inxacetgne!
Thus mannan in W-CN, having a lgw deuterium composition
would lower the apparent 6D value of cellulose.

. Due to previous tr@aimgﬂtg such as sodium chlgrite
and alkaline extractions, impurities are largely removed :
from the cellulose which is further purified during the
subsequent nitration followed by acetone dissolution. Thus
nitration of m!cellulcaeishcws bgtternrepfcducibility of

$D measurements than the direct nitration of wood followed
by acetone dissalutZDﬁ.

Incomplete nitration of wood is also a passib;e
problem. For example, tﬁg hard wood shows a rather 1éfge
difference in §D values Eﬁﬁwgen the two different methods..
The high yield (104%) of hydrogen for the direct nitration
of hard wood indicates incomplete replaéément of OH hydro-

gens in cellulose. This may result from an insufficient

-



amount of thg;;itratiﬁg rg§gent or insufficient reaction
time, ﬁ@@drrzguires a 1aﬁ§er nitration time because the
nitrating reagent must break the woody structure in which
lignin and cgllﬁlase are interbedded (46). Timell (97)
used 120 hours of reaction time for the nitration of the
hemlock wood.: The optimum conditions for the direct
nitration of weéd depend upon the type of wood samples.
.



CHAPTER IV

EXPERIMENTAL RESULTS AND DISCUSSION

-

1. Identification and Description of Tree Samples

Three of the tree samples chosen (denoted Wsl, ‘WS2
and WS3) are white spruce (Picea Glauca) from Edmonton,

Alberta. WS1l and WS2 were collected from White Mud Creek,

=

a site having a small stream neéfby@ W53 was collected
from a flat site with nayimmediate source of water in the
vicinity. White spruce is a natural species in the
Edmﬂntén region. WSl §%§§E§2 ére believed to be natural
stance while W53 iay have geen transplanted at an gaélg
age. Ihgsé tree samples are listed in Table 16. There
are also 5 conifers from various growth sites in North

America.

2. Hydrogen Isotopic Analysis

To investigate the functional relationship between
6D values of tree ring sequences and temperature, &D ,
values of cellulose nitrate in tree rings were determined
for the three white spruce samples, WS1l, WS2 and WS3.
Each tree was divided into five-year groups of growth
rings. Thus, the D/H ratio of each_grgup;rgprgséntﬁiﬁhe
mean D/H ratio of the five consecutive tree rings. The
isotopic composition of the five year average i; therefore

biased toward that of the wider rings. No attempt has

-
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been made to normalize the amount of wood contributed by

each of the rings to the materials subsequently analyzed.

2.1 Juvenile Rings and Mature Rings

In Fig. 16 the §D values of five year groups of the
_'sbruce samples WS1l, WS2 and WS3 are plotted against the
:"éorresponding growth periods, and cémpared with mean annual
temperatures of Edmonton. The general patterns of 6D
variations for the three spruce trees are in relatively
good agreement with the variation of the mean annual
temperature.

One striking feature is that the early growth rings,
referred to as juvenile rings, of all three tree samples
have lower 6D values than the mature growth rings indicat-
ing the possible existence of two different isotope scales
within a single tree. For example, the juvenile rings of
WS1 and WS2 from the periods 1883 to°1903 and 1888 to 1903
respectively have lower GD valués than the mature rings by
an average of 15°/,, and the quenile rings of WS3 are
more depleted in deuterium than the mature rings by about
36‘/... This phenomenon can be seen more clearly by
plotting~GD values against temperature. ¢éD values of
cellulose nitrates for the three spruce samples are plotted

'wf.againlt,megn annual temperatures in Figs.l17, 18 and 19.
From thc;e figures, it is clear that there exist two

4

different ring groups and that each of them has different

isotope scales. '
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Table 16.

Sample

Identification and Description of
Wood Samples

_Growth Period

_Location

WS1l (white
WS2 (white

W53 (white

spruce)

spruce)

spruce)

RW1 (redwood)

YSP1 (white
. YSP2 (white
FVS (white

vC (eedir

spruce)
spruce)
spruce)

)

1885-1965
1890-1965
1905-1975
1890-1974
1915-197%
1890-1975
1913i1975

1918-1968

White Mud Creek,
Edmonton
wWhite Mud Creek,
Edmonton

Mill Woods,
Edmonton

Grant Grove,
California
Decoeli Mt.,
Yukon

New Kluane Lake,
Yukon

Fort Vermillion,

Alberta

vancouver
Island, B.C.

The two groups of isotope data cannot be regarded

as random scatter

ing of isotope

data for a number of

reasons. . -
1. Each group consists of the consecutive growth rings.
2, The difference in 6D values between the juvenile and

mature rings are in the same order of magnitude as

the overall 6D variations shown by mature rings and

. therpfore cannot be taken as scattering of data.

3. All/ three spruce samples from Edmonton show the

yame phenomenon regardless of

their age.

100
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does not coincide with any climatic event happening at a
particular time. For ex;mple, the low 6D values of WS3
for the period 1903-1913 are not reflected in the &D values
of WS1 and WS2 for the equivalent time period. There was
no record of unusual or sudden change in climate between
these periods of time. The answer may be found from the
pPhysiological factors controlling growth of trees.

buring the life of the tree there are normal varia-
tions in the structure and the chemical composition of a
cell wall, which are associated with the development from
the juvenile stage to that of maturity (15). For example,
the. average cell leﬂgth incre&ses through the successive
growth rings from the center of the tree outward until a
more or less constant value is reached. There are also
changes in chemical composition as the tree grows. It has
been shown that the amount of cellulose ipcreases through
the juvenile period (101). All ihes; changes are such
that as the age of the tree increases the wood formed
becomes more uniform and éhows a greater degree?of
stability throughout the period of mafurity than tha;
observed in thé juvenile Qtaqe (15). Due td the isotopic
competition between chemical constituénts in wood, changes
in structure and relative amounts of chemicals will ;neviﬁ
tably alter their isotopic compositions. Thus, such
" differences between juvenile and mature sections of tree.
rings may give rise to the large difference in QDrvalues

observed. Dendroclimatology encounters a similar problem



agsociated with juvenile rings which are often eliminated
from the analysis because they provide the least re ligble
climatic information (44). )

To check whether ﬁhi; large difference in 6D values
is truly related to changes in physiological properties of
plants, growth ring widths of the three spruce samples are
glégtea-agginst the growth periods in Fig. 20. The ring
width in Fig. 20 is an arbitrary unit which shgvs'the
relative size of the ring width. The data were smaethed
with an 11, year running average which was chosen arbitrarily
to illustrate general grcwth»trends; Juvenile rings in
;dendréghrenalggy are the first 10 to .30 year portion of
growth rings which often show increase in ring width. For
the three spruce samples, the juveni}e sections of tree
rings are well matched with the time periods which show the
lower 6D values of cellulose nitrate. Thus the sudden
drop in 6D values of cellulgse nitrate in early growth
rings appears to be a unique characteristic of juvenile
;ring; of white spruce. Thus, ring width data can be a
useful tool to differentiate the juvenile rings from the
mature. No attempt has been made to find whether other
’séecies have the same phenomenon associated with juvénile
rings.

I the functl@nal analysis with climatic data, there
is no daubt that thg!e two ring groups representing diffe-
rent isotopic ;2;19: should €ither be Ergatad separately

or the juvenile ring data be discarded completely. In
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this study the isotopic an;ly;ii of juvenile and mature
rings were done sepatatelyi

Examéles of this sudden drop in éD values associated
with juvenile rings may be found in the literature. For
example, Yapp et al (108) measured 6D and §!'C values of
a branch of a tree from Two Creek Forest in Wisconsin.
Most of the 6D values varied around a value of -125°/,,.
However, the oldest 5-year group sanple had a §D value
18°/,, lower thfn this. This was not ;pbstantiateg by the
6'°C data. They attributed the low 6D value of the oldest
sample to utilization by the tree of ambient precipitation,
rather than the water from Lake Chicago, due to the low

level of glacial Lake Chicago during the Valders advance.

However, the low 6D value may just be the unique property
of juvenile rings mentioned above. ;

2.2 Reélationship between Temperature and §D Values
of Egllglaggrﬁ;;;atgff

The choice of growing period over which the tempera-

tures are averXged is rather subjegtivég Most trees have

whole year. Thus, the functional analysis of isotope

data with temperature iﬂvglveg the selégticn of the proper
temperature group in a statistically meaningful manner.

" For this purpose, linear regression aﬁ#lyéis with 6D

values of cellulose nitrates and various growing season

i

temperatures was carried out.

2 '



Table 17 shows the correlation coefficients between
§D values of cellulose nitrate and various mean monthly
temperatures: Proper interpretation of the correlation
coefficient should include a confidence level which pro-
vides information about the probability of the relationship
found being pure coincidence. The confidence level of thé
correiation coefficient is a function of the number of
datum points; the more the number of datum poihts, the
higher the level of confidence for a given correlatio%i
coefficient. The 95% confidence level is widely used to
specify the significance of the functional relationship

sought'(109). The correlation coefficient equivalent to

95% confidence lével in this analysis is 0.58. In other
words, there is a 5% chance tha:t the functional relat;
ship found is purel& coincidence. Any correlation
coeffi;ient greater than 0.58 may be regarded as showing
a significant correlation. Despite the fact that trees
in Edmonton, which is a relatively dry region, grow in
spring'and early summer, it is apparent that the monthly
temperature of December and January of both the previous
and the two previous years show the best correlation with
D values of the tree rings. The monthly temperatures of
September, October and November are poorly cofrelated with
6D values of cellulose nitrates for all three spruce
samples. This suggests that wihter temperature plays an

- important role in determining D/H r;tios of cellulose

produced in the subsequent growing season.
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Table 17. & Correlation Coefficients of the Linear
Regression Function between 6D values of
Cellulose Nitrate and Mean Monthly
Temperature

Sample Year J F M A M J J A S8 O N D

.WS1 n 88 23 31 49 20 38 5 19
‘n=1 67 100 24 .18 48 20 9 12 25 4 13 48

n-2 \\\\\\\__ 24 10 7 79

WS2 n 67 45 30 58 26 52 0.5 58
o n-1 39 S1 22 19 56 30 16 42 2 15 8 55
n-2 ) 6 43 5 89

WS3 n 53 33 5 56 3 40 11 7;?

n-1 31 44 35 16 33 35 38 69 7 35 13 36

Note: ° n = Contemporary year .
n-1 = Previous year I

n-2 = Second previous year

8
/ .
The importance of winter temperature is also seen in
' - » '
the correlation with seasonal temperature. Table 18 shows

the correlation between GD.values of celluleose nitrate and

various seasonal temperatures. Winter temperaggig is
defined as the average temperature calculated from December
of the prevjous year to March of the contemporary year.
Summer temperature is defined as the average tgmperature

of April, May, Juhe, July,7énd‘August, which represents the

' growing season temperature. The samples WS1l and WS2 show



Table 18. Cbrrelation between 4D Values of Cellulose
Nitrate and Seasonal Temperatures (SD=at+b)

Sample 5-year tempera- Slope Intercept Correlation
ture group °/e0/°C °/eo coefficient
WS1  Winter (Dec-Mar)l 2.7:0.4  -107:4 0.89
Summer (Apréﬁgglz 4.422.0 -189+30 0.47
wWs2 Winter (Dec-Mar) 4.6:0.6 =746 0.92
Summer (Apr-Aug) 9.0£3.0 -231:42 0.64
WS3 - Winter (Dec-Mar) 3.6x1.0 - -87214 0.63
Summer (Apr-Aug) 10+3 -250%36 0.74

lWinter (Dec-Mar) = Average winter temperature calculated
from December of previous year to
March of contemporary vear
ZSumner; (Apr-Aug) = Average summer temperature calculated
from April to August of contemporary
year ;

excellent correlation with winter temperature in contrast

to the rather poor correlation with summer temperature.

On the other hand, WS3 shows a slightly better correlation

with summer tgmpegaqf{ﬁre than with w'inte: temperature.
Nevertheless, earrelaé?gﬁigf éD values-cf WS3 with winter
temperature is significant and is comparable with the
correlation between 6D values and summer temperature shown
by‘wsivand Ws2. Hgit“cgnifers.in thé Edmcntenureéién §£§;
in spring and early summer, so that it might be expected

that 6D values of tree rings would be better correlated

T
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with this growing season temperature. However, excellent

" correlation with winter temperature and the poor cqrrela-
tion with seasonal temperatures shown by the three spruce
trees indicates that the direct effect of the growing’
season tempe}ature on the hydrogen igctepie fractionation
during photosynthesis is not the major factpr in determining
the D/H‘ratios of tree rings. It appears thaé D/H ratios

dn cellulose of tree rings reflect that of g;;uﬁd water
taken by the plants. The isotopic composition of soil

water taken by plants in turn may depend upon the mixing
ratio of winter and summer precipitation. For example, : :%ﬁ
the high correlation between 8D values of cellulose nitrate |
and Qinter tempgriture shown by WSl and W52 may be attri-
buted to the importance of winter precipitation in forming
the soil watér tAken by the trees.

It is unlikely that photosynthesis leading tq pro-

duction ofvcelluloae is vigorous during the winter season
especially becember and January. However, it is §cssigle
that winter precipitation may play an important role in the -
productjon of cellulose during the growing season. vThis

may be the case for WSl and WS2 which came from Whitemud
Creek yhere a natural drainage system is yell developed.

Thus the summer rain at the time of precipitation drains

out to a neafby stream whereas winter spnow, due to poor ;i‘%”ﬁ,ﬂ
mobility, stays and thereby has a better chance of pene-

trating the ground for a long périod of time. Thus the

soil water taken by these plants may consist mainly of
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N
winter precipitation. Consequently, cellulose produced

isotopic composition of winter precipitation. On the
other hand, for WS3 whose growth site was flat, the
contribution of summer precipitation to the éD values of -
. cellulgse might be éampatible with that of winter precipi-
#atién; Therefore it is the isotopic composition of- soil
water which playé the most important role in determiﬁing
D/H ratio of cellulose in tree rings.

Hcﬁever; summer temperatures prevaleﬁt during the
growth year do show reasonable correlation with §D values
of tree rings. This may be partly due to the effect of
summer precipitation, aighgugh small, on the D/H ratio of
soil waté:, The existence of factors other than ground
water affecting D/H ratio of cellulose is not completely
ruled out. For example, temperature-dependent relative
humidity in the growing season may affect D/H ratios of
both ground and leaf waters through evapotranspiration,
and thereby D/H ratios éf,treg rings. Unfartunately,ilgck
of relative humidity records excludes rigorous functianalf
analysis between relative humidity and 6D values of tree
rings. \
various mean annual temperatures were cﬂ%related
'with 6D values of cellulose nitrate }n treeir;ngs (ggg
Table .19). The mean annual temperature averaged from
September of the previous year to Augu;t of the growing-

year shows a better linear correlation with 6D values of



Table 19. Correlation between 6D values of cellulose
nitrate and various mean annual temperatures
(D=at+b)

Sample S5-year tempera- Slope Intercept Correlation
‘ ture group °/oe/°C °/se ceefficient
- (r)

W51 Previous ¥ear 7.3%2 =-155=5§ 0.80
(Sep-Aug) _ 7
Contemporary year 5.7x1.3 -150%4 0.79
(Sep-Aug) ?
Contemporary year 0.6:2 -15315 0.71
(Jan-Dec) ! .

' WS2 Previous year 13¢] ~15614 0.95
: (Sep-Aug) : :
Contemporary year 10.3:1.3 -14914 0.93
(Sep-Auqg) )
Contemporary year 1222 =15326 0.86
(Jan-Dec)

Ws3 Previous year ‘ 7 e -165:8 0.93
e m e : 15+2

(Sep=-Aug) —

Contemporary year 114 -15415 0.88

(Sep=-Aug) :

Contemporary year 14+3 =161:8 0.83

(Jan-Dec)

'Previous year (Sep-Aug) represents mean annual temperature
measured from September of the n-2 year to August of the
n-1 year.

‘Contemporary year (Sep-Aug) represents mean annual tem-
perature measured from September of the n-1 year to
August of the contemporary year (n).

‘Contemporary year (Jan-Dec) represents the mean annual
temperature measured from January to December of the
contemporary vear (n).

cellulose nitrate than the January-December mean annual
temperature for all three spruce samples. Taking into

consideration that conifers in the Edmonton 'region grow
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from April to August and that December-March winter tem-
peratures showed excellent correlation with éD values of
cellulose, the mean temperature of September-August is
thought to be a reasonable choice for mean annual tempera-
ture.

It is of interest to note that mean annual temperature
averaged from September of the n-2 year to August of the
n-1 year has the best correlation with 6D values of cellu-
lose. In other words, the mean annual temperature of the
previaug?yea: plays a more important role in determining
D/H ratios of cellulose in tree rings than the mean
annual temperature of the contemporary year. This suggests

that the plants analyzed here utilized meteoric water -

st in the ground and that the time lag between the

(o7

(]

Ire

L

;ctua precipitation and fixation by the plants is about
1 year. Thus_thé proper grouping of the mean énnual
temperature that shows best correlation with 6D values of
tree rings may depend upon environmental factors such as
continental or marine environment and other factors such
as latitude, altitude, dry or wet climate etc. The fact
that the 4D correlation with mean annual temperature of
the previous year is better than that with the contempo-
rary year may be an artifact caused by the use of 5-year
groups of rings. However, the fact that all three spruce
samples show the same trend makes éhis p@ssibility lesas
likely. This will be further discussed with oxygen

isotope data.
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The linear regression equations describing the
relationship between 8D values of cellulose nitrate and
mean annual temperature are

6D = (7.3%2)t - (155*5)°/,, for WSl [45]

'SD = (1321)t - (156:4)°*/,, for WS2 ’ [46]

6D = (15:2)t - (165:8)°/,, for WS3. C [47]

Both the slopes and the intercepts of these equations are
different. 1In addition, the absolute 5D values of thé
three spruce samples fpr the time EQEi?éléﬁt ring groups
are not identical. This may introduce serious problems £a
Paleoclimatic rec@nstru;tién;especialiy when two trees of
different growth periods are used. Despite the fac;»that
W51 and WS2 are from essentially the same sité, thex
average D values of WSl are lower than those of WS2 by
14°/,, whereas WS2 and WS3 have essentially the same ép
values. These may partly be attributed to the difference
in the D/H ratio of the soil water taken by the tree
samples. The mixing ratia of summer to winter érecipitaﬁ
tion in the formation of soil water may depend upon factors
such as lithplogy, permeability of the soil and topography
of the growth site. Due to diffgrgnegs in such factors,
the ?elative amount of winter prééi%itgg}gg;in the soil
water taken by WS1l might have been higher ﬁhan that taken

R
by WS2. Thus the average 6D values{af WS1 would be lower



than that of Ws2 and the temperature coefficients diffe-
‘rént. In support of this, it is interesting to recall the
§D values of WSl were better correlated (0.89) with winter
temperature than with mean annual tgmpgratﬁrg (0.80)
- whereas WS2 shows better correlation (0.95) with mean
- annual temperature than with viﬁtgr temperature (0.92).
Since they reflect two diffg:ent temperatures, both the
slope and the intercept are also different.

The number of 5-year ring groups in juvenile
sections of WS1l, WS2 and WS3 are 4, 3 and 2 respectively.
Thus, the number of ring groups may be too small for any

meaningful functional analysis between §D values of juve-

to exhibit some imgcrtgﬁt trends that are useful in inter-
preting isetaph:fatias in tree rings. Table 20 shows the
correlations between §D values of juvenile rings and
various temperature groups. Seasonally, 8D values of
juvenile rings have better correlation with winter tem-
peratures than with summer temperatures. This is in
keeping with the reult obtained from mature rings,
namELy. that trees utilize mainly winter precipitation
stored in the ground.

WS1 and WS2 show that 6D values of juvenile rings
are better caf;elgted with the mean annual Eémpéraéu:e of
the contemporary year than with the mean anrual tempera-
ture of the previous year. This is in contrast to the

result obtained from mature\:ings. The result may indi-



Table 20. Linear correlations between §D v:lua: in
cellulose nitrate of juvenile rings and
various temperatures

5-yr temperature group Slope __Intercept = = r

LD

Annual (previous) 6.6:1.9 =17325 0.92

Annual (cantempgrafy) 1522.6 -19516.5 ) . 0.97

Winter (Dec-Mar) 6.0t1.6 =945:17 0.93

Summer (Apr-Aug) 20x12 -402:143 0.77

WS2

Annual (previous) 2,012 =-150+34 0.16

Annual (contemporary) 15+3 ‘ -183:8 0.98

Winter (Dec-Mar) 5.422.1 -91+21 0.93

Summer (Apr-Aug) -18229 +73.7:355 . =0.52

measured from September cf the n-2 year ta August of
the n~1 year.

Annual (contemporary) represents mean annual tempgrature
measuyred from September of n-1 year to August of the
contemporary yvear (n). .

Winter (Dec-Mar) represents winter temperature measured
from December of the n-1 year to March of the cantempgrary
year (n).

Summer (Apr-Aug) represents summer temperature measured
from April to August of the contemporary year (n).

cate that there are compositional and chronological diffe-
rences between 80il moistures taken by juvenile rings and

mature rings. For example, they utilize two different
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80il moistures whose isotopic cﬁzpasiéion and tije of
precipitation are not identical. When trees are young,

the roots are shallow and use soil moisture from relatively
shailau strata. The shallow so0il moisture in turn may be
composed mainly of contemporary winter érécipitatiang On
the other hand, the fully developed roots of mature trees
absorb the soil moisture stored in deeper strata in addi-
tion to shallow soil moisture. The soil moisture in

deeper strata may be composed of precipitation from pre-
vious years. Then, it is expected that juvenile and

miture rings within a single tree.may :ﬁntgin.tyc different
isotope ;égles that represent two different meagﬁgnﬁugl
temperatures. However, the difference in the source of
soil maistg:e cannot account for the large difference in

6D values between juvenile and mature rings because the
annual variation in éD value of water is relatively small.
Since the number of juvenile rings is few, compared to
mature :iﬁgs, the interpretation of 6D values of juvenile
rings may be fortuitous.

As a result of this experiment, it is apparent that
there exists an empirical relgtian:hgp between 6D values
of non-exchangeable CH hydrogen in cellulose and mean
annual temperature and that it is a .positive lifear rela-
tionship with rnm,hvm:ghtian coefficient.

2.3 Relationship between D/H Ratios of Tree Riﬁgi and
the Amount of recipitation _

The pﬁgsibility of a fungtional relationship between
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AT
§D values in celluylbse pitrate of tree rings and the

amount of p:ecipiéifian was examined. Correlation coeffr-

[
H

cients of linear regression analysis between them were

calculated. The grouping of average amounts of precipita-

similar manner to that of temperature.
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Table 21 shows thg correlation between the amount of
monthly precipitation and §D values of cellulose nitrate.
The amount of precipitation in.the month of January of
both previous and contemporary years shows the best corre-
lation with 8D values of cellulose nitrate for all three
spruce samples from Edmonton.. Unlike temperature, the
precipitation of December is poorly correlated with 6D
values of tree rings.

Table 22 shawé the linear correlation between’ 6D

%
tree rings and the seasonal and annual precipi-

L]

value

o
tation. Compared to the correlation with temperature, the
D/H ratios of tree rings ;re poorly correlated with the
amourit of precipitation in all cases. For example, the
best c@rrglgtién coefficient obtained between winter pre-
cipitation and 6D values of WS2 is only 0.68 whereas its
correlation coefficient with winter temperature is 0-92;
Eeverthelgss, the result of linear correlation between
§D values of tree rings and the!améunt of precipitation -

is qualitatively in agreement with the result from the

-

temperature-5D relationship.
For all three samples, WS1l, WS2 and WS3, winter

precipitation averaged from December to March shows a



Table

Sample

21!

% Correlation Coefficients of the Linear
Relationship between 6D Values of
Cellulose Nitrate and Monthly Precipita-
tion Amount.

Year J F M A M J J A s O

117

Ws2

WS3

n 61 28 4 7 28 19 30 S0
n-1 72 S0 13 13 10 14 43 43 22 55

> 20 47

“n 60 47 16 32 42 24 41 20 42

n-1 69 24 52 24 35 16 48 7 23 38

n 49 1 23 11 37 5 35 22 33

1 10

n = Contemporary year
n-1 = Previous year
.niz = Second previous year
: . ) o
7 @ '

&
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Table 22. Correlation between §D Values of Cellulose
Nitrate and Seasonal Precipitation
(6D = a°P_ + b) .

Sample Season Slope Intercept o

WSl Winter (Dec-Mar) -1.5%0.9 -1223:8 = -0.43

Summer (Apr-Aug) -0.4%:0.4 -129:8  ~0.32

Annual (previous)l  -1:1 -120%6 -0.26
Annual (contempo- -1.3tl -115t15 -0.35
rary)
‘WS2 Winter (Dec-Mar)  -3.4%1 -922]1 ~0.68

Summer (Apr-May) -0.75:0.1 - =-108£13 -0.27

Annual (previous) =-2.9:1.6 -77225 -0.49
Annual (contempo- -2.6%1.6 -81t23 -0.4%6
. rary) .
WS3 - Winter (Dec-Mat) -0.7%0.7 -117+6 -0.3 ;
Summer (Apr-Aug) -0.2+0.8 -119:6 -0.23
Annual (previous) -1.7:1.9 ' -97:28 -0.29
Annual (contempo- -2.4%1.9 =~ -87+29 -0.36
ra;y) :

lAnnual (previous) represents average amount of -
precipitation measured from September of n-2 year
to August of n-1 year.

2Annual (contemporary) represents average amount of

precipitation measured from September of n-l1l year - SR
to August of contemporary year (n).



better correlation with 8D values of tree rings than summer
precipitation does. This indicates the importance of
winter precipitation in determining 6D values of tree rings.
Unlike temperature, winter precipitation shows a
slightly higher correlation with 6D values of tree rings
than does mean annual pré:ipitatian_ Thia may suggest
that factors other than the 6D value of precipitation also
play some role in detemining 6D values of tree rings. In
contrast to correlation with temperature, WSl and WS3
show slightly higher correlation with the mean annual
temperature of the contemporary year than with that of
the previgus year.
In all cases, &D values of tree rings are negatively
correlated with the amount of preci?itati@n. The negative-*
correlation is due to the amount effect of meteoric water

on it

isotopic composition. Dansgaard (16) has reported

several possible contributing factors for the amount effect:

1_23 When § given mass of condensing vapor is considered,
| the isotopic composition of newly formed condensates
becomes progressively depleted in heavy isotopes
(D and '?0) as the cooling proceeds. Since the
“amount of condensate increases with the degree of

L 4

cooling, the amount effect with a negative correla-
tion between isotopic compositions of water and the

amount of precipitation may be expected.

2, Fractionation may occur due to isotopic exchange

between the falling drops of condensate and the

119



environmental vapor. This effect accounts for the
relitively high 6§ values of light rain. In such
case, vapor.below the cloud has.not yet been exposed

to cooling processes and thereby‘retains high

- values. Thus the isotopic exchange with such vapor

of high § values results in an enrichment of light

rain in heavy isotopes (D and '®0). 1In-the case of

|3

heavy rain, vapor composition is determined mainly

by the liquid phase.

Fractionation by evaporation of falling drops. Low

"humidity of the low altitude air causes a loss of

liquid phase by evaporation and thereby considerable

enrichment of the rain.

‘The amount effect is found all the year round at most

tropical stations and in the summertime at mid latitude,

but never at polar stations (16). The negative correlation

encountered fqr three spruce samples from Edmonton appears

to be the result of the amount effects particularly that

of fractionation by\q?gh evaporation in the Edmonton region.

The high evaporation in turn is related to low humidity in

this region. ‘ ) | .1

1

Table 23 shows the correlation between 8§D values of

‘juvenile ringq g@d the amount of precfbitatiOn._ Mean

annual precipitation of the contemporary year shows a

better correlation with D values of juvenile rings than

the mean annual precipitation of the previous year, which

120



Table 23. Correlation between 6D Values of Juvenile
Rings and Precipitation

Sample Season -~ Slope  Intercept r__

WS1 Annual (previous) 1.421.1 =17.8+18 0.65
Annual (contemporary) 1.7:0.9 -183214 0.81
Winter . 2:1.3 . -174:11  0.73
Summer 1.1:20.7 =185+16 0.78

ws2 Annual (previous) ¥.2+0.02 -162+0.3 1.0
‘ Annual (contemporary) 1.3:0.1 -16612 0.996
Winter 1.640.4 -158+4 0.96
Summer ‘ 0.9zx0 |

.2 ~167+4 0.99

e

Annual (prEVlDus) represents amount of precipitation
measured from September of the n-2 year to August
of the n-1 year.

Annual (contemporary) represents amount of precipitation
measured from September the n-1 year to August of
the contemporary year :

_is'ihfégreement;with the result from temperature data. 1In
contrast tc'gemperaturé,,summer precipitation shows a
slightly higher correlation than winter precipitation.

The most striking feature %s the po t;ve linear relation-
ship éetween §D values of juvenile rinQS'gnd the amount of
precipitation whereas the mature rings have a negative 7
correlation which is in turn attributed to the amount
effact inpreéipitaticn, The causes of the positive slope
and hlgh;f carrelat;cn w;th summer precipitation whlch is

not substantiated by temperatufe data are not known. They

L%
=
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could be an artifagt of correlation with a small number
of data.

| Due to poor correlation between 6D values of tree
rings and precipitation, it is unlikely that one can
obtain ;ny-feliable information about the amount of
precipitation from D/H ratios of trge;fingg; However,
correlation between 5§D values ef tree rings and precipi-
tation supports the results gbtaingé from correlation
with temperature, i.e. P/H ratios of tree riné: mainly
reflect D/H ratio of soil water taken by the plant. °

2.4 Hydrogen Isotopic Analysis of Materials other
than Cellul@ge:in Tree Rings

Woods are extremely complex chemical systems in
which each chemical constituent has a different isotopice o
composition. Thus it is necessary to find a material that
best preserves climatic information. Alternatives to the
use of cellulose may be extractive-free wéed. hemicellu-
lose and lignin. Wood aitrgctives are excluded from the
isotopic analysis for a number of reaséngi Wood extrac-
tives include a wide range of chemical types and a very -
large number of individual compounds. Some of the major
chemical types of extractives are 1) terpenes and related
egmpﬁuﬁdg, 2) fatty acids, 3) aromatic compounts, and |
‘ii;§§latile.§ils (90). The relative amount of wood
- extractives is so small that isotopic determination of
them ;; almost impossible. In addition, some extractives

found in a given growth ring are deposited at different
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times from the rest of the constituents and thereby des-
‘troy the time scale. - )

-Té find a functional :glatianship between extractive
free wood and temperature, D/H ratios of extractive-free
wood of WS1 were aet:;miﬁeé_ To eliminate the problem
associated with exchangeable OH hydrogen, extractive-=free
wood mills were nitrated. Table 24 compares the 6D values
of nitrated extractive-free wood with those of nitrated
cellulose (see Fig. 21). Extractive-free wood (denoted
by wood .in the subsequent discussion) has lower §D values
than cellulose nitrate by approximately 19°/,,. Total
variaticn iﬁ 6D values of nitrated wood is 7°/ .. whereas
that of cellulose nitrate is 10°/,,. It is of interest to
note that the nitrated wood of juvenile ring (#17) also
has a low &b value. From Fig. 21, it isbapparent that
there is no functional relationship between 6D of wood and
§D valﬁas cf‘:ellulase_ !

Table 25 shows cér$§l§ti§ns between various §D values
of chemical constituents in wood and mean annual tempera-
ture. Whereas 6D values of cellulose nitrétea are well
correlated with ﬁgan annual temperature (r-§_514). éD
values af”nitrated extractive-free wéadi are not corre-
lgtediwitﬁ the temperature. The extremely i@ﬂfvalue of
Qﬁhe correlation coefficient (f—DiOQS) sugéeggg that the
hydrogen ,isotopic éampagitian of gxtractive;ﬁrge woods
does ﬂﬂt\}EEBifV! temperature information. Furthermore,

it is to be.expectéd that 6D values of whole vood
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The relationship between the 4D values of
extractive-free wood from WSl and the corres-
ponding cellulose. Bqth wood and cellulose
are nitrated to eliminate exchangeable OH
hydrogen.



Table 24. Comparison bet%een D/H ratios of Nitrated
Cellulose and Nitrated Extractive-Free

g Wood of WSl
Ring 6D CN* SD NW** §D Lignin 46D .
(8Doy=6D, 5 )
®*/eo ®/0o0er ‘ /oo */oo
4 -1a1 -152 174 33 ’
5 -131 -158 -212 81
6 -132 -151 -189 ’ 57
7 -139 -157 -193 54
8 -154 =200 69
9 -155 -197 63
10 -157 -203 69
11 -137 . -156 . -194 57
12 -133 -15¢ ' -196 63
17" -168 -176 © -192 24

* CN = cellulose nitrate

** NW = nitrated wood . !
t No. 17 is a juvenile riﬁgﬂ;raup

L



Table 25. Relationships between &D Values of Varxous
. Wood Components and Temperature

~7

Variable Regression Intercept' Correlation
Par Coefficient Coefficient
*/ee/°C /o (x)
GDCN vs t 9.4:1.6 -159+4 0.91
SDN" vs t -0.3:2.6 ~-15417 -0.045
GDNw vs DCN -0.042:0.25 . -161:t34 -0.064
6Dlig vs t -19.7+8.5 -144:22 -0.66

ASD vs t 2919 -156125 0.76

CN = cellulose nitrate
NW = nitrated wood

/
lig = lignin

. o«
including extractives would not have sensitive temperature

-information. Thus, the validity of early isotope work
done on whole wood is in douLt.

An attempt has been made to inves;igate the presence
of a possible thermodynamic thermometer between cellulose
and lignin. Lignins are complex, crosslinked, three-
dimensional polymers formed from phenolic units. The
- quantitative extraction of lignin from wood for isotopic
determination appears very difficult if not impossible.

However, taking into consideration that extractive-free

: °
wood is composed of cellulose, hemicellulose and lignin,



6D values of lignin may be calculated from &D values of
extractive-free wood and cellulose. j

If hemjcellulose is assumed to have similar D/H
ratios to cellulose and that lignin comprises 30% of
extractive-free wood, the material balance of wood is
expressed as extractive wood = (0.7 ce}lulase + 0.3 lignin.
If the molecular formula of lignin is assumed to be the
same aifphenél (CGH7Q); the total hydrogen iefcne gram of
wood will be given by

No. of hydrogen

3 in lignin

No. of hydrogen in cellulose , .

H = 0.7 STecular wt. of cellulose
of lignin
® 0.0653. (48]

Frdm the material balance of deuterium, 5D values of
lignin are calculated

_0.0653 §Dwﬁ = 0_04326DCN + OiOZEléDlig [49]

, = 36Dy - 26Dy | . - [s0]

éD
where NW, CN and iig represent nitrated wood, cellulose
nitrate and lignin respectively. The difference in D °.

value between cellulose and lignin is given by \

Y

46D = 8Dgy = 8Dy o = 3(8Dcy=8Dpy) TR {51]

Hoth 6D values of lignin and ASD values are listed in

Table 24. Table 25 shows various linear functional .

molecular wt.
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relationships among 6D values of cellulose, lignin, and
temperature. As is expected from the poor correlation

between §D values of extractive-free wood and mean annual -
temperature, &D values of lignin, compared to cellulose’
nitrate, are poorly correlated with mean annual temperature.
The fractionation between cellulose and lignin thus calcu-
lated shows a positive linear correlation with the megn‘

annual temperature, which is contrary to thermodynamics.
Thermodynamics predicts a decrease in fractionation as
temperature increases. Furthermore, the correlation co-

efficient is lower than that of the celluiése nitrate-

:temperaturg relationship. Even the seemingly high corre-

lation :Deffic;ent (0.8) of the AéD-temperature is mainly

'dug to the effect of the high correlation between cellulose

nitrate and temperature. A better knowledge of the

chemical formula of lignin ﬁﬁuld not likely improve the -
correlation bewween ASD and temperature. Thus, the

presence of a thermadynamic thermometer in cellulose~-lignin
Pai;-is not guaranteed.

2.5 Isotopic Comparison between Nitration of Cellulcse
(WCCN) and Direct Nitration of Wood (WCN)

Therg are two ways of cbgaining cellulose nitrate;
one is tha direct nitration of wood followed by aeetane
dlssclut;an (WCN) and the other is the ,,,atian af :elluL
lose which has been extracted from wood by the sodium
chlorite method (WCCN). The preliminary.result of nitra-

[ 4

tion of WSl has shown that cellulose nitrates prnparjﬁfﬁ£




[
[ %]

the direct nitration of wood are systematically more
depleted in deuterium than those prepared by the hiﬁ:;tian
_éf cellulose extracted by the sodium chlorite method. 4D
values of cellulose nitrates prepared by the direct nitra-

tion of wood mills of WSl a

H

e attached in Appendix 3. The
precision of these data is t3°/,, whereas that of cellulose
nitration is‘:zéfgg- The linear regression estimate between
the celiuiﬁse&nitrgted by WCN method and mean énnual tém-

—

perature is given by
¥

6Dy = 7-5t - 163°/,,. (52}

The c;rrelatign eaeffigiint is 0.69 which is less than
that of 6chcﬁstemp§raturg relationship (0.8).
The low &D values of cellulose nitrate by the WCN
method and the poor correlation with temperature may be v
. attributed to the prﬁsgnéa of impurities gﬁ:h as coloring
matter and some type of hemicellulose. Cellulose nitrates
prepared by direct nitration of wood are light brown in
color indicating the presence of coloring matter and they
are not as flgffyras ;itr:tgd\%iilulo:e, Since lipid
fractions and lignins are d:agt,,allyvdeplatea in deutgfium=“
even ééry small amounts of these in:é?péfated in the cellu-
1Q§é‘phg;e will reduce the éYErELiAﬁﬂ values éﬁ cellulose
nitrate.

Nevertheless, the similarity in temperature coeffi-
cients of cellulose nitrgtgimggéi-ﬁnu;l temperature rela-

&

tionships between two different nitration methods suggests
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that two methods measure essentially the same isotopic )
composition of non-exchangeable CH hydrogen in cellulose.
However, reproducibility of nitration of cellulose appears
better than that of direct nitration of wood. For. this
reason, all other cellulose nitfates were prepared by

| 3

nitrating cellulose extracted by the sodium chlc

0
"
»-
4

method.

i

2.6 Hydrogen Analysis of Trees from Various La;;;;tieérg

Table 26 contains cellulose 5D values of. trees from -

various growth sites in North America. Thin radial sections
of tree ring series ranying from 15 to 60 years were used

¥
=

for the isotopic determinations. Average values of 6D were
obtained by taking long series of tree rings so that
seasonal and yearly fluctuations are filtered out. Care

was taken to exclude the juvenile rings in any sampleg to
eliminite the possible problems associated with them. The
functional relationship betQQEﬁ 6D values and mean annual

temperature at the growth sites is found to be linear.

Thevlinear regression equation is found to be
6D = 6.0t - 130°/,,. . - [53)

The correlation coefficient is 0.99 indicating there is

.3 strong linear correlation between mean annual temperature
and D values'iﬂ cellulose of trees. These data were

- combined with data selected fréﬁ the 1it§ratu:e‘(23,31)

and plotted in Pig. 22. Selection was made on the basis

-
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Figure 22. The relationship between &éD values of tree
o rings from various sites in NortHi America
te v “and mean annual temperatures. Each 8D value -
. represents the average over several years.



Table 26. 6D Values of Cellulose Nitrate in Trees from
Various Localities in North America and Mean
Annual Temperatures at the Sites =)

§D(°/,0o SMOW) Temperature °C

Location
1. Grant Grove, California -60 . 11
2. Edmonton, Alberta =122 2.8
3. Fort Vermillion, Alberta -141 -1.9
4. Yukon I (Decoeli) -156 | ~-4.5
5. Yukon II =171 =7.6
6. Vancouver Island, B.C. ~ —fQ 9.9
7. Oconto, Wisconsin | -87 | 7.2
8. Miami, Florida o -2 23
9. Spring Green, Wisconsin =79 7.7

10. Houston, Texas -40 20

11.  Kalamalka, B.C. | -98 8

12. Puerto Rico 23 ° ] 26

of climatic records being available Sésthat mean annual
temperatures could be calculated. Data from Epstein et al
(31) were c@rﬁected by adding 5°/,, to compensate for the
difference in 6D values obtained by the two nitration
methods. The linear regression equation obtained from

this reinforced hydrogen isotope data is given by

D = 5.i§/— 130°/,, . | (54]

Equatiéns (53] and [54]) may be compared with equation [55])
which describes the relationship between mean annual air ‘

r

132

J
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temperature and mean annual éD values of meteoric water
[55]

(15).
8D = 5.6t - 100°/,, -
This equation was derived from the equation between §''0
values of meteoric water and mean annual surface tempera-

ture assuming that meteoric water satisfies
[56]

§D = 86!%0 + 10°/,, -
The §'%0 data used in this derivation were collected from
L

coastal and island stations in tropical and middle lati-
Thus, the validity of equation [56] may be
Nevertheless, the

tudes.
restricted to those coastal stations.
température coefficients (5.5 and 6) thus obtained are
close to that of the meteoric water equation [56]. This
is in keeping with the finding of Epstein et al (31) who
réported a linear relatiomship in &§D vaiges between cellu-

lose nitrate and environmental water. The linear regres-

sion equation has a slope of 0.97, an intercept of -22°/,,
is almost .

and a correlation coefficient of 0.98.
The fact that’the temperature coefficient
the same as that o;’the meteoric water equation iridicates
is the

that the isotopic composition of the soil water

primary factor which controls the D/H ratio of cellulose

non-exchangeable hydrogen in plants and that soil water

utilized by plants is essentially the same as meteoric
The intercept of -130°/,, jin the equation,

water.
compared to -100°/,, of the meteoric équati@n indicates

/.

b
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-~
that the cellulose carbon-bound hydrogens preferentially

concentrate the lighter isotope with respect to the environ-
mental water by an average 30°/,, which is close to the

22°/,. reported by Epstein et al (31).

3. Oxygen Isotope Results
\ = .

3.1 Ralationship between Temperature and" §'°0 Values
of free Rings . o

'*0/'°0 ratios of cellulose from samples WS1l, WS2 and

WS3 were measured. Each tree was divided into five-year.

groups of growth rings. Thus, the §'°0 value of each group
represents the mean §!%0 value of the five consecutive tree

rings. 6'%0 values of cellulose from WS1l, WS2 and WS3 are
..plotted in Fig. 23 together with mean annual temé%ratp:e.

In cénttast to hydrogen, theré seems to be no significant
“shift in §'%0 values between the juvenile and mature
2bectians of growth rings for any of the three spruce samples.

However, functional analysis of the Qxyggg‘isatape'aéta

mature rings to eliminate any such effects.

To investigate possible functional rglatieﬁghips =
between oxygen isotopic data and temperature, linear
regression analysis was carried out between §'*0 values in

' cellulose of treq rings and‘variaus groups of tsmperétu:e.
The results are éh@ﬁn in Tables 27 and 28.

In gendral, §'°0 values of cellulose do not corre-

late as well as 6D values with all temperature éraupg
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Table 27. Correlation between §''0 Values of Cellulose
and Various Annual Temperatures (ta)

5-year Temperature ¥
Group ) ____ Relationship = ___cc*

Sample WSl

Previous Year §1%0 = (1,35io.41)ta+(io_5:1.15) 0.71
(Sept-Aug) )
Contemporary Year 6'°0 = (oissszc.zs)ga$(21_5:0,97) 0.66

(Sept-Aug) ‘
Contemporary Year §1%0 = (1.22%0.46)t_+(20.9%1.3) ° 0.62
(Jan-Dec) a

sample W

Previous Year §'%0
(Sept-Aug) E .
Contemporary Year 6'%'0 = (0.69£0.27)t,+(23.:120.78) 0.62
{Sept-Aug) ' '
Contemporary Year 6'%°0 = (0.70£0.38)t +(23.1£1.06) 0.51
(Jan=Dec) - -

(1iDB:D¢23)ta+(22i2:0.77) 0.76

Sample WS3

Previous Year §'%°0 = (1.47£0.39)t_+(20.421.0) 0,77
(Sept - Aug) 7

Contemporary Year 6'"0 = (0.86:0.40)¢,+(22.221.1) 0.56
(Sept-Aug) i ,

Contemporary Year §'l0 = (0.79%0.58)t_+(22.321.6) 0.40
(Jan-Dec) ’ A

CC* = Correlation coefficient )
Previous year (Sept-Aug) represents mean annual temperature
measured from September of the n-2 year to August of the
n-1l yeqf;

Contemporary year (Sept-Aug) represents mean annual tem-
perature measured from September of -the n-1l year to August
of the contemporary year (n).

Contemporary year (Jan-Dec) represents mean annual tempera-
ture measured from January to December of the contemporary
year (n). .
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Correlation between §!°%0 vValues of Cellulose
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Table 28.
and Various Seasonal Temperatures (6'°0 = at+b)
Sample ‘5-year T rature Slope Intercept cc*

Group °/°°/°c °/oo
L

WSl Winter (Dec-Mar) 0.33:0.16 27f7tl.7 0.52
Summer (Apr-Aqu 1.27%0.45 8.5:5.6 0.64
wWS2 Winter (Dec-Mdé; 0.27t0.13 27.8:1.4f 0.53
Summer (Apr-Auq) 0.89:0.34 14.124.2 0.63
WS3 Winter (Dec-Mar) 0.31:0.18 27.71.9 0.48
Summer (Apr-Aug) 0.32%0.5 20.3%6.2 0.21

CC* = Correlation coefficient

Winter (Dec-ﬁar)_repfltents winter temperature measured /
from December of the n-1 year to March of the contemporary
vyear (n). .

v

Summer (Apr-Aug) represents summer tehperature measured
from April to August of the contemporary year (n).

°
examined. Nevertheless, 6'%0 values of cellulose provide
an insight into the role of Qarious seasonal temperatures
in determining the isotopic composition of tree rings. |
§'%0 values of WS1 have a slightly better correlation with
growing season temperature than with‘winter>temp§rature.
This is contrary to the hydrogen isotope results‘'where 6D = -/
values are better correlated with winter temperature.

Similarly, in jhe case of WS2, §'°0 values are slightly

ed with growing season temperature than

. -

better correla
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with winter téﬂperﬁtureg _

On the other hand, while the correlation between ¢'*0
values and winter temperature for WS3 is comparable with
those of WSl and WS2 the correlation with growing season

.tEﬁéerggur; ig much lower (5!21); The best correlation
between §!'0 values and temperature was obtained when the
5-year mean annual temperature group was chosen to begin

one year prior to the tree ring group. This was also found

to be true for the hydrogen results. Thislsuggests that ‘the

oxygen and hydrogen isotopic compositions of tree rings is
determined mainly by the isotopic composition of stored
soil water which has a large contribution from the previous
year's precipitation at any given time.

However, the effect of seasonal temperatures on 6D

and §'%0 values of cellulose is somewhat different. Whereas

6D values correlate better with winter temperature than with

growing season temper;ture; §'*0 values have generally com-
parable correlations with winter and growing season tempe-
rature. This indicate; a possible temperature-dependent
fractionation cf'ciygen occurring in the growing season
duriné photosynthesis. This possibility will be discussed

in the next section.

3

3.2 Relationship between Precipitation and §'*O Values
of Tree Rings =~ ' S

Table 29 shows the correlation between §'°'0 values

. of cellulose and the amount of precipitation. Even though

all the correlation coefficients are low, it is apparent
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Table 29. Correlation between 8'*0 of Cellulose and
Seasonal and Annual Precipitation

Sample Season === Slope == Intercept = r -
WSl Annual (previous) =-0.44:0.19 30.8:2.9 0.56 '
Annual (contempo-~ =0.34:0.2 29.3:3.1 0.44
rary) )
. Winter (Dec-Mar) -0.26:0.2 26.4:1.7 0.36
WS2 Annual (previgqus) =0.12:0.18 26.8+2.7 0.20
Annual (contempo- =0.23%0.16 28.422.4 0.40
rary) i
Winter (Det-Mar) -0.27+0.14 27.3+1.1 0.54
Summer (Apr-Aug). -0.06%0.06 26.5+1.3 0.34
]
WS3 Annual (previous) -0.45:0.18 31.2+2.7 0.62
Annual (contempo- N.05+0.05 23.8+0.7 0.27
rary) o
Winter (Dec-Mar) 0.087:0.09 23.8:0.73  0.30
‘Summer (Apr-aug) -0.2+0.07 29.1:1.8 0.63
Note:

Annual'(greviaﬂs) presents mean annual temperature
calculated from September of the n-2 year to
August of the previous year (n-1).

temperature calculated from September of previous

year (n-1l) to August of contemporary year (n).
that §'*0 values of cellulose are best‘caérelated with mean
annual precipitation of the previous year. 1In EQﬁt{éit to
temperature,'howevez. the amount of winter precipitﬁtian
shows higher correlation with §'°0 values than deeszthe
amount of growing season pre;ipitatigﬁ; fbi; difference
in the correlation of §''Q with temperature and érecipitaé

tion may suggest that in addition to 6!'0 of stored soil



water, summer temperature may play an important role in-
determining 6''0 value of cellulose. This was not found to
be the case with D/H ratic values. _

. Based on the result that both 6D and §''0 of tree
rings are a reflection of the isotopic composition of soil
. water, it is difficult to believe that the large difference

in 6D values between juvenile and mature sections of growth

tihgs could be the result of climatic changes which occurred

‘at the éitg sinze_such changes would have affected both D

and $'%0 values of cellulose.

4. Relationship between Ring Width and Isotope Data
- i-

The use of ring width variations to construct past
Climate has received much attention in recent years (44,63).
Furthermore, based on the fact that in many tree species,
either early or late wood width is relatively constant and
that the'ear;yiand late wood generally have different iso-
topic composition (31,50), Wigley et al (97) have suggested
that variations in igétépic ccmpcéitian in cellulose of
tree rings may be, inkpart. a function of variations in
ring width.

To find a possible relationship between ring width
and isotagic compositions of cellulose, widths of single
rings of the thret spruce samples from Edmonton ﬁEfEKEEE?'
sﬁred. The tree ring widths can vary not only with fluc-
tuations in environmental conditions, but also with

systematic changes in tree age (44). Thus the normal
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standardization procedure in dendrochronology is to
eliminate the ring width fluctuations associated Hith the
changing age and geometry of the tree.

;Stgndaréizatian was carried out by transforming ring
widths into ring-width indices. A growth curve was con-
structed by taking an 11 fear moving average afrthe ring
width data. The measured ring widths (Wt) were then
converted to ring-width indices (It) by dividing each
width for year (t) by the expected growth (Yt),

It = Wt/Yt. (57)

Division by the expected growth removes the trend in growth
and scales the variance so that it is approximately the

same throughout the entire length of the time series. Table

30 shows the equivalent rings. It is apparent that there is
no significant correlation between the isotopic composition
(eith§§ oxygen or hydrogen) and ring width' for the three
tree samples analyzed.

. In the case of correlation between total ring width.
and §D values of the eéuivalant rings, total ring sequenzéil'
including juvenile rings have a negative correlation whereas
mature ring series have a positive but lower correlation.

- However, the high correlation coefficient of total ring
sequences has no physical meaning. It is the direct result
of the fact that the variatfon in 6D of total ring sequence
is largely due to the juvenile isotope effect whereas

variations in §D of juvenile and mature rings are small.



Campﬂg;tlan in Cellulose

W vs D wWvs 6%
5D = aW+b » §1%0 = a'w+b'
Sample Slope (*/,./W) r Slope (°/,./W) r
wsl (1) 23:23 0.25 1.7+1.3 0.32
(2) 2.1:0.9 0.07 2.1#1.7 0.36
WS2 (1) 29%20 0.39 2.2+0.9 0.56
(2) 8.7%15 0.19 -2.9+1.2 0.6
WS3 (1) =13%15 0.25 -0.28%0.9 0.09
(2)-1.38 0.05 -0.0420.1 0.09 1‘*

— ’i' S ———— e ————— :77717
(1) Total ring series including juvenile ring

(2) Mature rings

W = Ring width in arbitrary units

When the juvenile rings are eliminated from analysis, the

correlation coefficients decrease drastically. This e

ffect

is not shown in the correlation with oxygen because there

is no systematic difﬁerence in §''0 values between the

Thi: result is centradi&éfj to the findings of

"Mook et al (77) who reported a negative ga:rglatiaﬁ between

ring width in an ocak tree fram Drente, Nethgrlands.

It is however difficult to compare their work with the

%]
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present study beéause they dié not provide the detaileé
analyéi:. Faréexgmple; it is not clear whether or not

their ging ﬂiééh‘éata were standardized and their growth
rings included juvenile rings. The poor correlation between
ring width and 6D or §''0 values of equivalent rings was
also observed by Gray and Thompson (50). They measured
early wood width, late wood width and total ring width for
the entire section of a tree. Further, oxygen isotopic
analyses were carried out on early and late wood from a
number. of selected rings from the tree. - In contrast to ' P
Wigley et al (104), the maximum contribution of ring effect
to the variation ‘is estimated to be less than 10%\ of the
total variation (50). When 5-year gfaups of rings were
used, .this ring effect tended to minimize even further.
Table 31 shows the correlation betweéen ring width indices
aﬁd mean annual temperature. Whereas isotopic compositions
of tree rings are well correlated with temperature, there
appears to be no significant correlation betﬁeen tree "ring
width and mean annual ﬁempe:aﬁure- .

[

Table 31. Correlation between Ring Width and Mean Annual
Temperature

(W=aT+b)

Sample _Slope (W°C)

Correlation Coefficient (r)
wsl  o0.12:0.07 0.2
wS2 0.12£0.1 0.3,
Ws3 ~0.0420.17" ; ' 0.07

W

Ring width in an arbitrary unit. T = Temperature



5. Relationship between 6D and §'‘0 Values of Cellulose

waters are related by the simple equation (12),

5D = 8 6'%0 + 10°/,,-

' -

"In general, the slapeAEE 8 indicates the simple Rayleigh

condensation processes under equilibrium conditions. The

validity of this equafion was further confirmed by Dansgaard

(16) who obtained essentially the same equation by analyzing

waters from northern hemisphere continental stations. How-

ever, it is also well known that both the slope and the

ihte:cept of this equation vary in different regions (54,16).

For example, meteoric waters at stations such as Nord,
‘Aliéé'séringsg Pfetaria and Whitehorse, have a slope of
aﬁpraéimately 5. The reduced slopes are attributed to non-
equilibrium evaporation frag falling raindrops. Thus the

actual size of the slope may provide important information

The same principle can be applied to the leaf water
system. The leaf water of terrestrial plants is enriched
180 compared to the soil water and precipitation (37,20).
The enrichment is caused by evapgtranspiratign of leaf
water. It is:a direct function of the relative huﬁiéity.
In order to demonstrate such é relationship between §D. and
6“@ of leaf uatnr; Epstein et al (28) measured the ¢D and
6'%0 of the water vacuum distilled from various plant

i;
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leaves. The slope of 6D vs §''0 of leaf waters turned out
to be 2.5. The low slope was attributed to the effect of
non-equilibrium evaporation on the 6D and 6''0 of water in
the plant accompanying evapotranspiration through the
leaves of the plant.

The question is vhgth;r or not the cellulose, the
finAl product of ph@tésynthggig utilizing leaf water,
preserves the same relationship between D and 6'%0
observed for meteoric water. For example, Libby et al (68)
in their isotopic angiysisiéf an 1800 year riﬁg'sequencg'
obtained a linear :gigtiénship between 5D and §''0 of whole
wood. The slope of the equation turned out to be 8, which
was used as evidence that both 6D and §'°'0 of whole wood
reflect those of meteoric water.

To resclve this problem, an attempt has been made
to find a functional relationship between D and §'°0 of
ce;lul?i!’extracted from the three gspruce samples (see
Table 32). The slopes of the linear equations thus
obt;ingd for the three samples are 2.3:13, 7:2.3, and
5.3:2.1 respectively. Despite the fact ;hat the three

Table 32. Correlation between 6D and 6''0 of Tree Rings
(8D = a 6'%0 + b°/,,)

Sample Slope Intercept °/,, Correlation
ittt S— S ——— S— iniins “- R~ g"ff ci Pl
wsl 2.32¥.3 =190131 0.48
Ws2 7.0£2.3 =297157 ~0.70
WS 3 5.3:2.1 -252151 0.62



samples are from the same climatic region, the slopes of
these three treé: ‘are not the same even taking into account
ghe large uncertainties in theﬂ:lsges-

Taking into consideration that the standard deviations
of the slopes are large, the slopes of WS2 and WS3 may be
regarded as esggntially the same having a value of approxi-

his may be compared with the slope of 7.7

for meteoric water in the Edmonton region (54).
The difference in slope between cellulose and meteoric water
may indicate the degre% of kinetic effect due to evapotrans-
piration occurring on the leaf structufesir
! The slope of 2.3 obeerved for WSl‘is more difficult
to explain. 1In general, a low slope of 8D vs §'°0 rela-
tionship is -associated with differential enrichment in heavy
isotopes (D and '%0) due to the kinetic isotope effects in
Evapatranspi:aticﬁ in conjunction with low relative humidity.
Considering that WS1 and Ws2 aré from essentially the same
site, it is unlikely that relative humidity, at the growth
site of WSl was much lower than that of the site of WS2.
The fact that the §D values of WSl are systematically
lower than tﬁ;:e of WS2 and WS3 indicates that the incon- '
sistency in the slope of ép-§''0 relationship bgtwéen
individual trees may be elucidated in the context of the
source of water taken by the iﬁdividual trées and the
source of hydrogen and oxygen in tree rings.

First, the composition of soil water (mixing ratio

of summer-winter precipitation) taken by individual trees



may be different.. Thus soil water taken by WSl is mainly
winter precipitation and its isotopic composition is rela-
tively cq&gtaat_ Since relative humidity in the Edmonton

region is relatively low and the §''0 value of water is

the slope of 6D-8'°0 equation for WSl would be small. 'Thus
variation in &D and 6'%0 values of WSl is thought to be
caused mainly by relative humidity variation in this
Sregienf To explain this, a hypothetical growth condition
may be considered. When a tree stands on a slope, the
water taken by the tree will be composed of mainly winter
precipitation Eecause most of summer precipitation will '
run off. On the other hand, watér taken by a tree on flat
or hollow ground will be a mixture af the winter and summer
precigitati@ﬁi Then even if theirelativé humidity at béth
sites is the same, the water taken bw the two trees will
show different slopes provided that summer and winter pre-
cipitation preserve different slopes. The effegt of
humidity on the slope will also be different For the two
trees. For example, it may be expected that the slope for
the former tree would be more sensitive to relative humi-
dity than that of the latter which is refurbished with
fresh summer water. Thus the slope of §D!5“Digflatiannhi§
exhibited by individual trees may be!differentrénd it may -
not be a simple function of relative humidity. This
hypothetical consideration may not be far from the actual

case reported here. In support of this, it is interesting




to mote that the 6D values of WSl afe better correlated
with winter teipergtufg than either with summer' or mean
annual temperatures whereas WS2 and WS3 show an equal
contribution from summer and winter temperatures.

: Secondly, the poor correlation between 8D and §''0
of cellulose may indicate that if hydrogen and oxygen
originate from different sources, D/H ratios and ''0/'‘0
ratios of cellulose may be indepéﬁdent of each other and
thereby represent two differént;sau:ces of climatic informa-
tion. For example, unlike hydrogén, oxygen isotopes may
experience temperature-dependent fractionation during i
photosynthesis. Then the:8D-§'°0 relationship of meteoric

water would no longer exist in the cellulose system. This

.problem will be discussed further in the following :h;pter
" !

Finally, it is not completely ruled out that the inconsis-

tent slopes between individuals of the same species are an

artifact of the poorly defined relationship between §D and

§'%0 of cellulose.

6.  Model Study of the Isotope Compasition of !Cellulose
As a result of this experiment, it is obvious that
isotopic compositions in cellulose of tree rings are
_ e
determined not by a single climatic parameter but by

several pQEQQQEGE:':pch as temperature and humidity. It
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procedurés is to investigate the source of isotopes in the
material in question. A c£;;; understanding of the source

6f isotopes may resolve the problem as to what the isotopic
variation in cellulose reflects, e.g. isotopic composition

of water, temperature variation at the time of photosynthe-

s8is, and isotopic composition of air etc. As for the

source of hydrogen in cellulose, it is quite obvious that
hydrogen comes from water because plants do not absorb -
organic material from the ground and the azaunﬁ of hgé:@ggn

gas in air is negligible. Therefore, it is to be expected

that the hydrogen isotopic composition of water will play

a primary role in determining the D/H ratios of cellulose ‘-4

in plants. However, the source of oxygen in cellulose is
not an obvious matter. .These exist at least two possible
pathways whereby oxygen can be fixed. into cellulose via

photosynthesis.

6.1 Oxygen Isbtgpe Model .

Cellulose ox&gen could be éerived from atmospheric
CO2 with or without equilibration with water. Another
possible pathway involves derivation of exygeﬁ from water.
Several models based Qn_these assumptipns have been
proposed to account for the oxygen isotopic composition
of cellulose in plants. Por example, E§§tein et al (28)
postuiated that one-third of esllﬁla:e oxygen in terres-
‘trial plants comes from the environmental water and the

other two-thirds from the atmospheric CDZ without equili-



bration with water:

[58]
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By combining this with the well known meteoric water,
equation [56],.Egstein et al QZE) obtained a felaticn;h;g
between 6D and 6!'0 of cellulose. The slope of 6'°'0 vs.
§D of cellulose was calculated to be 24 whereas the

measured slope of the relationship is 14 (see Fig. 24).

+3

he difference in slope between the model énﬂ the actual
éatg is almost in the order of magnitude; The model
~developed by Epstein et al (28) is not in full agreement
with the actual data collected by the same authgrg; On

the ath;r hand, Ferhi et al (34) proposed a m§§21 of oxygen
isotopes in cellulose based on laboratory experimgn%:l
results. Thé_mgdei-develaped for tﬁ&iisatgpi& composition
of the cellulose of terrestrial plants is composed Qf iss
of leaf wgterAand 62% of atmospheric CDE which is not iﬁ

lisatagic equilibrium with either soil water or leaf water:
0 €2 &l10c
+ 0.62 & QED? K _ [59]

£184 =0 18 &1%¢
§ Ocell 0.38 ¢ 0w

where cell, lw and CDZ represent cellulose, leaf_water and
;Gi respectively. The result is contrary to th; result
obtained by DeNiro et al (19) who hife reported complete
exchange of the CO, with leaf water in the plants of their

experiment. They undertook laboratory experiments in

which they grew two sets of wheat plants under conditions
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similar in all respects exc@pt for a large difference in
the ''0/!*0 ratios of the Co, supplied to them. Therefore,
the difference in §!%0 values of the two celluloses can

be attributed to the difference in 6!''0 values of co, gas

supplied. This would indicate that the oxygen isotopic

composition of atmospheric CO2 influences that of cellulose

. in plants. 1In spite of the large difference in '°0/'‘0

ratios of the CO, supplied to the two different wheat

2
plants, the '®0/!'°0 ratios of cellulose purified from the
two sets differ by only a small amount. DeNiro and Epstein
(19) thus concluded that the oxygen derived from CO, under-
éoes complete exchange with the oxygen of the water in the
plant during photosynthesis and that the 186/1%0 ratio of
the leaf water is the primary influence on the '%o/'%o
ratio of the cellulose in.terrestrial plants. The models
proposed by Epstein et al'(28) and Ferhi et al (34)'faii
to account for this phenomenon.

Here an attemét has been f?de to deyélop a model
which accounts for the hydrogen and oxygen isotopic compo-

gition of cellulose in plants. Photosynthetic processes

- may be described schematically as

CO, + 2H,0 + CH,0 + H,0 + O,. R [60]

Plant photosynthesis is an oxidation-reductiog’ reaction
between H,0 and CO,, and uphill transfer of four hydrogen

atoms from 820 to Coz'and can‘be divided into three parts

(81):

152
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1. Enzymétic transformation of H,0 to O,
2H,0 + 2H, + O,. [61)

2. Hydrogen transfer from an intermediate in enzymatic
sequence 1. to an intermedigta in enzymatic sequence 3
with the help of light activated chlorophyll.

‘Bg Enzymatﬁg transformation of ng to CHZQi o

The first step, the enzymatic dehydrogenation of water was
proven experimentally by Ruben et al (86) who aeéangtratgﬂ
that the source of 0, produced in photosynthesis is the :
water molecule and not CDzi It is the third stage that

involves ingg:pératicn of QGE into organic materials.

. Therefore, it is apparent that the primary source of oxygen

2

in cellulose is CO i(\:t is, however, unlikely that CDZ
eculd'underga direct raduction. Rather COo, is first

bound during photosynthesis by a non-photochemical reaction
to an organic acceptor. Ribulose biphasphate (RDP) is

i found to be thg primary acceptor of CD: and phosphoglyceric
acid (PGA) is formed as the produce of this carboxylation.
PGA thus Prgducié reduces, through a photochemical process,
in part to sugar and in éa:t to the-ccz acceptor, RDP. The.
oxygen atoms of Ccz incorporated into PGA hgy gndgrga
equilibration with HZD by means of hydration as PGA reduces
to carbohydrate through the Calvin cycle (81). The subse-
quent polymerization of glucose to form cellulose does not
appear to provide any further opportunity for exchange of

the oxygen derived from QDzi



;R

In this model, it is therefore assumed that the

oxygen in cellulose originates from atmospheric CO2 that

is in complete isotopic equilibrium with water in the leaf

and ﬁgat the fractionation between the oxygen in CO2 and

that in the cellulose precursors in the Calvin cycle leading

to cellulose formation is not temperature dependent. The

equation for the oxygen isotope model is then defined as

§tto = Aé''% + E. , [62)

cell - CO2

' The equation has the form of a linear regression with slope

of A and intercept of E. The slope A is the fractionation

factor between the oxygen in cellulose and the oxygen ‘'in
CO2 undergoing isotopic equilibration with leaf water.

Thus the actual value of A may depend upon the type of

- photosynthetic metabolism. This equation can be rewritten

in terms of a fractionation factor ac02 - 1,0

§' %o = A(1000 1lna + &'%0, ) + E [63]

cell

where o is fractionation factor between CO, and H,0, and /

lw denotes leaf water. To find the actual value of A and
E, the result of DeNiro et al (19) was used because this
is (he only experiment whlch measured’ﬁ"o values of both

leaf water and cellulose. The slope, A, turned out to be

'_0}62 and intercept 2.5%. For this calculation, the frac-

tionation factor aco -H.O was. calculated uiinq the eduation

2 2
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' (5.112-0.214t+0.00041t2) x 10”3 + 11@25‘ (64)

Thus the equation has the form

1 = 0 £2(10 na_.
§''0_ 0.62(1000 1ngccz_E

azl® Vs 9 eey
Ocell 078 O * 2.5

= 620 1 +0.628'%0

nacgzégz wh2:5%/ 60 [63]

1

Table 33 compares the §!'0 values calculated by different
models with the experimental data obtaineéd by DeNiro et al

(19). As was mentioned earlier, all other models fail to

account for 6''0 values of wheat plants in DeNiro's

experiment.

Table 33. Comparison of Various Oxygen Isotope Models
with Measured 6''0 vValues of Cellulose
18 gl 18 18 18
§ O mea- 6§ 70Ogy 6 "Opy 6 "Opyy 6 Opyy
sured (19) °/ °/ L °/ °/ ’
3/3‘ /‘aa /ow LXY LX) .

Experiment 1 26.8,27.9 26.7 21.9 20.3 25.1

Experiment 2  35,4,36.1 34.4 111.1 104.4 30.4

SM = present model
EM = Model of Epstein et al (28)
FM1 = Mbdel of Fehri et al (34)

' FM2 = Model of Fehri et al (34) revised



~Isotopic Enrichment of the Leaf Water -

In gene:al,-ﬁgter in leaves of land plants are
in branch or soil water (45,20,37). This enrichment is due
to evapotranspiration. The variation in-isotopic composi-
tion as:a;liéed with evapatranaplratlan igs given by a

formula derived by Dongmann et al (20):

;d—gié- y = k E ]
o1 8= {ev + ey + (8,-¢,)h)) (66)

where ¢* = a-1, § = the enrichment of leaf water relative
to branch water, A= the enrichment of wate:rvapér rel;tive
to branch water, € ™ nﬁn—§quilibrium separation factor

and 1= 1(n,j,h).

For staaéy state (dé/dt=0), the egquation reduces to

§=e*+ e + (6,-€,)h A | [(67)

6Lw = ébwv* E* + Ek *\(6A§Ek)h [68]

" where 6bw is the isotopic cqmpciiticn of branch water.
The uptake of soil water by the roots and its transporta-

‘tion to the branches causes no fractionation (37). Thus

. the isotopic composition of branch water in equation (68)

can be replaced by those of s0il water:

This equation describes the enrichment of leaf water in

5
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the heavy isotope due to evapotranspiration. DeNira et al
(18), however, have shown that the §'%'0 value of leaf

water is influenced by that.of co, - This effect could be
a result of either oxygen isotope exchange betwean co, and

H,O in the leaf or production of nzo from photosynthetic

2

processes in which CH402 dissociates into CHQD and EQG

whose oxygen comes from C02. In natural systems, this CGEA

\\/{ .

effect has not been noticed simply because §''0 value of

atmospheric CO, is relatively constant throughout the

2
world (6) and the magnitude of the effect seems to be small

(0.6°/,0). If the CO, effect is taken into consideration,

the equation.will have the form

é = § + e* + ¢, + (& [70].

- )
1w aw X ek)h + x6°°0

co,’

A -0,

.The numeriéél value of x calculated from the result of
Deﬁiro et al (19) turns out to be 0.0143. In this cal-
culation, §!%0 walue of inlet CO, was used for él'océg in .
the equation. Combining equations [(65] and [70], the

equation for the oxygen model becomes

§t'o = 620 lna + 0.62 {8'%0. + e* +

cell CO,-H,0 s
_ 18 y C71) :
€ + (5,-€,)h +,XG QCOJ + 2.5, [7ll;>“_i”

.

‘To test the validity of this equaéion. a number of
parameters such as e*, € GA and h are required. The

'valuea of ¢* at different temperatures are well defined.
3



For example, at normal temperature e¢* is 9°/_,, (16). The
kinetic separation factor €y .1 more difficult to estimate.
The value of €), depends upon the type of aerodynamic boun-

 dary layer at which the kinetic separation occurs (20). The

value of €, aPpears also to be species dependent. For

example, deciduous trees such as ocak and birch have €y value

of about 15*/,, whereas coniferous trees like fir and spruce

Vhave €3 vaﬁfe Qf 24°/,, (39). As for the value of A, it is
im‘Ertant to note that there are two sources of water vapor
in the environment of the leaf (20): well mi;ed water vapor
from elsewhere and the Hatff vapor from evapotranspiration
of the surrounding plant aﬁd s0il. Thus two limiting cases
can be considered. The first is the case where the leaf is
ilalgted from other vegetation. Furthermore, assuming that
atmospheric water is in equilibrium with soil water, the

A is determined by the equilibrium separation e*

#

= ,Ei”i *9‘!@: (atgisig)- . -

econd case, . the water vapor near the leaf originates

-
-
"
=
1
"

exclusively from evapotranspiration. Under steady state
conditions, the water vapor has the same isotopic composi-
ion as the soil water. Thus §, = 0. In natural systems,

r

however, §, will lie between these twg extreme values. For
© example, the SA value measured in thg’zdméntan ragion i;_
=7°/ee (22). Forstel (36) has demonstrated rather constant
SA values of about -8*/,, regardless of the specieg.of

trees. Using these parameters, the gxigen model is cali-
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brated with the actual data a%tainad from laboratory experi-

ments by DeNiro et al (19). Table 34 cchpares the 51‘GEe11

measured with 51‘D:e11 calculated from the model.

Table 34. Comparison between the Actual and Model Values
of 6§!'0 of cellulose

18 , I c18 e
,§77@§ell measured §7,9221l cglcul;%g§47
Experiment 1 26.8, 27.9 26.8
\~ _ _ _
Experiment 2 35.4, 36.1 35.4

The equation thus obtained is given as

» g1%0 . m 620lnG.. . . + 0.62(6'%0__ + 25-23H +
- cell CGZfHZD sw
0.01438%0_ . ) + 2.5 [72)
ng . .

where ¢ = 9°/,,, €, = 16°/,, and SA = =7%/g0-

Unfcftén;tbly, DeNiro et al (19) did not keep the
relative humidity constant in their experiment. The rela-
tive humidity varied from 30% at the beginning to 1008 at
the end. Thus the relative humidity of 77% is taken as the
évc:gge during growth experiment, which appears to be a
reasonable choice. The result obtained from the model is
iq_fulleg:gément with experimental results of DeNiro et

al (19).



6.3 Hydggﬁgn Isotope Model

In the case of the hydrogen model, it is assumed that
there is no temperature dependent fractionation during
photosynthesis. This assumption is based on the fact that

the relationship between 6D values of cellulose nitrate

» ¥ , , .
 and mean annual temperature is very similar to that between

6D values of meteoric water and mean annual temperature:

]
SDeell = 5.5¢, f130°/?gi {73}
v | t. =100/ - (74)
. 6Dm‘5-6 tg = ‘ /aa _ ) /4]

In particular, the almost identical slopes indicate that
the isotopic composition of the source water is the primary
factor which controls the D/H ratio of cellulose. Thus the

equation for the hydrogen model is given as

§chll = §Dsw + €% + £, * (6A-Ek)h + E [75]
wﬁers E is thg-b;plagi;al factor. To calibrate this
hydrogen model, the data of DeNiro et ai;(ls) was used.
The parameters for this calibration are as fsilgwss

€ = 80°,, (16)

€. = 14°/,, (73)

.3

E =29,

h=77°/q.-
N

/Gnéell thus calculated are in excellent agreement with the



measured values (see Table 35).

Table 35. Comparison between the Measured and Calculated
D/H Ratios of Cellulose

6D measured  §D calculated

-13°/,, L -14%/,,

Lol

Experiment

Experiment 2 -15°/,, 14/,

The equation thua obtained is given by

= §D__. - 80h + 92. [76]
sw ;

6.4 Calibration of the Isotope Models with Natural Systems
Finally, the validity of the models must be checked
with the data from natural systems. For this purpose, a
nuymber of trees from various sites in North America were
examined. _Table 36 contains all the climatic information
naeésna:y for model calculations. Temgeraturé is the mean

daytime temperature during the growing season (usually

April to August). Most of the climptic information was
obtained from meteoric stations nedr the growth sites
(1.50,8%,l00)_ However, in some cas 2limatic information
wds not available for the exact sample site. In this case,
the data from the nearest meteafélséiaal station were used -
with corrections where applicable. *

In applying this model to natural systems, some of
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the values of the parameters involved in the model egua-
tion must be chosen. For example, the kinetic separation
factor € for the oxygen model was chosen as 24°/,, (38)

- because most of the trees analyzed were conifers. The
value of 6“0A is assumed constant at -8°/,,. The term
0.01436“0c02 becomes 0.6°/,, because the oxygén isotopic
compositidn of atmospheric CO2 is constant at 41°/,,

throughout the world. Thus the working equation for oxygen

model reduceg to

- : 18 - ‘
cell 62°1n°C02-H20 + 0.62(5 Ogwt33.6-32h) + E. [77]

61%

, ' ' ' © | '
In the\gase of hydrogen, the parameters used in this calcu-

lation &re ag follows: - \\\
E* = 800/°° v: . k -
. Sk T 2%, ‘

§D = -80°/,, o
E = -35°/,,.

Hence the equation for the hydrogen model becomes

’

Gchll = GDsw + 104 - 104h - 35°/,,. - [78)

The/equatiOn for both oxygen and hydrogen are in excellent
agreement with the actual data (Table 37). Fig. 25 shows
the strong lineaf correlation between 6“Ocell measured

and 6"Oc calculated fr e model. The correlation

ell
~coefficient is 0.98. Fig. Q6 shows the lindar relationship
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The relationship between §'°0 values of
cellulose measured and calculated with the
oxygen isotope model for trees from various

. growth sites in North America.
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v . hitrate measured and calculated using the .\
\ hydrogen model developed for trees fpbm various
growth sites in North America.
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Table 37. Correlation between various pairs of isotopic
and climatic parameters

parameter pair slope intercept correlation
’ coefficient

6D measured vs &D 1:0.62 -0.3t1.6 0.998
model

8D cellulose vs &D 0.88:0.06 -1316 0.974
water

6D cellulose vs _ _
summer temperature 10:1 -306:19 0.960

éD cellulose vs _ 134111 =174+79 0.329
relative humidity ‘ .

éD cellulose vs §'%0 74¢0.5 -3.616.02 . - 0.974

7 water T

6D cellulose vs 8§'°%0 1422 -459155 - 0.894
cell _ .

6D water vs summer 11.2+0.8 -326+19 . 0.968
temperature : . ,

6D water vs relative 238+110 -241+78 0.528
humidity

- 6% model vs §'%0 0.93:0.05 1.6:1.5 0.981

model _ » : '

CI‘Q cellulose vs 0.38+0.08 31:1.1 0.788
' §'%0 water ’

§'%°0 cellulose vs 0.54:0.12 = 15.3:2.7 0.792
summer temperature :
§''0 cellulose vs T =1.7t0.8 28.4:5.3 =-0.066

relative humidity '

$1'0 water vs summer 1.39:0. -41.6:2.3 ' 0.967

temperature .
§'%0 water vs :
relative humidity 29.3:14 31.129.7 0.527 |
LN
¥
t L



bétween §D cell measured and 6D cell é:lculatgd by the
model. The correlation coefficient is 0.998. "The large
correlation coefficients for both oxygen and hydrogen
models indicate that the assumptions made in this modelling
are geﬁérally true. !

To further illustrate the role of individual para-
meters in the model equations, a number of additional .
relationships are given in Table 37? §D values of cellulose
have é strong linear relationship with that of soil water

rlues of celluldse have poor correlation

66 of soil water (see Figs. 27,28). 1In fact, 6D
values of cellulose even have an excellent correlation with
6''0 values of water (see Fig. 29). These indicate that
§D values of cellulose mainly reflect 6D values of soil
water but 6"D values of cellulase are influericed by other
faetn:s in addltlgn to 6'%0 values of soil water. I
;uppert of this, 5D values of gellulese show good corre-
latiop with the growing season temperature (see Fig. 30),
which can be attributed ﬁa the good correlation between
~6D and {temperature (see Fig. 31). Despite the fact that
61iD valui- of gail water are :elat;vely well correlated
} with summer temperature (see Fig. -32), the §''0 values of
cellulose .are less sensitive to the growing jéa:cn‘ggmpgr;—'
ture (see Fig. 33). There are a number of reasons for
this poor correlation. Firgﬁ. the ccgtribgtiﬁn'cf the
éi‘Q vgl&e of water to the §!'0 value of cellulose is only
62% whereas that of hydrogen is 1008, »Sec@nd; the CO,-H,0

, o . . : o
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6D, = (’.o:o.sm“o‘, - (3.6%6.2)

Note that the slope is close

to that of the
meteoric water line.
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The relationship between growing season tem-
perature and §''0 values of cellulose in tree
rings from various localities in North America.
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fractionation factor has a negative correlation with the
temperature whereas the regression coefficient between §'‘0
value of water and temperature is positive. Finally, oxygen
is sensitive to the kinetic effects of evapotranapiratidg.
Thus 6§20 values of cellulose become less sensitive to the
growing season temperature due to the‘conflicting effects
of the growipg'season temperature on GCOZ-Hzo' §'%0 value
of water and kinetic effect of ev;potranspiration.

Fig; 34 shows the linear relationship between rqla-

tive humidity and AS6D which is the enrichment of cellulose

relative to soil water defined by

46D = GDcell - GDQV. | | [78L‘

The striking feature of fig. 34 is thellinearity between
48D (enrichment of cellulose with respect to soil water)
and relativé humidity. In sharp contrast to Epstein's
finding that the deuterium enrichment of cellulose relative
to envifonnontal water is constant (-22°/,,.), it ;s‘appa-
rent that the enrichment of cellulose is a linear function
of relative humidity. Thus if the differemce in §D valyes
betwecﬁ 80il water and cellulosé in tree rings is known,‘
.tho relative humidity of the grow‘r'site can be -obtained
and vice versa. | N
éowever{ it is interesting fo note that both the D " _
and the §'%0 of cellulose in ‘tree rings are poorly corre-
lated with relative humidity (see Table 37). This may &o _}‘4

due to the fact that unlike meteoric water, relative

[
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The relationship between relative humidity and
enrichment of cellulose nitrate in deuterium
with respect to soil water.
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cell ~ 9D, = -104h + 69°/,,
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humidity has no significant funct;engriiﬂgt;éﬁshlp with

Va )
geographic factors such as latitude ‘and altitude, which

is partly shown in poor correlations of relative humidity
/ ' ) '
with either the isotopic composition of soil water or with

air temperature. For example, air temperature, in general,

decreases as the latitude or altitude increases in the

" northern hemisphere. However, no such generalization is

found with relative humidity.
Despite the fact that oxygen isotope fractionatjon
is sensitive to relative humidity, Gray et al (52) obtained
linear relatiohship between 6!°0 values of cellulose and
mean annual temperature for varlou; terrestrial and peat
deposits. 'The virtually identical slopes shcwﬂ by two
different types of plants representing different humidity
environments were attributed to the constant relative
humidity effect by Gray and Thompson (52). However, it
also may be 1nterp4eted as a lack of a functional rel:tiené
ship between relative humidity and §1'0 values of cellqlase
due to random distribution of relative humidity throughout
North America. Thus the scatter of isotope data in Fig. 12
may be attributed mainly to random distribution of relative
humidity throughout the regions.

L ]

. - . 5 _
However, when the iwotopic variation of cellulose

_from a single tree is considered, the relative humidity

plays an important role because variation in relative
humidity at a given site appears to have a functional

relationship with the change of air temperature at the site.

]
~J



relationship between §D and 6''0 of meteoric water does not

%78
A y ..
Relationsiilp between 6D Values and §'¥0 Values of
Cellulose inferred from the Model Study

From the models ﬂevelcpedpiit is obvious that the
¢ »

o~
&

L

hold féfngellulase in plants. Thus, a new relationship

between &D and §''0 of cellulose is sought. The equations

used in this calculation are as follows:

18
) Oce

§

+
[}

éD

- 1 518 c_11 .
11 620 lnaégzigza + 0.62(6 Ogy * 33.6-32n) + 2.5
(80])
De11l 8s O 104n + ss : [81)
- a&ll ) : ‘ T3
v 8 Ogy * 10. [82]

First, the case where trees from various localities are

involved is considered.

Eliminating §D,, and 6“Dw yields

- 109~ 59M-8000 1na . ¢ 18°
6D g11 = 136770 o1, *+ 152h-8000 lngcaiiﬁzg 216. (83)

Since §D_, ;i has almost no functional relationship with

relative humidity or the fractionation factor Aco. -g

2"H0

the humidity term and fractionation factor can be

regarded as constant with large random errors. If rela-

tive humidity and daytime temperature are arbitrarily

chosen to be 70% and 25°C respectively, the equation

becomes

=k



o 1az18 xi 7 5
D e11 = 136 70,qy) - 432. 77 (84]

The linear regression equation describing 6D and 6!°'0 of

cellulose in trees from various sites in Nargh America was

calculated (see Fig. 35):

- 1451‘3627, - 459, [85]

éD 11 , _ )

cell
The slopes of the two eﬁuatiaﬂs!are identical within the
~error limits. Furthermore, the close agreement of the
intercepts indicateé that the models developed in this
study do indeed account for the isotopic composition of
cellulose iﬁ plants.

Even if ther%Lis no systematic geographical variation
i lative humiditf, the variation of relative humidity «
"for a given site appears to hgée a functional relationship
with the air temperature. 'Thus the relationship between
6D and §!*0 values of ceilulase in a series of tree rings
from a single tree is likely different from the one obtained
above. Figures 36 and 37 show the diurnal and daily varia-
tions of air temperature and :el%tive humidity at Julich
(37,20). From these figures, it is apparent that both the
diurnal and daily variations of relative humidity ase not
constant and must be eliminated from the equati@ﬁ_ Elimi-

nation of relative humidity reduces equation [81] to

- § 9 18 cx 18 - 249 '
SDcell 5.2 § Qcall + 4.756 Ogw 242. . [86]
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Figure 35. The relationship between the %!%'0 vAlues of
cellulose and the 8D values of cellulose
nitrate in trees from varjous localities in
North America. ti\‘_’
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Since the variation of §'%0 of soil water for a given site .
) _
is relatively small and approximately one-half of §'‘0

variation of cellulose, the equation reduces to s

F = { 3 : 18 - ‘ - =y
652211 (5.2£2)4 Dcell + E. : (87]

v

have slopes of 2.3, 7 ahd 5.3 which lie within the range

of the calculated slope.

6.6 The Eegt,Cl;g;ti;,IE?ar@aﬁ;gnffr,m Tree Rings

b o

*

It is apparent that relative humidity influences

;Eth the hydrogen and the oxygen isotopic composition of
cellulose in tree rings. Hﬂée#e:.ithe\derivatan'éf 0
humidity information from isotopic data of cellulose in
plants apéé§§s to be unreliable and impractical. Despite
the fac;‘that the fractionation A6D between §D_,;; and

sD, is well correlated with relative humidity, éD of cellu-
lose has a poor correlation with relative humidity. This
indicates that unlessJﬁﬁfh.;D of cellulose and 6D cf soil
=ﬁltgf are known, &D of éellulcse cannot provide any
reliable information about :elggive humidity. 1In the case
of pglEéc;imgte reeanstrucéﬁcﬂ. the 6D of soil water is
another unknown Variable. Therefore, the claiﬁlthat the
i:@t@pié cgmgési;ian of ceiluiése can be used as par§$!

hygrometer (35) appears not to have strorfg support either

from theory or from field data.
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On the other hand, desﬁite the fact that the hydraggn!

model does not contain a temperature-dependent fractiona-

tion term and the temperature-dependent fractionation of

»Coz involved in the oxygen model is small, temperature

(both the growing season and the annual) has a relatively

good :erelgtiéﬁ with isotopic compositions of celluiase_ .

I? particular, temperature shows excellent 1ineaf correla- -

tion with 6D values of cellulose as well as D values of

soil water. 1In spite of the relative humidity effects on

§D values of cellulose, §D values of cellulose still show

excellent correlation Uith temperature. This suggests that

not only éD of soil uatei but also the relative humidity

hasi? functional relationship with temperature at the site.

A number of researchers have shown that diurnal

changes in relative humidity are caused by variation in '
temperature at the site and that there exists a negative
correlation between them (37,20i_ The average regression
coefficient calculated froem thei:ldata turns out to be
approximately éD.DE’/GZX‘Ci Utilizing this value, an

attempt has been made to examine this température effect

via relative humidity on 6D of cellulose in the model
developed here. First of all, &D values of celluiase in
trees from various localities are considered. Since the
geographical relative humidity distribution is not a
function of temperature, the overall éD values of cellulose
from various sites become a function of temperature only.-

This is indeed confirmed by the empirical equation



Schll = S_Stg = 130%/ .0 . ' {88)

which has the same temperature coefficient (5.5‘(f:/‘C)

#s that of the meteoric water equation

: . - )
I = &1 = 5 = 1 e/
6D, = 6D_, 5.6t, = 100°/,, . [(89] \
3Sec@nély, when D values of cellulose from a single tree
are considered, the negative temperature coefficient C
associated with relative humidity must be taken into con-

sideration. Thus,

6D = 5.6t + 6.2t + E. | [90]
a a

“cell
& |

In the case ,of the oxygen model, the equation reduces to

6% = 0.43t, + 1.07¢, + E. é (91) .

cell
The resultant temperature coefficients would vary from 5.6
to 12 for the hydrogen model and framvo.lj to 1.5 for the
oxygen model depending upon the contribution from the
growing season temperature terms. The dual temperature
scales in equations {90,91] may introduce complications

to interpretation of the isotope-temperature relationship.

- In general, t, and ty vary in the same direction reinforc-’
ing temperature coefficients. This phenomenon accounts
for the increased temperature coefficients of both the

hydrogen and oxygen isotopic compositions of the three

spruce samples from Edmonton (see Tables 19 and 27). The
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measured témb?rature coefficient of hydrogen equations

for WS1, WS2 and WS3 are 7.3, 13 and 15 respectively. The
oxygen temperaturé coeffiéie;ts for thé equivalent 'samples 1
are 1.36, 1.03 and 1.47 resgectively. o

| It is parent that 6D values of cellulose in tree

-

rings refléct mainly &D ?aiue, #0il water. Superimposed
upbn that, t perature.effgcts via relative humidity also
play an important role }n determining 4D values of cellu-
lose. The dual temperature scales involved in equations
(90) and [91] may sometimes result in scattering of data
if the relative humidity has no functional relationship
with timperatg;e. But‘thé high temperature coefficients
shown b} individual trees from Edmontdn indicate that
temperéture'effect via relative humidity is generali; in
phdbe yith temperature efféztlgia hydrogen isotope frac- _
tionafion of soil wﬁter and tﬁegeby increases the overall
temp?saturg coefficient. |

In spite of the dual temperature scales, §D values

of cellulose can be generally interpreted in terms of ~

temperaturg. Therefore teﬂberatu:e is the best infarmittmsw

plant materials. The sigriificance of equations [90] and

(91]) is that, unlike relative humidity, temperature in#ar—

mation can be obtained without any prior knaﬁlgdéa afithi %%%%3
isotopic composition of the soil water. This is particu-

‘larly important in the case of paleoclimatic reconstruction

because the isotopic composition of the soil water for a



.despite the fact that both trees éame from practically th

given site is mnot known.
The results of this study suggest that c&llulose in
\

tree rings contain isotope thermometers (D and 1%0) whereby

L 3

‘paleotemperature variation of the environment can be

reconstructed. However, care should be taken in interpre-

o8

tation of the isotope data. The isotope data obtaine
from a tree may not be the representative of other trees.

For example, WSl and WS2 exhibited systematic difference

~in 6D values of cellulose for the time equivalent rings

same site. ,This suggests that there may exist biological
fractionation in isotopic composition between individuals

as well as species. When paleotemperature reconstruction

n

is sought, it is desirable to analyze sequences of tre

rings from a'siﬁglg tree. - When isctepé data from mor
than one tree are combined, it must be ascertained that

the two trees are overlapped for some growth period and °
that the time equivalegt tree fings have similar isotopic

compositions or corrections must be made. ,

=
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. CHAPTER V

SUMMARY AND CONCLUSIONS

A new method R measuring both D/H-ratios of '*0/!'%0
ratios in 6rganic compounds has been develapeéi_ |
This techniqu; involves pyrélysis of organic compounds
in a nickel reaction vessel. The pyrolysis method
gives reproducible and accurate results with a variety
of organic compﬁunds and standard waters. The aver-
age precision of hygroqen igotopic analysis is $2%.

At present the method is limited to the organic
i E 4 .

~compounds whose carbon-oxygen ratio is less than 1,

due to formation of tar during early stage of pyro-

lysis. However, intrqduction of an oxidizing agent

‘or free oxygen into the pyrolysis may remove this

i

limitation.

Use of the nitration technique eliminates the
exchangeable OH hydrogen withoutiaffectinq tﬁe
original isotopic composition of non-exchangeable CH
hydrogen in cellulose. Pyrolysis of cellulose nitrate
in the nickel reaction vessai”shows no indication of
tar formation indicating compietion of reaction.’ :
Nitration of cellulose extracted from wood by the
sodium chlorite method is superior to the direct’
nitrafion of wood followed By acetone dissolution in
terms of reproducibility and correlation with clima-

tic parameters. The direct nitration of wood

188



‘p;oducgs cellulose nitrate whose 6D value is

extracted by sodium chlorite method.
6D values of cellulose nitrate in a long sequence of

tree rings from slngle trees contain two different

isotope scales. All three sprudqe samples WSI,‘WSZ
and WS3 from Edmonton clearly |
6D wvalues between the juveﬁile and mature secti of
tree ringséZtIn all cases, juvenile sections are i
systematically depleted in deuterium compared to
mature sections. The reason for this is not com-
pletely understood. It magfb& attributed to unknown
hormonal or biological metabaligm associated with the
i‘tree growth, with results in changes in relative
. amount and structure of chemical constituents in
tree rings. Such changes in turn maf give rise to
large variation of D value. When paleoclimate recon-
struction is sought, the juvenile sections of tree
' ring sequence should be eliminated from the analysis.
The differentiation of juvenile section from mature
one is possible using ring width data.
The isotopic compositio;Aéf cellulose in tree rings
preserves a functional relatﬁaﬂship with’climatic
parameters. 6D values in cellulose nitrate from a

long sequence of tree rings show a strong linear

correlation with temperature at the growth site. On

the other hand, 6!°0 values of cellulose are found to
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° to be &eqahwell correlated with temperature. The
choice of mean annual temperature is rather subject=
ive. The mean annual temperature calculated from
September of 2 years Pfiéf'tﬂfthe growth year to
August of thé previous year shows the best correla-

\\\Eijg/uiLQ_}ﬁOtOPe data of tree rings. In other words, .

it is the mean annual temperature of the previous
: 3 _
- year which shows the best correlation with both éD

‘and 6'°0 values of tree rings. -

For the three spruce samglés analyzed, winter
temperature plays a more important role in determin=-
ing 6D and §!'0 of cellulose than the temperature of

the growing season. This conclusion together with
the previous one indicates that the isotopic éampei
sition of soil water is the primary factor Eaﬁtfﬂié
ling the isotopic composition of tree rings and that
soil water taken by the trées consists mainly of
winter precipitation. This-.conclusion is further

supported by the fact tiat the amount of precipitation

shows a negative corfelation with the isotope data.

The negative correlation in turn is due to the amount s
effect of meteoric water on the isotopic compositions

of precipitation. However, the preferential assoc-
.iation of the isotopic cémpaiitign with a particular .
segsonal tgmperature may be a growth site effect that

is controlled by factors such as lithology and

permeability of soil strate, and the topography of



the site.

Among ﬁhe various :hemlcalncanltltuent; in wood,
cellulose :h&w; the best correla t ion with temperature.
§D values of extractive free wood show no significant

correlation with temperature. §D values of 1ignin

~calculated from the isotope data of cellulose and

extractive free wood also show poor correlation with

' temperature. Hydrogen isqtope fractionation between

lignin and cellulose shows poor correlation with
taﬁperature indicating the absence of a thermodyna-
mic thermometer in the lignin;ﬂelluiese pair. |
Ring width data show no significant correlation with
isotope data or with mean annual temperature.

]

Hydrogen and oxygen isotope models have ﬁégn

xdevelapgd to examine the role of individual climatic

parameters in determining the isotopic composition
of tree rings. The model equations describing the

isotopic compositions of tree rings are given by,

= &D_ o T EXHE (S, ~€x Jh+E [91]

§1%0 = 620 1m

a1l " Hzg*u .62{8'% -Fe**ek*-( ﬂak)h}*E
, | 0,

[92]

The models éevel@peﬂ here are in excellent agreement
%ith~the isotope data. The ﬁﬁfﬁiﬂgsﬁﬁﬂél equations
which daicriba most of the natural isotope signature .

in trees is given by
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Sﬂggll = snsﬂ - 104h * 69 [93]

6%, = 620 In 40 + Q;EE(énﬁﬁﬂFBB;E—‘BZ‘l)*Z.g [94]
el 0,~H,C ,

It is apparent that 6D values of non-exchangeable
hydrogeh in cellulose of tree rings :eflgct mainly

6D values of soil water. However, in addition to
this growing season temperature via relative humidity
also plays an important role. There is no indica-
tion of temperaturEEdepéndent hydrogen isotopic

fractionation occurring during photosynthesis.

11. ﬁgéhe oxygen in cellulose appears to originate from

h Y

CO, witich is in complete equilibrium with leaf water.

2

Thus: the oxygen model contains temgerature!de§3ﬁdént
fractionation factors. Due to the conflicting effects

of temperature via COEﬁHZQ fractionation, soil

' water-vapor fractionation and relative humidity,

oxygen shows a poorer correlation with temperature

than does hydrogen.

The hydrogen isotope enrichment of cellulose with
%espgct to soil water is a linear function of relative

humidity at the site. Thus, relative humidity of a

- given site can be estimated by measuring the 6D of

tree rings and the 6D of water taken by the tree.

They are related by the eéuaticﬁ

ASD = 532311 - ﬁn“ - imu’ [95]



14.

The relationship between 6D and §'°0 values in
relagivgﬂhumiaity’ﬁith temperature. When relative
humidity is linearly related to temperature at the

site the relationship is given by

n = 949y 818 , ‘
§D_ g1 = (5.2t2)8'%0__,, *+ E. [96]
This is generally the case where isotope data are

obtained from a single tree. When relative humidity

has no such functional relatiorshtp_with temperature

this becomes

)

‘—19 - 4717 ’
6D q11 = 136 O.e 432 N [97]

11

The isotope data éélléééiﬂ from a varigtych growth
sites bél@ng to this category.

The best information one can obtain from isotope data
of tree rings is mean annual temperature. H@Q'ver,
interpretation may be complicated by the effec:\qgs;
relative humidity. The relationship between D cell

and temperature is given by

5D¢e;l = 4.6 t, + 6.2 t_ + E - [98]

where the term 6.2t is the contribution from re%sEE?Ziﬁ

humidity. In general, the changes in the grgﬁing
season and mean innual temperature are in the same
direction. Thus trees from single site will have a

temperature coefficient bigger than 5.6. But mean



§D values of tree finés from various sites will have

a value close to 5.6.

The fact that the two trees from the same locality
showed systematic difference in &D values of cellulose

not

, :
indicates that absolute temperature scale i

guaranteed from isotope data. Nevertheless, the

~ temperature variation can be obtained from D/H

ratios of non-exchangeable hydrogen in cellulose in

a sequence of tree rings. When paleoclimate

reconstruction is desired, hydrogen isotopic. dbmposi-

tion of cellulose nitrate in a long sequence of tree

H

ings from a giﬁgle tree should be analyzed. When
isotope data from,more than one tree are combined,

the correction has to be made in such a way that the

time equivalent ring section have tég same isotopic

‘composition.

L
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RECOMMENDAT ION
The ultimate purpose of isotope studies in!clfmatai
logy is to obtain paleo-temperature variation over the lagF
few thousand years. The information will form a basis

which enables a better understanding of the natural

mechanisms of climatic variation to be obtained and thereby

future climate predictions made poA&sible. The present

study clearly shows that Esatcpe records in tree rings can
provide such information. Therefore, detailed isétopic
records preserved in a long sequence of tree rings should
be measured. Spectral analysis of isotope data thus
abtained will show the cvclic nature of climatic variations.
The sampling interval of tree rings, however, should be

i

chosen in such a way that the desired pe:iaéieity can be
resolved. : ~— >

Present isotope technique provides only temperature
variation. As for the absolute temperaéure scale, it i;
apparent that further work must be done. 'Absalutg tempera- -
tures can be determined only from two co-existing substances
formed in equilibrium with each other. Suéh systems may !
be found in cellulose. There are two types of hydrogen in
céllﬁlg:g, ' One is carbon-bound hydrogen and the other is
oxygen-bound hydrogen. Carbon baund_hyareégn is stable
iwhg:eg: oxygen bound hydrogen exchanges isotopically with
water. However, about 25% of hydroxyl hydrogen which is in

crystalline regions is stable. Thus if a significant



\\gpacffbﬁation.exist; bgtvéen carbon bound hydrogen- and

- non-exchangeable hydrogen ;n cfystalline regions, an
absolute temperature scale may be obtained by measuring
the isotopic composition of CH hydrogen by the nitration

¥
%hod_ and OH hydrogen by the equilibration method.
T ) \
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APPENDIX 1

Hydrogen Data (SMOW)

Sample year group Temp°C 8D (SMOW)
1 WS1 1883-1888 1.86 =168

2 1888-1893 2.60 =155 -
3 : 1893=1989 2.34 =157
4 1998-1903 2.97 =151
5 _ 1903-1908 3.20 -133
6 " 1908-1913 2.78 -133
7 1913-1918 2.70 =137
g 1918-1923 . 2.57 ~134
9 i 1923-1928 2.59 -134
10 ) 1928-1933 3.14 =131
11 . 1933-1938 2.14 =139
12 ) v 1938-1943 2.77 =132
13 1943-1948 2.89 . =131
14 . 1948-1953 2.04 =141
15 ‘ .1953-1958 3.05 =134
16 . 1958-1963 3.41 =129
17 1963-1968 2.81 -134
) ws2 1888-1893 2.60 -146
2 1893-1898 2.34 =148
3 1898-1903 2.97 =139
- 4 1903-1508 3.20 =116
S 1908-19113 2.78 =116
6 1913-1918 2.70 =122
7 1918-1923 2.57 =121
] 1923-1928 2.59 =122
9 1928-1933 3.14 =116
10 1933-1938 2.14 =130
11 1938-1943 2.77 -119
12 1943-1948 2.89 -120°
13 1948-1953 ‘ 2.04 =130
14 1953-1958 3.05 -118
15 1958-1963 3.41 =111
1 wWs3 1903-1908 3.20 . =144
2 1908-1913 2.78 -159
3 1913-1918 2.70 =123
4 " 1918-1923 2.57 -130
5 1923-1928 - 2.59 . =129
6 1928-19133 _ 3.14 -118
7 & 1933-1938 2.14 =132
8 , 1938-1943 2.77 =118
9 1943-1948 2.89 =122
10 1948-1953 2.04 =132



T 11
12
13
14

1953-1958
1958-1963
1963-1968
1968-1973

-

3.05
3.41
2.81
2.80

-119
-112

-122.

-121
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APPENDIX 2

Sample year group Temp°C  ~ §'%0(SMOW)

ws1 1883-1888 1.86 23.86
1888-1893 2.60 24.13
1893-1898 - 2.34 24.20
1898-1903 2.97 23.77
1903-1908 ©3.20 24.44
1908-1913 2.78 24.62
1913-1918 2.70 24.47
1918-1923 2.57 24.52
1923-1928 2.59 24.05
1928-1933 3.14 25.72
1933-1938 2.14 23.68
1938-1943 2.77 123.57
1943-1948 2.89 23.45
1948-1953 2.04 22.82
1953-1958 3.05 24.91
1958-1963 3.41 24.89
1963-1968 2.81 24.46

Ws2 1888-1893 2.60 24.57
' 1893-1898 2.34 24.27
1898-1903 2.97 25.73
1903-1908 3.20 25.58
1908-1913 2.78 25.4
1913-1918 2.70 25,25
1918-1923 2.57 24 .57
1923-1928 2.59 25.02
1928-1933 3.14 25.90
1933-1938 2.14 24.98
1938-1943 2.77 : 24.76
1943-1948 2.89 25.13
1948-1953 2.04 23.72
1953-1958 3.05 25.21
1958-1963 3.41 25.36

" WS3 1903-1908 3.20 23.73
1908-1913 2.78 . 24.58
1913-1918 2.70 24.98
1918-1923 2.57 24.22
. 1923-1928 2.59 . 24.44 .
1923-1928 ,2.59 25.45
1928-1933 3.14 23.25
. 1933-1938 2.14 23.97
- 1938-1943 2.77 24.9
! 1943-1948 2.89 23.78



11
12
13
14

15

1948-1953
1953-1958
1958-1963

.1963-1968
1968-1973

2.04
3.05
3.41
2.81
2.80

25.46
25.21
24.74

23.52

24,45
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APPENDIX 3

Diractlﬁitrgtian of Wood (W-C-N)

WSl (#0 #17)

6D (SMOW) Temp®C

' \
1 =146 2.81
2 =139 3.41
3 =142 3.05 : . -
4 =150 2.04
5 =137 2.89
6 -137 2.77
7 =148 2.14
8 =139 3.14
9 ~-143 2.59
10 =142 2.57
11 - -148 2.70
12 -141 2.78
13 =142 3.20
14 =157 2.97
15 =162 2.34 .
l6 - =160 2.60 - o
17 =171 1.86
ASD = 22 .4 (Average)
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