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Referencia: Solicitud de Patente de Invencién PCT (Fase Nacional)
Capitulo L.

Titulo: Bebida no alcohélica enriquecida con le 160

Expediente No. 07-092.335

Solicitante: Woodford Associates Limited

Asunto: Pago del examen de patentabilidad.

MONICA WOLF WASSERMAN, identificada con cédula de ciudadania No. 51°711.267 de
Bogota y con Tarjeta Profesional de Abogado No. 46.034 del Consejo Superior de la Judicatura, como
apoderada de la sociedad, WOODFORD ASSOCIATES LIMITED, Por medio de la presente me
permito allegar el recibo de consignaciéon que respalda el pago del examen de patentabilidad,
Capitulo I, para la Patente de Invencién PCT (Fase Nacional), identificada en la referencia, a
efectos de que ese Despacho proceda a la practica del mismo.

ANEXOS
Recibo de consignacion N°. 08-79.466 por la suma de cuatrocientos veinte mil pesos m/cte
($420.000).
NOTIFICACIONES

Recibiré notificaciones en la Secretaria de ése Despacho y en mi oficina, ubicada en la calle 83A
No. 23-90 de esta ciudad.

De la Sefiora Jefe,

ONICA WOLF WASSERMAN

C.C. No. 51.’711.267 de Bogota
TP.A.46.034 del C. S.de la .
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SUPERINTENDENCIA

DIVISION DE NUEVAS CREACIONES

RADICACION EXPEDIENTE No. 07-92335

EL EXTRACTO DE LA PRESENTE SOLICITUD DE PATENTE DE INVENCION
FUE PUBLICADO EN LA GACETA DE PROPIEDAD INDUSTRIAL No 5§91 DE
FECHA 30 DE ABRIL DE 2008 EL TERMINO HABIL SENALADO POR LA LEY

EXPIRA EL 30 DE JULIO DE 2008

NOTA: Dentro del plazo de los seis (6) meses siguientes a partir de la fecha de publicacion
en la gaceta de Propiedad Industrial, deberd solicitar y cancelar el examen de
patentabilidad so pena de que la solicitud caiga en abandono, de acuerdo con lo
establecido en el Articulo 44 de la Decisién 486/2000.

SE PRESENTARON OPOSICIONES POR PARTE DE TERCEROS.
Si NO X
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2020 .
Bogota, D. C., 14 de diciembre de 2010

Doctora

Ménica Wolf Wasserman
Representante

Woodford Associates Limited

ASUNTO Radicacion 07-92335
Tramite 002
Evento 001
Actuac&én 430
Oficio . |
Folios ‘04"0' ‘

Patente de Invencion B Patenfesde Modelo de Utilidad  [_|
Via Nacional '

Via PCT (fase nacional) [X Cap I Cap. Il []
No. Sol. Internacional . PCT/IRU2005/000045
Fecha de Presentacion Internal. © 8 de febrero de 2005

Como resultado del examen de fondo, realizado con fundamento en el articulo 45 de la
Decision 486 de la Comision de la Comunidad Andina, se le comunica:

1. Documentos estudiados

1.1. Descripcién: - .Folibs“ .3 a48 - tal como se radicé inicialmente

1.2. Reivindicaciones: T—'ollos ’49 ab2 tal como se radic6 inicialmente
(’D " tal como se radicé inicialmente

1.3.  Dibujos: Folios 54
1.4. Prioridad: Ninguna ' 9, 4"‘) “ﬁd } AL
2. Objeto de la invencion

o Titulo de la solicitud (folio 1) ST e
Bebida no alcohdlica enrlquecida con 1Hz160

e Las reivindicaciones 1 a 14 de la solicitud en estudio se ref ieren a
1.- Una beblda no alcohélica enriquecida con 'H,'°0 en donde el
contenido de "H,"°0 es no menos de 99.76% en peso de agua de
dicha bebida no . . alcohdlica, comprende:
A) un agua liviana de alta pureza en una cantidad entre cerca 20% a
cerca de 99,9% en peso de dicha bebida no alcohdélica, en donde el
agua liviana altamente pura es una compos:c:én que comprende
cerca de 99. 76% a cerca: de 99. 99% de 'H,'°0 y cantidades
residuales de 'H ;"0 'H,"*0, 'H,H'°0, 'H.,H'"O, 'H,H'®0,
21,%0, 2H,'70; 2H9180 thasta el 100% correspondientemente;
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B) Un agua tipica con un conté)fudo tipico de "H,"°0 en una cantidad
entre 0% a cerca de 80/9 en peso de dicha bebida no alcohblica, en
donde el agua es una OOmpOSICIén que comprende entre cerca de
99.731% a cerca de 99.757% de Hz %0 y cantidades residuales
de 'H,"70, 'H,'%0, TH?H™0, TH?H''0, TH?H™®0, 2H,'°0, 2H,"0,
211,80 hasta completar el 100% . correspondientemente; y
C) un componerite fi s:oléglcamente aceptable en una cantidad de
hasta 100% en peso de dicha bebida no alcohélica.

El anterior producto busca proporcionar una bebida con mas agua "H,"°0

La Clasificacion Internacional de Patentes (IPC) para esta solicitud es

A 23 L 2/00 :

o :{ .

3. De la solicitud de Patente

3.1.

Descripcion (Articulo 28 D. 486)

La legislaciéon es clara en establecer que la solicitud de patente debera contener
una descripcion de la invencion en términos que permitan la comprension del
problema técnico y de la solucién aportada por la invencién, exponiendo las
diferencias y eventuales ventajas co”l’t?reSpecto a la tecnologia anterior.

ORI Ve
El solicitante plantea que etza,gua liviana: ( "H,'°0) con un contenido de més de
99,76% es desconocido en la técnica:( (49) yique los métodos y aparatos para la
produccién de agua liviana son desc@nomdos en Ia técnica (¢ ?)
3R SUETECT ;’Jy AT

Ademaéas relaciona que 1a dlferenCIa "entre los lsotopélogos en cuanto a sus
propiedades fisicas, difieren apreciablemente (;?) y que las moléculas que
comprenden isétopos pesados en el organismo de los mamiferos puede llevar
a un cambio de los procesos bloquim/cos normales y a una disminucién de los
recursos funcionales del organismo, por lo que existe una sentlda necesidad de
incrementar el contenido de moléciflas de agua liviana H,"°0 y disminuir
cualquier otra.

Luego el solicitante muestra “un método y un aparato para la produccion de
agua liviana altamente pura” -

De lo anterior, esta oﬂcina encuentra:yarias inconsistencias en la solicitud.

":5{‘
3.1.1. En relacion al problema oo 1

Primero. Si bien es cnerto qL;e; l@s mglgcqlas Qque comprenden is6topos pesados
en el organismo de Ios mamifer0§ puedpﬂevar a un cambio de los procesos
bioquimicos normales” estos solg; gg@gde@g‘sl existiera un cambio radical en las
caracteristicas de las moléqulas de agua. Durante miles de afios los seres vivos
que habltan eI planeta tlera han, empleado el ‘agua con cantidades de la
molécula 'H,"°0  del orden del 99, 731% sin que se vea afectado su
metabolismo o las funcmnes bloqmmlcas de estos seres vivos.

Segundo. No existe nlnguna razén vélida, nl en la descripcion de la solicitud ni
en literatura relacionada, para creer que el agua que existe en el mundo se esté
modificando a un estado donde el deuterio se encuentre en mayor cantidad en
el agua normal y mucho menos el tritio, el cual es mucho mas inestable.

' Gat, Joel R. Isotope hydrology. Series in environmental science and management. Vol. 6 Pag. 10.
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Tercero. Muchos cientificos han realizado estudios’ de los efectos de
reemplazar parte del protio por deuterio en agua, y crear agua pesada, pero los
mismos cientificos llaman a este tipo de agua “agua sintética” porque no es
posible encontrarla de forma natural.’ Atin mas, es deseable en algunos casos
encontrar aguas con contenidos de: deuterio mas altos de lo normal para
emplear como formas. alternativas de obtener energia; pero en la naturaleza
sélo se encuentra con algunas decnmas de porcentaje por encima de lo normal.
Cuarto. El sollcntante es amblguo“ e
bioguimicos por usar agua: pesada A sbiaf
de los procesos bloquimmas%amﬁlés y & tna disminucién de los recursos
funcionales del organi$mé:L'a literafiita “refiére que el principal problema que
han encontrado los cientificos en & metabolismo de los seres vivos por
reemplazar el protio por el deuterio, es que este Ultimo reacciona de la misma
forma que el protio pero siete veces mas lento. Sin embargo, también han
encontrado, mediante experimentos con seres vivos en aguas pesadas, que
despuésSde un tiempo los seres vivos terminan adaptandose a su nueva
situacion”.

presentaCIon de los problemas

‘‘‘‘‘

Quinto. Dado que el problema principal es la lentitud de la reaccién del agua
que contiene deuterio, en las proporciones que habitualmente se encuentra
dicho deuterio en el agua4 es improbablé gue cause un trastorno fuerte en el
metabollsmo de un ser vivo, aun si la, proporcion de la moleculas que no son
'H,’°0 aumentaran a escalas de un dlglto de porcentaje.
' E

Por consngunente el problema que plantea el solicitante no esta sustentado y
podria considerarse a la luz; deﬁla llteratura que es inexistente

3.1.2. Elsolicitante tamblén planﬁa,,qy net @os y aparatos para la produccion
de agua liviana. ‘sy nﬂd«eggangwd s.effat

Desde que en dICIembre de 1931 Urey,, Bnckwedde y Murphy anunciaron el
descubrimiento del Deuterlo -en the American Physical Society y se publicé
dicho descubrimiento en 1932 en. Physical Review, se han realizado cientos de
experimentos para aislar el deuteno partlendo de agua pesada y obteniendo
agua liviana. Si bien no son explicitos. en perseguir directamente produccién de
agua liviana, este es un producto que se obtiene al buscar el deuterio. Por
consiguiente la afirmacion del solicitante no resulta ser cierta.

3.1.3. Sobre métodos y aparatos para la p’,rdddccién de agua liviana

El solicitante en realidad no esta sumlnlstrando ningun método nuevo ni aparato
alguno para la produccién de agua ||V|ana El solicitante refiere solamente los
principios de un proceso convencional de destilacién. Es claro que existen
diferencias (muy pequeﬁaﬂ - €n los puntos de “ebullicién de las variedades de
agua y que un técnico me "con5|der .rla inmediatamente el proceso de
destilacion, pero dicho proceso" no' re ,.tan sencillo dé emplear debido
precisamente a las pequeﬁESImasélféreﬁ a‘* n las temperaturas de ebullicion;
por consiguiente, ese i UF‘JPE@ fsolncutante no esta dando una
solucién al mismo. ' f

2 Lynden -Bell, Ruth y otros. Water and Iife The umque propertles of H;0. CRC Press. Pag 163.
Ibid Pag 164.
* Gat, Joel R. Isotope hydrology. Serles in envnronmental scnence and management. Vol. 6 Pag. 10.
®|bid. Pag 11. L

Py, - W
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Ademas de lo anterior, supuestamente el solicitante refiere un aparato para
hacer dicha separacion, pero nunca describe dicho aparato en la descripcion y
s6lo hay un dibujo que mostraria dicho aparato.

3.1.4. Sobre el equilibrio entre las diferentes moléculas de agua

La literatura refiere que eXIste un equmbrlo qguimico entre las diferentes especies
de moléculas de agua y se encughtran constantes que relacionan dicho
equilibrio. Dada esta’ consnderaolén la “solucién” planteada por el solicitante
podrla no existir, debldo a». e“en el céso que se retirara una porcién de

3.1.5. El producto no t|ene reIacuSn con el supuesto problema técnico

Lo reivindicado en la SOIICItud esté refendo a un uso que el solicitante quiere
darle al agua que él “encuentra”. Pero de lo'visto en la descripcion, el objeto de
la solicitud es como incrementar el-contenido de moléculas de 'H,'°0 y
disminuir cualquier otra molécula en el agua que se toma una persona y no
como usar dicha agua. La legislacion es clara en no permitir la proteccion de
usos.

A

3.1.6. El producto a proteger correspond'e a agua normal.

De acuerdo a lo relacmnado por eI‘sollmtante el 99,76% del agua que él
denomina natural es . H2 0 y propqneuna que tenga mas de ese porcentaje. En
primer lugar, como ya. se dijo, es muy probable que después de lograr aumentar
dicho porcentaje la reacciq Y. au 'gmlca .5€ . desplace nuevamente hacia su
condicién de equmbrlo y no e’ pre§em%&g[ ijetIVO alcanzado; luego lo que
deberia ser problema de estudio g§ %@e Qﬁ;gra desplazar la reaccion hacia
mas arriba; consecuenma;dg o @it e ‘gsﬁqug el solicitante esta protegiendo
agua normalmente encontrada en cualqwer parte del mundo. En segundo lugar,
lo que dicta la Ilteratura cientifica. es, ql,le el valor 99,76% es un promedio
internacional, por lo que si existen aguas “naturales” con porcentajes mayores
a 99,76%. Esto conllevaria a que el sohcntante pretenderia proteger un elemento
que se encuentra en la naturaleza algo expliqntamente prohibido para proteccién
mediante patentes. ‘,

Por lo anterior, la descripcién no curhble con el requisito de claridad y/o divulgacion
completa que permita su comprension y ejecucion de acuerdo al art. 28 de la
Decisién 486 y/o art. 22 del Tratado PCT i

3.2. Reivindicaciones (An‘/culo 30 D 486)

El capitulo relvmdlcatorl;o de |a‘SQ,|ICIﬁJd en estudio presenta los siguientes
defectos: ~

an el capitulo descriptivo

De acuerdo a lo. anahzaiddwgﬁi Bl i

9:3'1 .”;qip}?ia$’;observaciones también son
aplicables a este capltulo'. R

®Ibid. Pag 22 y ss.
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3.2.2. Sobre otras in'consistehcia's

El solicitante en la descripcion (folio 15) explica que ofrece un método y un
aparato para la produccién de agua liviana altamente pura, por que agua liviana
es desconocida en la técnica (folio‘?) 'Sin embargo, en la reivindicacion principal
no solo no protegen métodos para la producmén de aguas livianas ni aparatos,
sino que ademas se. contradice eh la-reivindicacion 3 (y en otras posteriores)
donde refiere que el a"‘ ""g'ana puede ser agua potable, destilada,
desionizada o producida’ Por-i smo§1s ersa, dando a entender que son
conocudas las aguasy que pualqu ‘empleando cualquiera de dichos
’ el agua mas liviana. Luego el
& Ve : _,lademés lo que presuntamente
desarrolla el sollcﬂante', él mlsmoilo refiere como conocido. Ademas de lo
anterior, ninguna de las técnicas ‘mencionadas estad relacionada en la
descripcion por lo que dichas reivindicaciones no tendrian sustento.

El solicitante emplea términos que no'corresponden con el arte y que generan
confusién al lector. Por ejemplo, agua de “alta pureza” en el lenguaje técnico
sefiala agua natural con contenidos bajos de sustanmas ajenas alamoléculade
agua; no indica que sea agua con exclusivamente 'H,'°0.

3.2.3. Sobre ambigliedades

El solicitante emplea frases como cerca de” que no hacen explicito lo que
quiere que se le proteja Por constgunente deben eliminarse.

Por lo anterior, el caputulo relvmdlcatono no cumple con el requisito de definicion,
claridad, concision o sustentq “p il cion de acuerdo al art. 30 de la
Decision 486.y/o art.22 Tratado;PC '

4. Determinacién del EsIadQ 1e.18

De acuerdo a lo observado, NO es posuble reallzar una correcta Determinacion del
Estado de la Técnica y Evaluaclon de los requisitos de patentabilidad. Solo
cuando se haya corregido adecuadamente la solicitud y se haya orientado de forma tal
que sea claro lo que quiere ser protegido; sélo. en.ese momento esta oficina podra
elaborar una determinacion correcta del estado de la técnica y una evaluacion correcta
de los requisitos de patentabilidad.

5. Conclusion:

En cumplimiento del articulo 45 de la Decisién 486 de la Comisién de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de SESENTA dias
contados a partir de la fecha de notificacion de la presente comunicacién. En caso de
no dar respuesta al presente requerlmlento, o si a pesar de la respuesta subsistieran
los impedimentos para la con;:qsiénsﬁe ,denégaré la patente. Notifiquese el presente
oficio conforme a lo dlspuesto enel ’_merpl 9.2, hteral e), del capitulo quinto del titulo
primero de la Circular Unica N° 10 UE@OOT

Concepto Técnico No. 4160 Lol e am
Examinador Técnico 202003 o

El anterior requerimiento fue notifi cado por. ﬂjacion en hsta de fecha
Co s
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Limnol. Oceanogr., 40(6), 1995, 1182
© 1993, by the American Soci

of Li logy and O graphy, Inc.

Announcement

New manuscript guidelines for the reporting of
stable hydrogen, carbon, and oxygen isotope-ratio data

For 75 years the International Union of Pure and Applied Chemistry (IUPAC)
has been promoting cooperation among chemists of member countries. The Com-
mission on Atomic Weights and Isotopic Abundances is one of the commissions of
IUPAC., The recommendations of the Commission on Atomic Weights and Isotopic
Abundances are definitive. For example, the recommendations for values of atomic
weights of the elements are used in trade and commerce between the member nations
of IUPAC. The National Adhering Organizations of the U.S., the U.K., Canada,
and Germany are, respectively, the National Academy of Sc1cnces, the Royal Society,
the National Research Council of Ca,nada, and the Deutscher Zentralausschuss flir
Chemie. o

It has been brought to the attentmn of the commission that confusion exists in
the reporting of stable hydrogen, carbor, and oxygen’ isotopic results on noncorres-
ponding scales because the supply of PDB (Peedee ‘belemnite) has been exhausted
and because SMOW (Standard Mean Ocean. Wz}tor) does not have a unique definition.
8'3C and §'80 values are often reported to 0:01%0 relatxve to PDB and *“correct”
interpretation of data in oceanographly,’ atmosphenc sciences, and other fields may
depend on accuracies of the order of 0.05%o. Because the supply of PDB has been

exhausted and laboratories do not use the same reference material to establish their
carbon and oxygen isotope-ratio scales, different laboratories report widely varying
values for the same material, For example, §!80 values of NBS 19 carbonate ex-
pressed relative to PDB from 30 laboratories worldwide ranged from —2.42%o to
—1.53%o and 8!3C values from +1.75% 16 +2. 33%o(Gonﬁant1m 1984).

To eliminate confusion in the reporting of light stable isotopic ratios, the com-
mission has recommended that the use of SMOW and PDB be discontinued and
that isotopic abundances of oxygen-, carbon-, and hydrogen-bearing materials be
reported relative to the reference water VSMOW ‘(Vienna Standard Mean Ocean
Water) and relative to VPDB (Vienna Peedee belemnite). through the use of the
reference material NBS 19 carbonate. Furthermore, oxygen and hydrogen isotopic
abundances of all substances should be reported on scales normalized using SLAP
(Standard Light Antarctic Precipitation). S

In accord with recommendations (IUPAC 1994; Coplen 1994) by the Commission
on Atomic Weights and Isotopic Abundances of the International Union of Pure
and Applied Chemistry, we request that authors dtscontmue reporting isotopic abun-
dances relative to SMOW (Standard Mean Ocean Water) and PDB (Peedee bel-
emnite). Henceforth, hydrogen isotopic ratigs of all substances should be expressed
relative to VSMOW (Vienna Standard,. Mean chaLn Wgtcg) on a normalized scale
such that the 5*°H of SLAP (Standard Lxght Antarcneflgr@gxpgta\uon) relative to VSMOW

is —428%, carbon isotopic ratios of all substances.should be expressed relative to

VPDB (Vienna Peedee belemnite) on.a;scale’ c}qf;nepl;bx adopting a 4'3C value of
+1.95%o for NBS 19 carbonate relative to VPDMnd oxygen. isotopic ratios should
be expressed relative to either VSMQW or VPDB.on a normalized scale such that
the 5'80 of SLAP is —55.5%0 relative to VSMOW;: -Values of isotopic fractionation
factors should be indicated if isotopic a.bundances of a mineral or compound depend
on such a factor. e

Y
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1
PHARMACEUTICAL PRODUCTS FOR
CURING TUMOROUS DISEASES AND

PROCESS FOR PREPARING SAME

‘This iovention relales lo phammaceutical producis for
curing tumorous discases and a process or preparing same.

Nowadays there are a number of methods (surgical
intervention, therapy by irradiation, hormonotherapy, apply-
ing antitumor agents) for batting, apains! mali;
tumors. All these methods logclher with the recent resulls in
di ics have lted in major ad in the last
decade, but in spitc of these results the applied methods have
many disadvantages.

5

2

other proton-cxtruding system which can serve as 2 signal to
cell proliferation, in general.

A simple explanation for the above phenomenon can be
that the cell proliferation is initiated by increase in intrac-
cliular pH. This expl. ion was, b , not confirmed by
the experiments in which an artificial increase in cytoplas-
mic pH has not raised the cell proliferation activity [J. Exp.
Biol. 124, 359-373 (1986)].

The ioned 1 can be inter-
preted by investigating the possibl rok:of' drogen and of
deuterium in oontrollmg the above pmm

1o pature the ratio of hydrogen to deuterinm is about
6000:1. Because of the mass dlfferencc of 100% the two

show differcnt behaviour in [ ions. It is

The main reason of the problem is that since the mol
lar hanism of the cell-proliferation is still pot known, the

4

a gen;:rally acccplcd view that the D-bonds participating in
can be split at a lower rate because of the

intervention into the course of the discase by the availabl
means is rather difficult. It is therefore that the way of the
recovery or a lcast a delay in the development of the discase
involve frequently the n:maval of some parts of organs or

bles in the blood-f P when antitumor
ageuts, etc. are used.

‘The proper answer 10 this question can be cxpected only
with full knowledge of the (sub) molecular processes play-
ing a key role in initiating (he cell proliferation.

Bymeansofl.he' lop of the molecular biok

i just before recopnizing the d.eclslvc
regulating proesses through which it will be possible to
restore patients siffering from tmorous diseascs to health,

‘Taking into consideration the recent rosults of molecular
biology the coricksipn can be drawn {ha) a commeon carly
response of eukaryouc cellS to stimuli which activate the
in -mracellilar pH due to ap

of \lular Na* for isitfac¢ljular H* across the
plasma mﬂmhrane [P.N AS. 79, 77787782 (1982)]. The
1 that the activation of the Na*/H* cxchange

system is indispenisable to mmaie the cell growth. has been
supponad by mimerus experimental results,
- It wes fourd that! ific mutation abolishing Na*

_ exechange. system prechided growth of cells at’ neutral and

acidic pH [EN.A.S; 81, 48334837 (1984)].

Recent -evidence suggesis thif. growth factors activate
Na*/H" exchange system sugpesting that Na*/H* exchange
may function as a tr: I’ signal 5L [Nature
304, 645-648 (1983)]. e

Thc

it d Na*/H* exch
system and the lunmrous chiaracter of cell lines have boen
proved, too. Thsprasfoundw be increased aﬂettmns-
formation of cell line comparing to the igenic
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isotope effect, therefore they need an angmented activation
energy [Simonyi Miklos and Fitos llona: Hydrogen Isotope
Effect in Chemical Reactions. A kémia Gjabb eredményei (in
Huagarian). (Receni Results in Chemistry) 46, 8-129
(1980)). In enzymatic reactions it can be similarly measured
that the reaction rate is of from 4 to 5 times higher with the
hydrogen isotope having the smaller mass number
[Biochem. Pharmacol. 30, 3089-3094 (1981)}.

The effects of the d ium have been thoroughly inves-
tigated in biological systems, too [Katz, 1. J. and Crespi, H,
L..: Isotope Effects in Biological Sysn:ms (eds. Collins, C. 3.
aod Bowman, N. S.) ACS. M h 167, vao N d
Reinhold, New York, 1971, 286—363] The common char-:
acteristic of these expenmenls is that the investigation of fhe
deuterium effects is usually carried out by applymg high
(1-100%) D,O concentrations.

It is widely accepied that the denterium hes'an inhibiting,
activity to the reproduction and growth of bactem, yeasts_
aod plants. Mammalia can tolerate the D,0 inr 2 concentra-
tion of at most 35%; a higher concentration of D,0 has a
Iethal effect to them. -

In these experiments the deuterium was applied in_ fmm
100 to 10,000 times higher concentrations than the dxmml‘ g
conceniration which was @Jored X

A world-wide survey of hydrog
tions revealed that the D content covers a range of 120—160
ppm depending mainly on tlm slte of samphng Plums and "
thus also algae diff
are able (o errich hydrogen [Schng W.E. and Vogel,J C
Earth and Planet. Sci. Letters 7, 307-313 (1970); Ziegles, H.
et al, Plama 128, 85-92 (1976)] As a result of these .
p the deuterium concentrations e. g. in plant-eating .

pareatal fine [(PN.AS. 84, 2766-2770 (1987)] Strong
the

creatures show alterations in a narcow range, depending on
thc species and quantitics of the plants consumed In case of

correlation was ﬁn W P B4 50
and the el 1 llular pH, ¢ the
protein encoded by Ha-ras or the expmmn of Vemos and
Ha-ras in the cell i d the intraceliular pH

by activating the Na*/H* exchange system [Mol. Cell. Biol.
7, 19841988 (1987); Gene 54, 147-153 (1987}

Smuilar changm were found by activating another
jon (ransport sysiem. In this
caseanA'l'Pascgmewasxsohtedﬁom yeast, and used 1o
transform mouse and monkey csll lines. The gene was
expressed and the A']'Pass , by eantmually emudmg protons,
caused a i i f the The
reaﬂysurpmngmuhohhjsexpcnmem ‘was that the cells
tragsformed by the gene of ATPase of the yeast acquired
tumorigenic properties [Nature 334, 438440 (1988)].

This latest experiment proves that the induction of celt
proliferation is connected oot only with the activation of the

(23

the area, where the consumed plagts were
cultivated, is a decisive facior. According to measurements
the deuterivm content of the rainfall on the tropics is
155-160 ppm, whereas this value is only 120-150 ppm in
the mpeme zopes of the world. The difference becomes
visible in the deuterium contenl of the plants, 100, with
alterations of up to 10-20 %.

Though the abo joned ph have been
observed, the experts have pot attached any importance to
the deuterium content in bnologxcal systems.

 The aim to be achisved by the invention was to develop

du itable for p ting cancer or
mhibnmg the tumor growth aad, in this way, amng cancer
diseases.

The basis of the invention is the recognition that the

Na*/H* exchange system, but also with the activation of an

deuterium content of very low level (120-160 ppm) in
biological is jal for maintainipg the normal

l
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i solqhons hang a deuu:pnm content of 0‘1 o 110 ppm.
g to the i
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rate of ccll proliferation and the deficieacy of denterium
increases the length of cell cycles. It was namely realized
that the deutcrium is a component of a submolecular regu-
lating system ard the p ily elevating the
concentration of D lngger cell prohfcrallou 5
A further basis of the iavention is the recognition that by
applying water or aqueous solutions containing deuterium in
an amount less than the deuterium content of patucal watcrs
(eg. juices diluted with deutcrium-depleted water), the
deuterium level in the human organism can be decreased as 10
a result of exchange processes and in this way the prolif-
eration of tumorigenic cells can be stopped or the develop

4
cultivating them in nutricnt fluid media containing deute-
rium in an amount of 30 to 5000 ppm (a: 30; b: 15¢; c: 300;
d: 600; e: 1250; f: S000 ' ppm D)

Whea the hyd: e ¢ by e lyzing waler was
burned to wah:r g 10 Example 1, water
deuterinm in an amount of 30-40 ppm was pmduccd Water
containing deuterium in higher concentrations than ndtural
waters was prepared by adding DO of 99,78% by mass to
normal waler. Culture media sull.able for maintaining in
vitro different animal well lines were produced of the
so-prepared waters having dxﬂ‘ereut deutcnum contents by
dissolving 10 g of a

ment of cancerous tumors can be prevented.

G quently, the i ion relates to products for curing
tumorous diseases, comprising water wnh 2 deuterium con- 15
tent of 0.1 to 110 ppm and/or ag itable for

of amino acids, vnamms salts and bases

[Dulbecoo's modified Eagle’s medium (D’MEM), code

aumber: 074-01600; Sigma, St. Louis, USA] ia 1 Liue of

waler. 110 ml of bovine scrum were added to the so-prepared
The

buman consumption, with a deuterium content of 0.1 to 110
ppm as active agent, optionally topether with carriers and/or
auxiliaries.

d ding to the i jon are preferably 20

The p
pharmaceutical products like physiological salt ions, or
medicinal solutions like fruit syrups, soft drinks, or beer
with reduced alcohol content or free from alcohol, having a
deuterium content of 0.1 to 110 ppm. R

Furthermore, the invention relaiss 1o a process for pre- 2
paring products for curing tumerous diseases, comprising; ¥
the steps of producing by clécirolysis and/or distillation
water and/or aqueous solutions having a deuterium content:
of 0:1.to 110 ppm as the acuvh‘ageul, then transfarming the .
tirus-produced water and/or aquebus Solution having, a deu- .30

+ terium content of 0.1 to 110 ppri- optionally togeths wuh

fo 8 3
claimed process physmlogwal salrsolition
pharmaceutical products havmg a de\.\;ermm content;of Q.1 ,:
to 110 ppm. L
Accurding to a further preferab

‘06 or feduced alcobol confent aré

blained liquid medi d all the
compounds needed for maintaining cells.
The growth of mousc-fibrablast cells Lg,g wes first stud-
ied under in vitro condi in media
deuterium in different amounts (30-5000 ppm). By these
experiments the division of about 400 individual cells was

-followed The expenmcms proved that the cell growth rate

ina prepared with D-depleted water was reduced by
15-20%.

Then it was investigated whether the deuterium concen-
tration of the nutricnt media influcnced the length of time

. uecessary for the ccll to enter into S-phase from the so-called

Gl phese after synchronization (FIG. 1). It can be seen in

, FIG. 1 that, afier synchronizing, the growth of the cells

statted 68 hours laler and the growth rale was lower in
putrien! media prepared with D-depleted water (v: 30 ppm)
than in water of normal deuterium level (v: L50 ppm).

A method generally accepted in the recent yeins for
determining the umber of cells is carried out by incubating

s the cclis together with 2,3-bm(2-methoxy-4-m!n:o-5-

sulfophenyl) S-L\y.m.,

yl]-2H-
" hydroxide (XTT) whic compoundlsmduocdbylhealls

The reduced form-of this

’ mhnmumal450nmandlhcrebynsamounlcahbephmo-
- mﬁicany measured; (hus, the relative cell number can' be

. are preferably
formulav.ed as m]ectable solutmns, mﬁasmn . soluhons,
syraps, jujces or hyd
conteat ofﬂl t0 110 ppm

The p
curing tumorous diseases. ’Ihe basis. of. this lhempeuucnl
appheahon is lhe fact that by applying deuterium-depleted

ium from 0.1 to 110 ppm the
deuterium level of the organism decrcases, teo. In conse- S0
quence of this process the growth rate of the tumorous cells
mslowmg,thcnlheseaﬂswﬂldemy,whﬂetheheal&yeeﬂs
are still capable of tol g deuterium
tration.

The suitsbility of the process according to the invention ss
faxuea!mgmmmmnsdmmhasbeenpmvedbymvﬂm
and in vivo tests camicd out by using deuteril

lated from (he optical density (OD) values. [Cancer
Research 48, 4827—-4833 (1988)]. By this method the cffects
of deuterium concentrations lower (30 ppm) and higher
(300-5000 ppm) than the natural level on celt pmhfemncn

- were also studied (FIG. 2). It wes proved by the experimerits

that the gromh rate was slowmg down in nutrient media
prepared with d d water. According to these
experiments dewterium concenteations from 2 to 4 times
higher than the natural one (300 and 600 ppm) exert a
stimulating effect on cell-proliferation. [Increasing further
the deulerium concentration (1250 and 5000 ppm) the
inhibition deriving from the isotope effect will become
dominant.] Haviog repeated the tests with four further
different cell lines similar results were obtained.

In the first in vivo experiment it was investigated how the
growth of the tumors was mﬂmnced by decreasmg the
deuterium content in the water of mice, Human

water. The test results can be seen in FIGS. 1 and 2 as well
as in Tables 1 to 4.
BRIEF DESCRIPTION OF THE DRAWINGS

lnFlG lthegromhofmomo-ﬁbmblas(cellslo,_,m
ik d after in phase G1 in mutrient
fluids prepared byusmgwaler having decreased (v: 30 ppm)
or pormal (v: 150) deuterium content. &

In FIG. 2 the results obtained at determining the relative
amount of mousc-fibroblast cells Lo, is illustrated after

breast MDA-MB-231 and MCF-7 were trans-
planted into two groups of 14 CBA/Ca mice each. The
animals of the control group oonsumed normal water, while
from the day following the the
belongmg to the l:ealcd groups were supphed with
g to the i The

Y

d water
rwuhs are summarized in Table 1.
TABLE 1

Effect of deuterium-depleted water on the growth of
breast tumour in mice

. thie &
) bcmgof'mkgbody mass with a tumour of 3,5 kg.) Thus,

5,855,921
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treated and the coatrol groups, mp is confirmed by the data
of the ge lumor d
Cell line MDAMB23  __ MCR7 On the basis of the data in Tablc 2 cumulative mortality
Days Costrol Coatrol ] data are summarized in Table 3.
20 S5 9 6 48 TABLE 3
50 S8 5P 8/6 S8
[ 171 4 ) 47 Lati i PC- i
b o o i P Cumulative moﬂnhzx:n on PC-3 prostatic
80 o0 27 on s
87 an 1 o V] 10 Days Control Treated
n [ u
The numbess in the treated and control groups correspond 3 s 2
10 the numbers of wmorous/all animals. 46 9 3
The tesulls in Table 1 show that spontaneous tumour 5513) ﬁ g
regression could be experienced only in oac animal of the 11 15 &7 18 9
mourous animals in the two control groups (5+6), the 74 18 12
others perished on the 71th and 80th day, resp., after 81 12 }:
1

transplantation. In the two treated groups, on the contrary,
the tumor, afier having grown, regressed and then disap-
peared in 10 animals (59%) of the 17 tumorous animals
(9+8) and one of the umorous animals, which is not shown
in Table 1, survived by 30 days the animal which died at the
latest in the control grovp. These animals got drinking water
containiog 30 ppm of deuterium for 3 weeks, then water
conmmng 110-120 ppm of dewterium (o the end of the
experim

(‘.arrymg out an other experiment wmorous humao pro-
static cells PC-3 were transplanted into mice of 44 CBA/Ca
type. The troatment started on the 320d day after transplan-

o Vgﬂn by.giving the animals waler containing 9425 ppm of

Erium t6 drink. At this time the average tumour diameter

wagzw"t mm and 10.2 mm in the control and the treated
: grg'r\lp;;rwpedwely (Taking, into consideration the body/

mssralm tke treatment of the mice at this stage of
Sriments comresponds to starting the cure of a human

{li¢ treatment was started in a very advanced stage of tumor,
éndtha!wastbcrwsonwhythzlreat\nemwasnmas
‘effective s in the first experiment. The numbers in Table 2
represent the mumber of the tumorous/all animals and the

- avmge tumor size changing in the of the treatment.

20
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The results in Table 3 show that the number of animals
perished in the treated group was smaller than that of the
control group in all stages of the test. It is worth accentuating
that by the 67th day after only Y animal.
perished in the treated group, while twice 28 much animals
(18) perished in the coritral group. The importance of this
difference is underlined by the fact that the tumor develop-
men! period of one week in m:cecorrwpondsm a period of
200-300 days in humam']‘husthedalamTableSshcw that

the: survival period ‘of huntdng be. increased by years, -

even if the medical cure smns advancedmgeofthc
discase.

Ta a third experunenl tumourdiy HI-29 coTo&,éqﬂs whre
transplanted into mice. The treaiment by giving ihe ahimals
water containing 9425 ppm of déntérinm 10 dripk starigd on
the 24th day after transplmmmb, The aveiage tumor vol-

TABLE 2
Effect of D-depletied. wnqunwmtmm hnmn
Eﬁwut’dummmdepkm!wamml’clﬁ 45 mmmlmeaﬂ:hudw
prostatic tumoy in mice . .
Am@ g volm. om?
Averegs tumour
Tumorous/all animats. dinmeter (mm) Days Control Treated
Days Control Treated Controt “Treated so 1 016 o016
20 081 0.45
2 22422 20022 104 102 38 228 1.88
39 1mn7 19720 146 111 55 582 485
46 13013 17719 24 175 ks 800 680
53 o9 11/14 17 150 as 19.48 1096
60 o7 10113 38 150 90 20.74 12.35
67 34 10713 16.7 180 55
74 4 no 240 181
8 ¥4 il 86 180 Summarizing lhe mﬂlsoitheammalmneanbe
88 23 B 370 166 that lying the p 10 zaz

‘The results in Table 2 show that in the control group only

3 ammals (13%) out of 22 survived the 87th day after
ion of the cells, while in the treated
gmupSansz(%%)outofnwcxesullahwonlheSSth
day. Al this time two animals (9%) and five animals (23%),
tesp., were alive in the control and the treated groups,
resp«mvely. In 3 animals of the treated group himor regres-
sion could be observed. A significant difficrence between the

60

invention for cunng tumorous disezses a recovery rate of

about 50% can be attained in the early stage of the disease

and the survival period can be increased by 20-30% in an

advaoced stage of the disease. These results can be further

lmprovedbyapplymgwalcr ining even less d um
\hei

The p g can be applied for
t ical in forms ining the active ingre-
dmn geth e with inert, physiol lly ble carriers

and/or auxiliaries. Theacnvemgredmnlmbeuansformed

®,

el
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into compositions for onl adminisiration (c. g. ol EXAMPLE 1
Isi P elc.).p 1 administration (.. Production of D-depleted water by )}
injectable solutions) or rectal admini (solutions for An aqucons 15-20 wjv % KOI1 solution is clectrolyzed
reclal infusion). The active dicn! can be applied for by direct current al a potential of 2-5 V with a cathode and

external use, too, e.g in thc form of omlmenls
The phar g to the invention
canbe prcparcd by applymgkmwn hod ionally

an anode separated from each other. The hydmgen evolving
on the cathode and containing denterium in a decreased

used in the pharmaaeutlul mduslry, that is hy mlmg the
active agent and the inert morgamc or organu. carriers and
then by p g the inlo g
Water or ethanol can be preferably ; used as liquid carrier.
The pharmaceutical products can contain also further
auxiliaries convenlionally used in the pharmaceutical
industry, c.g. welting agenls, sweeleners, {ragrances, buff-
ering agenls etc.
I soluti g to the i ion can be
d by applying knowa meth > generally used in the
food industry for prepanng fruit juices, syrups, soft drinks
and beer, that is by admixing the active agent with the basic
materials of the soft-drink and beer industry such as fruit
juices, juice concentrates, flavouring agents,

5

20

ion is bumt and the steam being, fonncd is con-
densed and scp ly collected. The blained water has
2 deulerium content of 30-40 ppm which is decrcased to
6-20 ppm by 2 further electrolysis.

The so-oblained product can be used for assuring the fluid
demand of patients suﬁ'brlng fmm mmourous discascs and-—
as starting material—for p ds of d
deuterium conlent.

‘The end-product of the process is distilled water, therefore
it is preferable to add essential salts before using it for
human consumption. The end-product can be advanta-
geously supplemented with a salt mixture containing 1000
mgofsodmm,ZOOmgof ium, 160 mg of calcium, 88
mg of magnesium, 650 mg of phosphorous and 600 mg of

1

fragrancies,. essential oils as well as other additives and
auxiliary agents conventionally -used in the sofi-drink and
beer indusiry.

The daily dosage of the pharmaceutical products accord-
ing ‘toy,the invention can be varied within wide ranges,
depending.on several factars, e, the-activity of the active
ingrediegt, the condition and age of ibe patient, the type of
the tumor, the degree of maligpity, etc. In the case of a

" patientof 70 kg hody mass the oral daily dose is 1-2 litces

of dentegigm-depleted flufg mngumng deuterium in a con-
centration gange of from {4 ppm to 110 ppm.
’lbeD-deleledwalcr mameg 30—50gofcnxbo-

hydra{eandothet ﬂxvoun.ugagems or fragrances in order 1o
make thoiphar | prodicts tastier.
. n f‘;gedabk fution: ""dadydosecanbenplu
. 2-6:11L ind the deuter ion of the water can
o b . wide. ixictvals (0.1-110 ppm) fo general,
,udiedeﬂmmmkahqnnfthewmﬂlhepalwmsbody
shou]d'be.ck’czmsedbya!leamo,s ppm daily in order to
_ assure the desired

" be always piesaribed:by. the medical attendant.
T, i g

_ing ln'themveu!mna{e as follows:
a) The poocess gives-a. chance for intervening dn'eclly into
the regulation mechanism of cell-proliferation ig a natural

b) Ty i S can b be p and cured by using
the pt g to the i i

<) The components of the produa have no toxical side
effects.

d) No wastes harmful for the are produced in
the manufacturing process.

¢) The process can be carried out in a technologically simple
way.

l)MutamceﬂsmnotgeneralcdmthewumoIthe
merapemcaluealmcmmlheamvelmdnennsno!
mutagenic. (Mos( of the cyusmms apphed 50 fat have a

[ therapeutical effect. These doses arc only.
i of inforaifivs characien, and the dose to be applied should .

25

chlorine, lated to 1 litre.

EXAMPLE 2
Production of D-depleted water by distillation
The water is distilled in a fractionating column of 3050
plates under a pressure of 50-60 millibar and at & témpera-
ture of 45° 1o 50° C. The reflux value is maintained bétween
12 and 13 in the coursc of thée distillation. To keop:theiD
concenration al a low level a ténfold dilution at the botiom
is applied during the d:shl]zmon. Applying these paramc!e
the deuterium of the bead-prod is 20
ppm. The denterium oonlemofﬂxewamrcanbe decreaged:

to 1- 10ppmbyfunhermwemglhsplalcnumbcrandﬁar

by repeating the distillation process.
Theend—prodnc\oflhepxmmd:sulleﬂwalu,lhqm
m.ssuuable 10 add essential salts before using it for human

The calt mi of E
'agwuslyapphedionh!spmpose .
Producti nfD' d physiological salt solution
8.5ganaClwareanedlollnmofd:sﬁ]]9dw
g to 1é 1'or 2. The physiological §

solution is usunlly appﬁed as”an infusion solution
carrying out (he usuval stérilization process. Applying
producl form the daily dose can be mcreasedln
serious cases.

EXAMPLE 4
Production of D-deplewd fruit j _||uces
Distilled water prep: 5 to'E: le1or2 slﬂ
contammg 20-30 ppm of deutorium s mixed with water and
fruit juice concentrate as follows:

) 0.8 part by volume of water containing 20-30 ppm of
deuterium+0.2 part by volume of fruit j Juxoe concentrate
(the final concentration of deuterium is about 45-50

ppm);

b) 0.5 part by volume of water comtaining 20-30 ppm of
deuterium+0.2 part by volume of fruit concentrate+0.3
part by volume of normal water (the final concentration of
the deuterium is about 85-90 ppm);

) 0.3 part by volume of water containing 20-30 ppm of

jum+0.2 part by volume of fruil juice concentrate+

strong y g 60
novelmoms.)

£) The appli of the ph ical prod ding
to the & ion results in g and not in delaying
lhedcvelcpmenloflhed:se&
Tbcpmdnmandpm to the i i 65

0.5 part by volume of oormal water (the final concemtra-
uon of the deuterium is of sbout 105-11 ppm).

illustrated in more detail in the following examp]m, mthout
limiting the scope claimed.

g from water comammg deuterium in a lower
fruit juices ining even lower denterium
can be p

..days. The d:

5,855,921
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EXAMPLE 5§

Production of D-depleted soft drinks with carbonic acid
coantent

Distilled water prep: g 1o 1he Example 1 or 2
and containing, 20—30 Ppm of deuterium is mixed wilh soft
drink concentrate containing 50 g/ of sugar, 5% by volume
of orange juice, 6 g/l of carbonic acid, 1 g/l of citric acid, 500
mg/l of ascorbic acid and 500 mg/l of aatural flavouring
agents, as follows:
a) 0.8 part by volume of water containing 20-30 ppm of

deuterium+0.2 pari by volume of soft drink concentrate

(the final concentration of the deuterium is about 45-50

ppm);

b) 0.5 part by volume of water containing 20-30 ppm of
deuterinm+0.3 part by volume of cormal water+0.2 part
by volume of sofl drink (the final
tion of the deuterium is about 85-90 ppm);

¢) 0.3 part by volume of water contaiming 20-30 ppm of
deuterium+0.5 part by volume of normal water+0.2 part
by volume of soft drink (the final
tion of the deuterium is about 105-110 ppm).

Starting from water containing denteriom in a lower
concentration, soft drinks containing deuterium in a lower
concentration can also be prepared.

EXAMPLE 6
Production of beer having decreased deuterinm coatent

Barlcy is first soaked in water having 0.1 10 110 ppm
deuterium content for producing malt, then germinated at a
temperature of 5°-15° C. in a sheet having a thickaess of
5-15 ¢m and under good aeration conditions. -

The inated barley is dehydrated at a p
between 56° C. and 75° C., separated from the rests of germ
rools,andthzngmumi.'nmgmundmalllsmxedwuhn
suitable amount of water_having a deuferium contért of
0.1-110 ppm. The mixture is hoated at & lemperature
between. S0° C. and 75° C., then filtered and brewed with
hop. The kopped beer is ﬂltered, cooled and theh inoculated
with prep The period

of the pnmnrry fermenmmn pmcm al, S°—6° C. lasts 10-14

sca.leddmmsnlo"c forsomewecks,lhentheso—prcpamd
beerlsﬁltemd.boﬂ]edandpasteunzed.x

36 18 carried out i’

10
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3. The pharmaceutical composition of claim 1 wherein
said pharmaceutically acceptable aqueous solution is
selected from the group consisting of fruit juice, soft drink,
and beer.
4. A process for preparing the pharmaceutical composi-
tion of claim 1, comprising the steps of:
producing by at lcast one of electrolysis and distillation
water having a deuterium concentration less than the
concentration of deuterivm in natural water, and
transforming said water to ong of a pharmaceutical prod-
uct and a medicinal solution.
5. The process of claim 4, wherein:
said pharmaceuucal produm is a physiological salt
and said p 1 product has a deute-
rium content of 0.1 to 110 ppm.
6. The process of claim 4, wherein:
said medicinal solution is selected from the group con-
sisting of fruit juice, soft drink and beer, and
said medicinal solution has a deuterium content of 0.1 to

110 ppm.
7 'l‘he ; process of claim 4, funher comprising tbe step of
said phar | composition mlo a form
selected from the group isting of an inj

an iofusion solution, 2 syrup, a juice, and a hydrating
olntmenL

'§.A method of mu.ng a tumotous discase in an orgavism
comprmgtheslcpo[ to-said org; an
amount of the compgsition of claim 1.
‘The method of qla.lm 8 wherein said tumorous discase

® % pos § classification selgfted o the group cousisting of a

breasl‘(:&ncer, 2 Prosfale cancer, a colon canoet, a liver
G sarcoma, a brain cencer, a
stomach ‘wancer, a ul:mgemtal cancer, a Kidney cancer, a

vln.ng mcer, 8 recla,l ca;wor, a skin cancet, 2 mylold

a bone
an

d.epleung 2, deulumrm content of water in a material to.

. at: material baving a deuterium con-

The deuterfum content of the beer preparéd ding to’

lhrsBxampkdependsonthedculermmconwmofthﬁ_

applied water which influences the dcuterrum content of the
¢thanol and other components, 00.

EXAMPLE 7
Production of a hydrating of of d d deuterium
content

‘The hydrati i is produced in 2 ional way
by usng d water. The position of a g 1t

usable !lydmmg ointment related to 1000 g of the produst
is &s (ollows:

Unguentum hydrosam 5508
Ungueatum steariei 150 g
Aqua destillata containing 30g
30-40 ppm deuterinm

1 claim:

1. A pharmaceutical composition for treating a tumorous

discase, i ap P q
solution having a deuterinm concentration of from 0.1 to 110
Ppm as aclive agenl.

45
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centration substagtially below a nammlly occurting
“ déifferium Jevel in said material; and
admmxslcnug said treatment material to a patient in a
sifficient quantity to reduce a deuterium concentration
said patient to a phannaceuﬁmlly effective level
below sald naturally occurring deuterium level,
- wherehysasdneoplasncdmasexsmled

11. A method for treating neopl: disease
the steps of:

manufacturing a composition having a water content

deuterium concentration of less than a normal physi-
ologic concentration; and

admmls!enug said cnmposnmn toa patnent. said step of

iog i ing & sufficient
quanhly of said eomposmon whereby & general deute-
rium concentration in said patient dmps 10 a level
below said normal physiologic concentration.

12. A method of treating a tumosons discase comprising
the step of applying at least one product havmg a water
content deuterium less than a con-
tent of natural waters lo a patient.

13. The method of claim 12 wherein said step of applying

2. Thepharmmmcaloomposmonofc]amlwhemn 65 |.s at least one selected from the group comsisting of
said phar q is a i fusing, feeding, drinking, and topically apply-
physwlogwal salt sofution. ing.

]
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14. The method of claim 12 whercin said deuterium
concentration less than a deuterium content of natural waters
is a concentration in a range of about 0.1 to about 110 ppm.

15. The method of claim 12 wherein said at least one
product is one of a waler and an aqueous solution.

16. The method of claim 15 wherein said aqueous solution
is selected from the group consisting of a physiological salt
solution, a reconstituted fruit juice, a soft drink, and a beer.

17. The method of claim 12 wherein said product is a
formulation sclecwd from l.he group consisting of an inject-
able solution, an ion, a syrup, a juice, and a
hydrating ointment.

18. The method of claim 12 whercin each said at least one
product baving a deutcrium concentration less than a deu-
terium content of natural walers resulls from a production
process where a deuterium depleted water is substituted for
a water having a deuterium concentration equal to a deute-
rium content of natural waters.

19. The method of claim 15 wherein said agueous solution
results from 3 production process where 2 deuterium
depleted water is substituted for a water having a deuterium

ion equal to a d ium content of natural watess.

20. The method of claim 15 wherein said water is pro-

. duced by at least onc of electrolysis and distillation.
..21. The method of claim 18 wherein said d

20
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25, The method of claim 23 wherein said deuterium
concentration less than a deuterium content of natural waters
is a concentration in a range of about 0.1 to about 110 ppm.

26. The method of claim 23 wherein said at least one
product is a1 least one of water or an aqueous solution.

27. The method of claim 26 whercin said aqueous solution
is selected {rom (he group consisting of a physiological salt
solution, a fruil syrup, a soft drink, and a beer.

28. The method of claim 23 wherein said product is in a
form sclected from the group consisting of an injectable
solution, an infusion solution, a syrup, a juice, and a hydral-
ing ointment.

29. The method of claim 23 wherein said product resuits
from a production process where a deulerium depleted water
is substituted for a water having a deuterium concentration
equal to a denterium content of satural waters.

30. The metbod of claim 26 wherein said aqueous solution
results from a production process where a deuterium
depleted water is substituted for a water having a deuterium
concentration equal 1o a denterium content of natural waters.

31. The method of claim 26 whercin said water is pro-
duced by at least one of electrolysis and distillation.

32. The method of claim 29 whercin said deuterium

s depleted water is produced by at least oue of €l lysis and

oiticed by at leasl one of eleclmlys:s and

distillation.

22. The method of claim 19 wherein said deutecium

dppleled water is produced by at least one of electrolysis and
stillation !

23. A'method for decreasing @ deuterium level io an
rganism comprising the step of applying a product having
a waler content deuterium concentration in an amount less
. than a deuterium content of natural water.”

.. 24. The method of claim 23 whercin said Step of applyiog
I8 selected from the group consisting of injecting, infusing,
feeding, drinking, and topically applying.

f claim’ 30 wbt:rem saxd deuterium
uced by at least one of electrolysis and

34, A methiod: treatmg a’ tumorous’ discase -in an
organism, comprising-the stép of dministering tosaid
orgzanjsm an effectivedinount of the composition of claim 1,
wherein said tumordii§ disease has a* lassification selected
from the group mnsrslmgufa breast tumor; a lung timor, a
rectal tumar, &' culo ﬁm:ni"' and a proslﬁlb‘mmor

(4
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behavior of a protein containing 400 amino acids (hence “slightly discrete™). Thus, one can search
a fitness landscape in small steps with a biopolymer. Similar mechanisms are accessible to change
the structures of metabolites, less discretely, but still within a largely stable environment.
No such slightly discrete stages are possible to evolve water. Other molecules exist, of course, that
might replace water. The simplest arise from combinations of second row elements with hydrogen
(the “ices,” as they are known to planetary scientists. including BH;, CH,, NH,, OH,, and FH).
These ices do not, however, provide a set of molecules that are slightly different in their physi-
cal properties. These mutant forms of water are extremely different from water in their proper-
W T E R AN D LI FE ties, even by naive metrics. These different properties include melting points, boiling points, and
intrinsic reactivities. Because the ices cannot change, even slightly, their structure and properties,
THE UNIQUE PROPERTIES OF H O the function—structure landscape that includes them as points must be rugged. A rugged structure—
2 function landscape defeats the Darwinian search for optimality. This implies that ices could not
have evolved in a Darwinian sense to serve themselves, or their biological contents.

10.8 IS WATER WELL SUITED FOR LIFE?

This discussion, of course, assumes immutable physical law. This assumption can be relaxed, much
as it is being relaxed in physics. If we assume that the properties could have been different, we can
. : ask whether a different kind of water might be better suited to life.

L o In 1986, Barrow and Tipler (1986) addressed this question as part of their larger discussion about *
ool whether physica] laws in general are well suited to support life. These might include physical laws
’ ) that determmé- inter alia, the properties of water. Thus, the universe, and more specifically the

- ’ chemistry irithé oniverse, might be adapted to facilitate life.
. Barrow-an ATLpler €1986) dlscuss two general ways to view a match between the physical proper—
fies of water ahd‘the reqmrements ‘for a solvent to support life. A match of some sort is clearly nec-

RUTH M LYNDEN BELL SlMdN CONWAYMORR‘S : . essary for a semlent bcmg to exist,-and therefore be able to perceive that the match exists. Humans -
JOHND.B ARROW JQHN L= FINNEY \a\./ould not.be Va}i&e‘to commient on the suitability of water as-a solvent for life if it were not sunted '

and CHARLES LtHARPER JR '~:',; A . A This, need oLt be bast as a Darwinian model, but it might be. To be Darwinian, the physical Jaws
. o ' : a that we know mlght have been chosen from a variety of law possibilities from a variety of universes.
T : . The variant universes must have progeny that have slightly different physical laws, the differences must

- ' themiselves be heritable; and the fitter variant universes must survive to the exclusion of less fit universes.
Under this pamwlarversmn of the anthropic hypothesis, a large number of alternative universes exist,
some whosé i ices. bejiave i :ways conducive for the emergence of life, and others whose ices donot.

The second view falls within the category of intelligent design. This version of the hypothesis
requires a cheoser, a supernatural entity (using this adjective in the literal sense) that arranges to
have a universe in which life might emerge, and therefore chooses the physical laws (including
properly behaved ices) that would permit life to emerge.

Synthesis would be a useful paradigm here as well. If we could synthesize alternative universes
with different physical laws, we might run experiments to learn whether the alternatives are indeed
more or less suited for life, just as we experimented with alternative synthetic DNA. Unless reality is
very different from how we perceive it, this is not possible. To test these hypotheses, we do not have
access to synthesis to manage our prejudices and to drive discovery. We can, however, ask simpler

% questions. For example, if water had different properties, how would the molecular structures of life

CRC Press need io be adjusted?
Taylor & Francis Group
Boca Raton  London NewYork

10.9 THE PROPERTIES OF WATER ARE NOT VERY FINELY TUNED TO LIFE
CRC Press is an imprint of the

Taylor & Francis Group, én informa business Discussions in physics have suggested that physical laws are very finely tuned to support life. In
some cases, if physical parameters were different by a few percent, the cosmos would be very dif-
ferent from the way it is now.
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164 Water and Life: The Unique Properties of H,O

We know that this is not true for water as a biosolvent. We can change (and scientists have
changed) slightly the properties of water by replacing the protium isotope of hydrogen with deute-
rium, creating heavy water (a synthetic water, in a sense). Deuterated molecules have different prop-
erties; in some cases they react seven times slower than protiated analogs. Thus, the perturbation
arising through the replacement of a protium by a deuterium is not negligible.

We can {and scientists have) put living systems adapted to protiated water into deuterated water
to see what happens (Katz et al., 1962, 1964). Living systems often do ot do too well at first. But
if the life is microbial and has access to adaptive responses (epigenetic adaplation seems to be suf-
ficient), the system changes to perform as well as it did in protiated water. There is little doubt that
life, even at the level of the mouse, would become fully adapted to the tweaked water, as well as it
is to undeuterated water, if given full access to Darwinian processes.

The many studies by Katz and his coworkers of life in deuterated water were so detailed that
the issue has not been revisited in recent years. We might (in principle) repeat the experiment with
carrier-free tritiated water, another synthetic water, as a solvent. Replacing protium by tritium cre-
ates a larger perturbation, with tritiated molecules reacting typically 10 to 20 times slower than their
protiated analogs. The experiment has not been done. But there is little doubt that concerning the
chemical properties of the modified solvent, life could adapt perfectly well.

At this point, the experiments must stop. No more slightly discrete variations are .waxlab]e in
water to do any more analyses of this type. The experiments with deuterated water make indisput-
able, however, the view that the properties of water are not as finely-tuned as has been, proposed
.- for some fundamental physical parameters, such as the fine structure coml.mt (Barvow and Tipler,
1986) -

* 1010 MORE INTELLECTUAL PROCESS

- The inability to synthesize alternative solvents with modestly changec%mopqmes leaveﬂ those ask-
- ing about the intrinsic suitability of water for life with only a few, ifitéllecinal tools; analysis and
modeling are among them. Pure analysis (in ancient Greece, metapl;yi : -krehes heavily on con-
cepts-of “elegance” and “intuition.” These are themselves largely reﬁec ton§ af the perspective of
the analyzer. L A

The. limitations of pure analysis are well known in physics. For examp]e2 Ginsparg and Glashow
pointed out two decades ago that the intimate interconnection of space and time would not likely
have been discovered had Maxwell’s equations not emerged from e)gpenmem (Ginsparg and

- Glashow, 1986). We certainly would not have generated the idea of the quantum without the pre-
ceding century of chemistry, which relied on synthesis and expetiment, to identify the elements
from molecules to enable spectroscopy. Experiment is needed to drive ideas away from prejudice
and toward novelty.

Two analytical approaches are clearly unable to address this question. First, the observation that
all of the life that we know uses water is not a reliable guide. As noted above, life on Earth has
almost certainly evolved in water. In doing so, it undoubtedly exploited opportunities to change
its genetically encoded molecules and metabolites, slightly discretely, to become optimal for life
in water. Thus, it is not surprising, given the Darwinian paradigm, to find that terran life is well
adapted to water, at least to the extent to which various chemical constraints permit it.

Furthermore, terran life is the only life that we know. Therefore, given the anthropocentric ten-
dencies of human thought processes, our models for life are influenced (to the point of being deter-
mined) by our experience with terran life. Indeed, given the general lack of creativity of the human
mind, it is hard to find a model for life that does not resemble the terran life that we know; the
aliens on Star Trek generally resemble Hollywood actors with prostheses. It is natural to slip from
the Darwinian axiom (that life has adapted to water) to the assumption that water must be adapted
to life.

© 2010 by Taylor and Francis Group, LLC
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Chapter 2

ISOTOPE HYDROLOGY

The Isot f Hyd dO
A Study of the Water CY de e Isotopes of Hydrogen an xXygen

Hydrogen and oxygen have a nwmber of isotopes, both stable and

radioactive. The major isotope of hydrogen with a mass of 1, (*H), occurs

Joel R Gat in the hydrosphere at a mass abundance of 99.985%. It is accompanied by

Ui about. 0.015% of the heavy isotope H whose partic¢alar name is Deuterium,

designated D in the older literaturc. An even heavier isotope of mass 3

(*H), named Tritium, is unstable to 3 decay with aif-life of 12.43 years;

... .this is the value usually accepted even though morcé:recent measurements

~suggest the value of Ty/p = 12.23 years (Lucas and Unterweger, 2000). As.

" this half-life is compatible with the holdup time in mafiy subsurface reser-
voirs, Tritium is also widely used in hydrologic-studies gs a tracer.

The most abundant oxygen isotope, 160, whose 1i¢hin mass abundance -

“in the hydrosphere is given as 99.762%, is accompanied: by a number of
stable and radioactive isotopes. The radioactive okygen isotopes 140, 150,

190 and 2°0 all have half-lives of only seconds and 4re.thus too shortlived
to be of any significance in the study of the hydrologic'¢ycle. However, the
two stable heavy isotopes of oxygen, 17O and '80, whose average abun-
dances are 0.0379% and 0.200%, respectively, are the powerhouses of isotope
hydrology.

Given the five stable isotopes of hydrogen and oxygen, one will have
nine isotopic water molecules (termed isotopologues in the recent literature)
ranging from a mass of 18 for 'Hy'%0 to mass 22 for 2H,'80. Assuming sta-
tistical distribution of the isotopic species in water, the abundances shown
in Table 2.1 are proposed. It is clear that one is concerned mainly with the
molecules 'H2H60, 1H,170, 1H,'80 and, of course, 'H2!60. The doubly
labeled molecules 'H2H!70, 'H2H!80 and ?H2'%0 and even more so the
triply substituted molecules 2H;'80 and 2H,'7O can be disregarded at the
level of natural abundance of these isotopes.

Weizmann Institute of Science, Israel

@ Imperial College Press 9
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10 Isotope Hydrology

Table 2.1. Isotopic water species and their relative abundance.”

Mass Molecule Rel. Abundance
18 14,160 0.99731

19 THZHLEO 3.146 x 1074
19 H,'70 3,789 x 107
20 TH2H'7O 1.122 x 10-7
20 2H, 160 2.245 x 108
20 TH, %0 2.000 x 10~
21 2,170 —negligible
21 IHZHI3O 6.116 x 1077
22 2[,180 —negligible

(* Assuming equilibration during disproportionation reactions)

{Note that the abundance of molecules which are singly substituted by Deuterium,
e.g. 'H2HO, is twice that of the product of the atomic abundauces}. As given by
Coplen et al. (2002).

Because of the measurement procedure by mass spectrometry, one often
" uses isotope (abundance) ratios, R, rather than the conventional concen-
tration units, C. R = N;/N; where N; and Nj-arc the numbers of the
rare-and common isotope species, rebpcctlvely For the case of low natural
abundances of the heavy isotope (so that the namber ‘of double—labclled
molecules such as 2H50 is low) this practxcally ccfualb the #tom-% of the
two isotopes.
The concentration of the isotopic moh,cules“"

= (number of 1sotop1c molcculcs) / (totdl number of molecules),

TR
and this is related to the isotope ratio as follows: o= R/ (1 +R).

Onc uscs a superscript before the symbols to refcf 4o the isotope under
consideration while the molecule involved follows in paranthesis. Thus,
for example, ¥R(H,0), stands for the ratio of [H'*0)/[HZ'¢0] in water
vapour, while C(Hg!80),, the concentration of Hz'80, is given by the
ratio of [H5'0]/% [all isotopic water molecules] which can also be written
as C(Hy'80) = [H,'30]/[H20), recalling that H or O without any mass
assignment signifies the total amount of that element. In the case of natural
waters where the abundances of the “heavy” isotopes are small, these two
scales do not differ in a significant way.

Even though these isotopes are stable and not subject to radioactive
decay, they can be products or reactants in nuclear reactious initiated
by natural radioactivity or by cosmic radiations. Moreover, hydrogen is
accreted from the solar wind with isotopic abundances quite different from
the terrestrial ones. However, these interactions are believed to be of only
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Table 2.2. Properties of isotopic water molecules.

*H,zl&o 2H2*O IH‘ZH*O

Density [gml™! at 30 °C]® 1.107845 1.10323 1.049452
Temperature at maximum density [°CP 4.305 11.24
Boiling point [°C]° 100.14 101.42
Melting point [°C]P 0.28 3.81
Self-diffusion coefficient through liquid

water [D.10% (cm?.s™! at 25°C)]¢ 2.66 2.34
Molecular diffusivity through air relative to

the diffusivity of *Ha*OJ® 0.9723 0.9755
Legend:

£

- clement at natural abundance

a -~ cstimate by interpolation

b - {Steckel and Szapiro, 1963)

¢ -— {Szapiro and Steckel, 1967; Zieborak, 1966)
d — (Wang et al., 1953)

e — (Merlivat, 1978)

minor consequence for the average terrestrial abundance, which can be con-
sidered invariant’to & first approximation.

The observed v&ﬁablht‘y in the isotopic abundance within the hydro-
logic cycle, and in other ma,terlals in the lithosphere or- biosphere, which
range about £50%: around the mean 80 abundance and from +300%o to
~500%; in the case f Deuterium (2H), are the result of isotope fraction-
ation procebseb ‘withiii"the system, to be discussed in the following chapters.
Throughout the hydrolbglcal cycle, the phase transitions of water between
ice, liquid and vapqui'—‘aLre the most important processes to be reckoned with.

Some properties’ of the isotopic molecules of water are shown in
Table 2.2,

The ratio of densities of Hy'80/H;0* and 2H,0/H,0%* is close to d3§ =
1.12653 and 1.108018, respectively. These values are close to the mass ratios
of 1.1110 and 1.1117. The good agreement is the result of the fact that
inter-atomic distances are almost invariant under isotopic substitution. The
molecules YH2H'O and Hy'7O have properties in between those of the
heavy and light water molecules.

2.1. Measurement techniques

Mass is the most immediately discernible difference between the stable iso-
topic species. Thus it is only natural that in the beginning (following the

ov!
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Box 2.3. (Continued)

of the isotopes, at a reproducibility of 2.10° (Hagemann et al., 1970). For many
other “reference materials”™ and other isotopic species there arc no absolute
isotope ratio determinations and their comparison to SMOW and other stan-
dards depends on estimates of the isotope fractionation between the different
co-existing materials. However, recently. the isotope abundance measurements
have been much improved and reproducibilitics of 107 to 10™" can be obtained
for the measurement of absolute ratios of oxygen isotopes in O3 gas. Since fluori-
nation techniques can produce Oz gas from water, carbonates, sulfates, silicates
and phosphates at close to 100% yield, thus being free of fractionation effects, it
has been suggested that atmospheric Oz gas from areas of either sources or sinks
of oxygen be used as a primary standard for the oxygen isotopes. Following the
accurate calibration of such a standard by means of synthetic mixtures of the
isotopes concerned, a comparison can then be made between CO. produced by
conversion of the standard to COz with the CO2 produced in cach case by the
accepted analytical procedures, i.e. HoO—-CO; equilibration, acid decomposition
of carbonates, etc (Gat and DeBievre, 2002).

i

2.2 Th'g‘_;{iatura_l abundance of isotopes of oxygen
and;.};ydroger; ’

The two Boato diagrams (Figs. 2.1 and 2.2) show the range of the abun—"

dance of the heavv isotopes in natural materials (Boato 1961). 6180 values

span a range of +50%0 around SMOW, with most of this range pertammg-..

to the waters of the hydrologic cycle. The range of 82H values is consid-

erably larger In. the water cycle, the meteoric waters, i.e. the precxpltatlon 2

and water de1 wed directly from precipitation are relatively depleted in the
heavy 1sotopes, whereas surface water exposed to evaporation and water in
geothermal systems fall on the enriched side of the scale.

The average of the present hydrosphere is estimated at 5('30)
—0.64%¢ . The value of the primordial water, i.e. that water first con-
densed over the primitive carth and still possibly present deep down under
the earth’s surface, has been of great interest. The valuc suggested is
8180 = +5%0 and §°H = —55%s and is based on the isotopic composition
of old rocks formed at high temperatures (so that no isotope fractionation
can be expected) and on the value of water in magmatic exhalation. The
evolution in the § value of the hydrogen isotopes from the primordial to
the present day hydrosphere is explained by the slow but preferential loss
to space of 'H atoms from the cxosphere. In the case of the Oxygen-18, the
loss of heavy oxygen can be accounted for by the deposition of carbonates
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Box 2.4. Oxygeu-17 Labelled Water.

Classical equilibrium isotope fractionation theory (Bigeleisen, 1962) predicts
that the isotopic changes of the Oxygen-17 labelied molecules would be about
one half that of the equivalent ones labelled by Oxygen-18. The prevalent mca- Chapter 3
surement techniques for Oxygen-17, namely by NMR or Mass Spectrometry on
CO3 (where the molecule 3C'¢ 0, of mass 45 masks the changes in abundance
of the sought after molecule *2C¥070), were not sensitive cnough to detect
any deviations from such a rclationship within the hydrologic cycle. However,
it was shown that extra-terrestrial abundances of 70 in meteorites differed
markedly from the expected ones (Clayton, 1993). Moreover, measurements of
the isotopic composition of stratospheric oxygen and COz (cf. Thiemans et al.,
1995) established an anomalously large enrichment of the 17()-labelied molecules
of oxygen and ozone; this was shown to be the result of a mass-independent
fractionation by photochemical reactions in the upper atmosphere.

Isotope Fractionation

In order to exploit this isotopic tracer pulse for studies of the mixing and Introduction
incorporation of the high altitude oxygen in the terrestrial geochemical cycles . . . ) .
(Luz et al., 1999), the Oxygen-17 analytic procedures had to be improved. This Due to the difference in the properties of the isotopic atoms and molecules,
was achieved by using Oxygen gas for the measurement in the MS, which was be it rates of motion, frequencies of inter-inolecular vibrations, rotations or
produced from the water by electrolysis (Meijer and Li, 1998) or by a fluori- stability of chemical bonds, the relative abundance of the isotopes in the
nation technique, with CoF; as the fluoringtion agent. Barkan and Luz (2005) source matetial and the product of a dynamic process is different. Ever in * i

17
perfecnt;d this procedure to obtain a precision of 0.01% to 0. 03%o for bOth 60 the %o—called qulzbrmm systems,. where the amount and conc: .entration of
and 6'%0. Using this method, they determined the' fra,(,tmnatlon factor o and

184 for the liquid/vapour cquilibrium and fourid. the ratfo of In'7a/In"*a to be the chemical compounds involved do not change, one encounters differences
constant with a value of 0.529 + 0.001 over thé tempera,ture range of 11.4° to in the abunda,nce of the isotopic species in the various components of such
41.5°C. Moreover, a large suite of samples ¢ meteoric waters followed a similar 8 system. ‘The term “Isotope Fractionation™ is used to denote any 51tuat10n '
.| relationship. However, the relationship, befj thg fractionation effects of the . where: chang ‘zlsotoplc abundances result. o

diffusion of the isotopic water molecules through air during the evaporation of Based on-the process which is. responsﬁ)le for the change, one d1$~-
water followed a smaller ‘;lope of 0. 018 S0 that these two effects can be distin- e

guished by measuring both the 170 and 0 1&0’1;();)'@6” Exanples of use of this| - tinglflshes' bgtwqeh e?uzlz.bmum fractionation (falso t:,crmcd thergl?dyxla@c
methodology is found in Landais et al. (2008). . . fractlonatlon)v,j a_;x_ld.,kmetzc and fransport fractionations. Thesc will be dis-
— cussed -in the following sections. All of these are mass-dependent effects,
- in the sense that there is a quantitative difference in the rates or extent
and other sedimentary minerals (which are relatively enriched in the heavy of the isotope fractionation which depends directly on the mass difference
isotope) from the world occan over the geologic time span. between the atoms or molecules involved. Where a number of isotopes of
The 7O abundance is estimated at about 37.4 x 1073, By and large, the same element are involved, such as the case of 80, 170, 0 or C,
the variability in 7O mimics that of 30 at about one half the amount of 13Q, 12Q, the mass dependency is reflected in the degrec of enrichment or
change, since most of the isotope fractionation occurs in a mass-dependent depletion of the isotope with intermediate mass, which is in between that
fashion. However, there is mounting evidence that some mass-independent of the heavier and lighter isotopes (Bigeleisen, 1962).
fractionation takes place during photochemical interactions in the higher The mass dependency also explains the fact that some of the fraction-
atmosphere. The case of the 170 labeled waters is discussed in Box 2.4. ation effects involving the hydrogen isotopes are larger by almost one order

of magnitude when compared to those involving the oxygen or carbon iso-
topes because of the relatively large ratio in mass of 2:1 in the case of the

22
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hydrogen isotopes compared to 18:16 and 13:12, respectively, for the oxygen
and carbon isotopes.

There are, however, two situations where mass-independent fraction-
ation is encountered. The first situation is when a nuclear interaction occurs
with one or the other of the isotopes being either the reactant or product.
The other case is that of a photo-chemical reaction, whereby the bond
involving just one of the isotopic species is preferentially excited by radi-
ation of the appropriate wavelength.

Changes in the (averaged) isotope composition of different compart-
ments or fluxes in the hydrological cycles can also be encountered without
any fractionation when these compartments are not well wixed or equal in
either time or space, and then partially utilized. Such a process, termed a
selection process to distinguish it from a fractionating one, is one based for
example on the seasonal changes in the isotope composition of atmospheric,
surface or soil waters, as described in Chapter 8.

3.1. Isotope fractionation under equilibrium conditions
(’J_‘hermodynanuc fractionation processes)

Compoundb A and B with a common element (with more than one 130—’ o
toplc spécles) which are’ in ethbnum with respect to the exchaxl,g N
LA l

5

‘ of th ulsotopee between them, may have different isotopic composm,
(A) ‘) ‘resulting from differences in bond strengh of the 190- .
topxc speaés -An isotopic fractlonatlon factor is then defined as: follows :
A-B) = R(A) /R(B). In analogy to the reversible chernical reactions at "

ethbruun (eX( hange reactions), one can define a thermodynamic constantﬁ_. o

of the 1sotoplc exchange reaction:
AX® +BX' & AX' + BX®

where X? and X! stand for the two isotopes of the common element between
the molecules concerned, as follows:

[AX"] - [BXO]

K = [axo]- BXT]

(3.1)

The brackets | ] signify the thermodynamic activity of the component
concerned.

3

K, cquals R{A)/R(B) to the cxtent that onc can assumc no isotope
cfficct on the activity cocfficients ratio for the two chemical species; this,
however, is a first approximation at best.

The same principle can be applied also to the cquilibrium between two
phases of some material, such as water in its three phases: vapour, liquid
and solid (ice). The special case of the relationship between the concen-
tration and activity fractionation factors in the case of saline solutions was
discussed in Box 2.2.

These equilibrinm fractionation effects are dominated by the zero-point
energies of the binding energies; being quantum mechanical effects they
are appreciable at lower temperatures and practically disappear at higher
temperatures, typically following a rule such as:
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loge x = Cl/T2 + Cg/T +C3 (32)

where T is the temperature expressed as ~ Kelvin.

For the case of the vapour to liquid ethbnum of watér, the following
relationships were determined by Magoube (197 1):
=-2.0667.10™%  (3.3)
log, %ay/v: C1 = 24.844. 10~‘ Cy = —76 248 ; 03 = {52.612.107%. . (3.4)

. These data are shown in graphical form ins F;gure 3.1. The equilibrium

.;-1sotope fractionation factors are often dénat@d las o or oty where by a

convention introduced by Craig and Gordon- 965), one uses the notation
of a* when a* < 1 and a* for o™ >1.

Table 3.1 summarizes some of the frastwna, on actorb which operate
during phase transitions of water. It is. ev_:d_ent from the magnitude of
the fractionation factors during the phase. transitions of water, that the
resultant changes in isotope composition of hydrogen and oxygen respec-
tively, differ by almost a factor of 10. In order to portray these then in
& (%o)-space (i.e. the plot of 2§ versus 185), one foreshortens the *§ axis by
this factor of 10 relative to the 185 axis. The trend lines relating the isotopic
composition of vapour to the liquid or solid at thermodynamic equilibrium
are seen to be temperature-dependent, ranging in slope, S (where S = A25)
A8§), from S = 8.65 at 0°C to S = 7.75 at 20°C for the liquid/vapour,
and S = 7.7 for the vapour/ice equilibrium at 0°C. Notably, the equivalent
value for the solid/liquid transition is much less than these, being S = 5.86.
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Fig. 3.1. Isotopic Spodics of water.-

Table 3.1. - Equilibrium lsotope'fi* t:ﬂonatlon factors for phase
transitions of water : ) .. o

8ot et - Reference

Solid (ice)-vapour d
at 0°C 10162 ¢4 . 1132 1]

at —10°C 10166, 1151 {1}
Liquid—vapour ’

at +20°C 1.0098 1.084 [2]

at 0°C 1.0117 1.111 2]
Solid (ice)-liquid

at 0°C 1.0035 1.0208 [11/8]

Hydration water—solution
Gypsum (CaSQj - 2H20)
at 20°C 1.004 0.985" [4]/15]

(1] Majoube, 1971a; [2] Majoube, 1971b; [3] Arnason, 1969; [4] Fontes and
Gonfiantini, 1967; [5] Sofer, 1975.
*Value refers to 2o = R(water in gypsum)/R(mother solution).

(L{o
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3.2. Isotope fractionation accompanying transport
processes

The offect of the mass difference of isotopic molecules is expressed most
dircctly in their transport propertics. In the hydrologic cycle, differences in
the rate of diffusion of the water molecules through air is of major concern.
Based on the gas-kinctic theory (Chapman and Couling, 1951), where the
diffusivity of molecule A through gas B is expressed by
{C-(1/Ma+1/Mp) - T¥?}

{P-0% Qan}
one would expect the following ratios of diffusivities through air for the
deuterated and Oxygen-18 substituted water molecules 'H?HO and H3®0,
respectively, relative to the common water molecule H180, (under neglect
of the interactive term €24 p and on the assumption of negligible change of
the molecular volume with isotopic substitution):

D(1H160)/D( H2H160) =1.015 and D(*H} 60)/})( H;0) = 1.030.

Dap=

Contrary to. this - expectation, the etperunenta.lly measured values "3
"were found qulte “different (Merlivat, 1978) espeﬂally for the case of the

deuterated mblecules
D(1H160)/D(1H2H160) =1.0250 and D(IH;"'O)/DGH;SO) = 1.0306.
This is a.tifnbuted to mteractlons between water miolecules in the gas

phase. Such“a..t_l;eﬁjec‘t is even more accentuated in the liquid phase. Indéed, ..
Wang et al..(1953) measured appreciable differences between the diffusion . .

coefficients of isotopic water molecules of equal mass in liquid water, for. " S

example, the molecules 'H3HO and H3*O. Other trausport properties in
the liquid, such as viscosity, are similarly affected by the intra-molecular’
forces and especially by hydrogen-bonding.

Lately, this apparent discrepancy in the Diffusion Constant of the
deuterated water molecules in air has been questioned by Cappa et al.
(2003), based on a re-evaluation of the isotope fractionation process during
the evaporation of water, as will be discussed in more detail in Chapter 4.3.
However, this subject is still not agreed upon and at this stage, the evidence
seems to support the more classical approach based on Merlivat (1978).

Unlike the thermodynamic and kinetic isotope effects with their strong
(negative) temperature dependence, the effect of temperature on the dif-
fusion cocflicients in air is rather weak, i.e. P is proportional to /T and the
ratio of diffusivities is practically invariant with respect to temperature.
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In the carly literature, the fractionation cffects that result from dif-
ferences in the movement of the isotopic molecules were termed “kinetic
isotope fractionation” effects, a term which nowadays is reserved for the
effects resulting from the breaking and making of chemical bonds in
chemical and bio-chemical reactions. The presently discussed eflects are
termed “transport isotope fractionation”.

Chapter 4

Models of Isotopic Change
in the Water Cycle

4.1. Closed equilibrium system

In an assemblage of N water molecules consisting of ‘N and IN isotopologues
where j refers to the more abundant wotol,)e species, so that R = 'N /AN and

= (IN+IN), the distribution of the isotopologues between two coexisting
phases of the water (for example between hqmd and vapour or liquid water
and ice) under equilibrimn conditions is govemed by the appropriate “Equi-

librium Fractionation Factor”. In the case t;ha.t the two phases contain Ny

and N2y molecules, respectively, then usmg a “box-mode] formulation the

. distribution of the isotopes between the 2" phases, namely, the relation of

Ry ={' Ny /IN@y} to Reay = {‘1\(2)/1N(2)} wall be glven ‘at-equilibrium
by a = Rey/Rq).- o

« is the relevant “Equilibrium Fractmnatxon Factor at the temper-
ature concerned. For the case of the natural 1sot0pe abundances of cither
the Oxygen—18 or Deuterium, where IN- > N, one can write, to a good
approximation, that N = (‘N 4+ N) = N and d'N = dN.

Suppose that initially all the water is in one phase (No and Np
molecules, respectively) and that subsequently more and more of it changes
its phase under equilibrium conditions. Such is the situation when fog
develops as an air mass cools as well as when clouds form in an ascending
air-mass. If 0 < f > 1 is the fraction of water remaining in Box #1, i.c.
J =Ny 1)/N, then the evolution of the isotopic composition, described by
the ratio Ry, can be described by the following equation provided the equi-
librium situation is maintained between the two phases throughout; note
that if the temperature changes throughout the process, the controlling
fractionation factor changes accordingly.

Ry o = {iNg — 'N¢}/{No — Ni} = {Ro — f - Re}/(1 = f) {4.1)

28
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In & (%o) uowenclature where € = (o — 1)10%, the equivalent formmnlation is:

()‘f;:dg—e‘(l—f) (42)

4.2. Open equilibrium systems — the Rayleigh Equation

When material is remnoved from a mixed assemblage of isotopic molecules in
the form of another phase under momentary equilibrinin conditions, such
as when water droplets are removed from moist air or the evaporate flux
from a liquid, then given the initial isotopic ratio in the mixed reservoir
(box) of R = IN/IN, the isotopic ratio in the effluent flux, Rer = d'N/dN,
is given by the relationship:

a = Ret/R = {d'N/d'N}/{'N/N} | (4.3)

when « signifies the Equilibrium Fractionation Factor.

When more and more of the material is removed from the reservoir, the
changing isotope composition is described by the “Rayleigh Equations.”
This formulation is based on onc given by Lord Rayleigh (1902), who 100
years ago thus described the enrichment. of alcohol by distillation from an
alcohol/water mixture. Even though these equatlons were formulated to
describe a momentary equilibrium qltua.tlon they can be applied also in the
case that fractionation factors other than the “Eqmllbmun Fractionation
Factor” operate. g =

One needs to distinguish between the followmg situations:

1) Systems closed to mﬁow, open t_o outﬂow:

A) where material is removed only according to Eq. 4.3

B) where part of the outgoing flux occurs without any change in
the isotope composition, e.g. in a bottom-leaking cvaporation
pond.

(2) Systems open to both inflow and outflow:
C) balanced throughflow systems, i.e. influx equals efflux:

C1) where material is removed only according to Eq. 4.3
C2) where part of the outgoing flux occurs without isotope
fractionation

D) unbalanced systems

7
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4.2.1. Systems without inflow

The changing isotope ratio as material is removed under equilibrium condi-
tions, based on the relationship of Eq. 4.3 and the approximation discussed
above, is then given by:

dR/dN = d(*N/N)/dN = {d'N/dN —'N/N}/N = {R/N} - (a ~ 1) (4.4)
from which it follows that:
diogR/dlogN = {a — 1) (4.4a)

Defining f = N¢/Np as the fraction of material remaining in the system
after part of it was removed (where Ng is the number of molecules at the
beginning of the process), then for a constant value of the fractionation
factor, the evolution of the isotope ratio will be given by integration of Eq.
4.4 as follows:

R =Ry fleV (4.5)
In §(%s) .home_ncla.t.ure, since R/Rstandard = {1 + 6/ 103} we have
‘diogR = dlog {1+ §/10°} = {d§/10*} /{1 + §/10°}

so that - .~

: . ;1(6/103)/d10gf'= (0_1). {1+5/103}
For small & valucs this can be approximated by:
d~=dy—(a—1)-logf (46).

The change in isotope composition can thus be used as a measure of the.
degree of rainout or evaporation, as the case may be.

When only a part of the efflux occurs under fractionating conditions,
the change of the isotope composition according to Eq. 4.6 will not be
commensurate with the actual water balance. Comparison of the expected
and actual isotopic change will reveal the partitioning of outflow by the
fractionating and non-fractionating modes.

4.2.2. Systems with both in- and outflow
The mass balance of such a system with both in- and outflow is given by:

dN = dNj; — dNgyt

&
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When dN;, = dNgy; the system is at steady state relative to the amount of
matcerial. The isotope balance is then given by:

d(RN)S = R'in : dNin —a-Ry- dell.

Such a system can reach an isotopic steady state when Rip = o - Rs.

Details of such systems will be further discussed in the context of the
discussion on lakes.

Figure 4.1 shows the evolution of the isotopic composition for thesc
different modcl systems. Evidently, the change in isotopic composition is
quite different, even though all are governed by the same fractionation
factor.

+50 T T T

Bt

T 430

3180(%0)
+
8

+10

1 0.75 05 0.25
Residual water fraction (f)

Fig. 4.1. Change of the isotopic composition of water from which vapour is removed
under conditions of equilibrium-fractionation for different scenarios: Curves A,B,C: under
a Rayleigh regime, showing the residual water, the instantaneous vapor flux and the
total removed vapour, respectively. Curves D,E: The liquid and vapour composition,
respectively, for a closed system. Curve F: A liquid approaching steady state (borizontal
axis in this case represents a time axis).
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4.3. Evaporation under natural conditions

The carly surveys of the isotope composition of terrestrial waters reported
an enrichment of the heavy isotopes in some lakes and evaporative basins.
This was first attributed to a Rayleigh process, based on the Equilibrium
Isotope fractionation between liquid water and its vapour. However, the
high enrichments in ¢xtreme evaporative systems which were thus cxpected
were not realized. This led to a serics of experimental evaporation studies
in the field and laboratory, among others by Dansgaard (1954), Friedmann
et al. (1956), Craig Gordon & Horibe (1963), and Lloyd (1966). It was
thus realized that the isotopic buildup during the process of evaporation
into the atmosphere is not a simple one-way “Rayleigh” process, but is
limited by the back-diffusion of the atmospheric moisture. This was further
confirmed by observations on the Tritium balance of lakes (e.g. Oestlund
and Berry, 1970) where the vapour exchange between the surface waters
and the ambient air could be identified as an important factor.

More quantitative evaluations <‘)f:'611e buildup of the heavy isotopes
(either of the oxygen or hydrogen isetopes) during evaporation further
suggested that the stable isotope fra(:t;ibnzition jn accompaniment of the
evaporation is larger than that to be expected based on the “Equilibrium
Fractionation” factor. The comparison of the buildup of the Deuterium with
that of the Oxygen-18, as shown by, Cralg (1961), also indicated that the

Y3

relative rate of change could not be e‘cpla.med by simply applying an equi-

librium fractionation to the evaporation process. To account for this dis-
crepancy, a number of possible “transport’ effects were considered, namely:
the diffusion of water molecules through the air column, seclf-diffusion in
the liquid or the rates of detachment ot attachment of water molecules
at the liquid surface. The fact that the diffusion of the water molecules
through the air column is an important factor in the isotope fractionation
that accompanies the evaporation process was established by comparative
laboratory experiments in a nitrogen and helium atmosphere, respectively,
as reported by Gat and Craig (1965).

With these findings in mind, and based on the realisation that the rate
of evaporation of water into un-saturated air above it is limited by the
transport of vapour from the layer immediately above the surface into the
ambient atmosphere (Brutsaert, 1965), Craig and Gordon in 1965 suggested
the model schematically shown in Fig. 4.2 to describe the isotope frac-
tionation during the evaporation process; it follows the formulation of the
Langmuir linear-resistance model (Sverdrup, 1951).

Lvl
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Fig. 4.2. The Craig-Gordon model of lsotope fractlonatlon during the evaporation from
a free water surface. et :
* st
The following assumptions underm-‘ this model
PRAR PR
e The establishment of hquld-v,a.pour equlhbnum at the water-air
interface is rapid compared to the vapour- transport ‘from the interface
. zoné to the free ambient: atmosphere;.so.that isotopic equilibrium
between the surface water and the saturated vapour above it can be
assumed. The (saturation) vapour content and the appropriate isotope
fractionation factor thus depends on the temperature and salinity of
the water surface (cf. Chapter 2 and Box 2.2).
o The vertical flux is the balance between the upward evaporation flux
and the back-diffusion of the vapour from the ambient atinosphere.
+ No divergence or convergence in the vertical air column.
» No isotope fractionation in accompaniment of fully turbulent transport.

In the model, the vapour flux is described in terms equivalent to Ohm’s
Law as the quotient of the concentration gradient (expressed in terms of
the humidity gradient, normalized to a value of A = 1 in the saturated
surface layer) to the transport resistance, p. In the case of a stagnant air
layer above the liquid surfacc, as pertains to the cvaporation through an
unsaturated soil layer as well as the water loss from plants through the

‘oquq 48and47

( W

34 Isotope Hydrology

stomata (to be described below), the vapour transport is by molecular
diffusion and a fixed lincar concentration profile is established. The water
and isotope fluxes through the air column arc then determined by their
respective molecular diffusion eocfficients. On the other hand, for an open
interface under strong wind conditions, most of the transport is by tur-
bulent diffusion, and molecular diffusion through a non-steady variable air
layer is effective only close to the surface (Brutsacert, 1965).

The appropriate flux equation for the water substance is then as follows:

=(1—h)/p (4.7)

where p is the sum of the resistance to diffusive flow in the diffusive sub-
layer, pas, and in the turbulently mixed sub-layer, pr, namely:

p=pmtpr.

The corresponding flux ‘equations for the water isotopologues, either of
'H?HO or H3?O, arc: :

Ei=(a-RL—~h-Ra)/pi (4.8):

where:g; = pim +piT-
Thegsotope composition of the evaporation flux, R, is then the quotlent ‘

Re=Ei/B= o Ry —h-RAl/[(1- 1) (pi/p)] © (49).
This can be‘ exprwsed in the more convgntiona,l d-units as follows:
b5 = [a- 60 — h-84— € — Ael/[(1 - h) + Ae/10%]
= [6p —h-84 —€" — Ac]/(1—h)
In this expression, £* = (1 —a) - 103 and Ae = (1 — h)- (p;/p— 1) - 10°.

In the linear resistance model, p;/p = (pi.m + pi,1)/(pMm + pr) S0 that the
term (p;/p — 1) can be written as follows:

(oi/p—1) = (pm/p) - (pim/pm — 1) + (pr/p) - (i, /P — 1)

The term {p; v/pT — 1) can be eliminated, based on the model assumption
that there is no isotope fractionation during turbulent transport so that
pi,r = pr. Defining 8 = (pm/p), the expression for Ae is then:

Ae = (1—h)-(pm/p) - (Pim/pm — 1) - 103
=(1—-h)-0-(pim/pom —1)-10° (4.10)

Qv
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In the case of a stagnant diffusion layer, py is proportional to DL
Under strong turbulent wind couditions and a rongh water surface, the
travsient-eddy model of Brutsaert (1975) can be applied where py is
proportional to D=1/, For more moderate interface conditions, a tran-
sition from the proportionality of D Y2 to D! oceurs (Merlivat and
Coantiac, 1975). As described in Chapter 3.2, the ratio of the molecular
diffusivities through air of the water isotopologues differ appreciably from
those expected from the gas-kinetic theory, based on the molecular weights
only. Defining the ratio of the molecular diffusivitics of the heavy and
light water molecules, respectively, as Ck then, the expression for Ar
becomes:

Ae=(1~-h)-0-n-Ck. (4.10a)

The value of n ranges between the value of n = 1 for stagna.nt, and n = 1/2
for fully turbulent wind conditions, respectively. o '

The formulations just presented apply to a well-inixed and homogenous
... water body where at all times there is no difference of motope compo%ltlon
“between the surface and the bulk of the hquld This i is 1101; ne(’es%a,rllv true
‘in the case of open water under wind-still’ conditions of when evaporation

.+ . takes place from within the soil. Under such circuinstances. a concentration
... gradient can be established in the liquid boundaxy layer thch ‘slows down

;- the isotopic change that accompanies the evaporatio »elab'or'ated in

be discussed in

Chapter 8. e

Due to the additional transport-fractlonatlon nnposed on the evapo-
ration process under natural conditions, the ratio of change of the Deu-
terium to Oxygen-18 labeled waters during such a process differs from
that of the liquid-vapour transition under equilibrium conditions. On
a plot of 28 versus '8 (6-plot for short), such evaporated waters are
then located on “Evaporation Lines”, whose slopes are reduced relative
to the Equilibrium Lines. Thesc relationships will be further claborated
in the context of the discussion on surface waters in Scction 9.4 and
Fig. 9.8.

The historical evolution of the concepts leading to the Craig-Gordon
Evaporation Model has recently been reviewed by Gat (2008) and the model
was re-evaluated by Horita, Rozanski and Cohen (2008).

(4
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Rox 4.1 The casc of incomplete mixing in the liquid surface layer.

The formulations of the Craig-Gordon model shown were based on the
assumption that the cvaporating water body was well mixed, so that at all times,
du{surface) = dg,(bulk). This is not necessarily so for an open water body under
no-wind conditions or for evaporation from within a porous medium, e.g. soils.
Incomplete mixing can then result in the enrichment of the surface water in the
hicavy isotopes rclative to the bulk of the liquid and, hence, the establishment
of a concentration gradient in the liquid boundary layer. In the Craig-Gordon
model, one then has to introduce an additional resistance, pr.

On the assumption of a surface boundary layer of constani depth, the fol-
lowing formulation represents the isotope flux through the boundary layer:

Ei = E-Re — (Ryyrface ~ Ru)/pL (1)

On adding this expression to the flux equation in the atmospheric boundary
layer, where the term Raurfoc substitutes for Ry, and disregarding at this stage
any change in the values of o and €* due to a temperature or salinity change
in the surface layer, then the increase of the isotope composition resulting from
the cvaporation is given by Eq. 2:

dlnRy/dlnN = [ (R Ra)/Re — " — Ae}/[(1 -h) + De+a" - E- pL]l (2)
to be compared to Eq. 3 for the mixed surface waters:

dinRg/dInN = [i *:.‘('RL — Ra)/Re — &* = Ae]/[(1 — b) + Ael. (3)

Obviously then, when . pi: #0; the isotopic change is slowed down.

4.3.1. Isolope compqéifz%;}‘ _q;f'th:e' evaporation flux — g

The isotopic composition of the evaporation flux is usually the least known
parameter in the balanecc equation of the water substance, as it is not
directly amenable to measurement. Based on the Craig-Gordon model of
cvaporation from an open-water body, it.is expressed by Egs. 4.9a and 4.10.
For operational use, this can be written in the following form:

532[5[,—]&'5,;——E*—(1—h)-0~ll~Ck]/[l——h] (4.11)

where Cx = (pim/pm — 1) - 10°. Based on the measurements of Merlivat
(1978) this has the value of Cx = 28.5(%0) in the case of the oxygen-
18 labelled water molecule and Cy = 25.1(%«c) for the deuterated water
molecule diffusing through air; n is the exponent in the relationship between
pu and D, which, as discussed above, is usually assumed to be n = 1/2 for

vl
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evaporation from the occan. # = (pn/p); this can be assuined equal to | for
a small water body whose evaporation flux does not perturb the ambient
moisture significantly. However, it was shown to be 8 = 0.88 in the casc
of the North American Great Lakes (Gat ef al., 1994) and that a value of
@ = 0.5 applics in the castern Mediterrancan Sca (Gat et al., 1996). The
latter value appears to be the limiting factor encountered also over large
opcen occanic arcas.

4.3.2. Postscript

As mentioned in Section 3.2, Cappa et al. {2003) from recent measnurements
on the isotope composition of evaporating waters concluded that the main
reason for the apparent discrepancy between the expected and measured
fractionation due to diffusion of the water vapour from. the surface was not
due to the Diffusion Constant (D), as given by Merlivat (1978), but due to a
lower temperature at the water surface resulting from incomplete mixing of
the wader in the liquid boundary. This issue is not yet settled as of now, and
an authorative re-evaluation of the isotope fractionation in accompaniment
of evaporation is called for. '

4.4. The “Isotope Transfer. Function” (ITF)

The set of rules that describie’the ‘change in isotope composition resulting |

{rom the passage of the wateri:g{}ib_;éfanée from input to output of a system
is termed the Isotope Transfer Function (Gat, 1997). Two effects have to
be taken into account namely, on the one hand, those actuated by frac-
tionation between the isotopes in accompaniment of phase transitions or
kinetic and transport processes and, on the other hand, when there is a
selection of part of the input waters during the transition to the output,
provided these selected parcels are characterised by a different isotopic
composition. An apparent further change can occur simply by mixing of
water parcels of different composition. An example is the change of isotope
composition that accompanies the transition of precipitation input through
the land/biosphere/atmosphere interface to groundwater recharge flux or
surface runoff, as discussed in more detail in Chapters 8 and 9.

Figurc 4.3 summarizes the occurrence of these different processes
throughout the water cycle.
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104AP%/P
w

12 11 10 9 8
108/T2

Fig. 5.7 Excess pressures of equimolar solutions of per-protio and per-deuterobenzene and of
per-protio and per-deuterocyclohexane. AP = ( PsoLymon—[0.5 P°(per —protio) + 0.5P° (per —
deutero]). The upper line refers to cyclohexane (C¢H)2/CgD)2) solutions, the iower to benzene
(CsHg/CsDs) (Redrawn with permission from Jakli, Gy.. Tzias, P.; and Van Hook, W. A. J. Chem.
Phys. 68, 3177 (1978). Copyright 1978, American Institute of Physics). .

fluid [(0.5 C¢He + 0.5 C6Ds), see Fig.5.7}'in good agreement with experiment,
2.1+0.3 J/mol. The agreement furnishe§. strong. support for the theoretical de-
velopment (Section 5.8) correlating molar volume isotope effects and excess free
energies of solutions of isotopomers.

5.7.4- Example #4: Water e

It is instructive to illustrate the use of Equations 5.19 and 5.29 using a simplistic
3-atom model calculation for water. Even. thqugh it is well established that the
condensed phase structure of water is complicated and involves the coordinated
motions of many molecules coupled through a constantly fluctuating hydrogen bond
network, the fundamentals of the VPIE are represented reasonably well by the sim-
plified model.

The principal features of water VPIE’s are illustrated in Fig 5.8 which com-
pares VPIE’s for water isotopomers from well down in the solid—vapor part of the
phase diagram to near 400K. For H,O/D,0 and H,'0/H,"'80 high precision
data from VPIE or LVFF, respectively, are available all the way to the critical point.
VPIE’s in the solid, and in the liquid not too far from the melting point, are nor-
mal and unusually large. At 273.15K for H,O/D>0, In (P /P)gq1p = 0.242 and
In (P'/P);1q = 0.204, Such large effects are consequent to the large vibrational fre-
quency shifts which occur on the condensation of a freely rotating and translating
vapor molecule to the librationally hindered and hydrogen-bonded condensed phase.
Although the OH/OD stretching modes red shift significantly on condensation, that
change is more than compensated by the very large and isotope sensitive blue shift
in external frequencies.
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Fig. 5.8 VPIE’s of Waters and Ices. The points are experimental from various sources. The lines

. are. calculated using an isotope mdependent harmonic force field consistent with spectroscopic,

information (Van Hook, W. A. J. ths Chem 72,1234 (1968))

The temperature coefficient of VPIE is also unusually large. For H20/D,0 VPIE
(normal at low temperature) falls steeply from 0.204 at the triple point to 0.051 at
the boiling point, continues to drop as it crosses into the inverse VPIE region at
494K, and still falls, albeit more slowly, all the way to the critical point of H2O,
647.2K, where it is —0.024. Within experimental error In(a) is zero at that tem-
perature. The interpretation of these temperature dependences is straightforwardly
connected with the loss of hydrogen bonding as temperature increases. At high
enough temperature, H-bonding has essentially disappeared, and the librational fre-
quencies have all but vanished. Near Tc the most important contribution to IE is
from the red-shifted OH/OD stretches. Thus, in this region the interpretation is
similar to that of a hydrocarbon or other van-der-Waals bonded fiuid. Table 5.82
shows observed and calculated frequencies and frequency shifts for room tempera-
ture water and VPIE’s calculated from a harmonic isotope independent force field
(Table 5.8b) chosen to be consistent with the spectroscopic phase frequency shifts
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Table 5.8a Gas phase frequencics and observed and calculated gas—ice (173 K) and gas-liquid
(213 K) trequency shifts tor HO and D.O. Values in em~! (Van Hook. W. A. J. Phvs.Chem 72.
1234 (1968))

H,0 DO
Gas to solid at 173 K
VGAS {vgas — VickJoss (Voas — Vickdeae (Vaas — VickJoss (Vaas — Vick)carc
Internal modes
3755.8 375.8 375.9 363 368.3
3656.7 506.7 506.5 277 274.8
1594.6 —55.4 —55.4 =317 —43.1
Librations® —840 —843.6 —596.8
—770 —7729 —~557.7
—660 —666.7 —501.2
Hindered —-250 =275 —261
Translations®  to —275 —260
—300 —275 —258
Gas to liquid at 313 K
VGAS (voas — VLIQ)OBS (vGas — \’I.IQ)CALC " {vaas —vLiQ)oms  (Voas — “I.IQ)CALC
Internal modes ) =
3755.8 1258 125.8 . 126.1 92
3656.7 wer b 2066 156.5 1504
1594.6 —-504 T & —46.7 —38.0
Librations® —450 —371.7
T to —358.0
—600 —353.6
Hindered® —150 —153.7
Translations® to —153.5
: —175 —154.0

"Broad spectral features. Approxnmate cemer reported.

of HgO and D,0. VPIE’s fpr various water isotopomers calculatcd from this forcc
field are those shown in Fig. 5.8 as the solid lines.

In treating mixtures of isotopes in aqueous systems one must consider dispropor-
tionation, H;O+D>0 = 2 HOD, at the same time recognizing that a pure sample of
HOD cannot be obtained in bulk. Careful consideration of data on vapor pressures
and freezing and boiling points of HoO/HOD /D, O mixtures leads to the conclusion
that In [P (H,0) /P (D20)] / In [P (H>0) /P(HOD)] = 1.91 £ 0.02(273 < T/K <
473) and is essentially independent of HOD concentration. In first approximation
one would expect a ratio of two, which is the value predicted by the law of the
geometric mean, but that law does not properly account for the interactions between
internal and external modes, large and important in water because of hydrogen
bonding.

IE’s on some of the other properties of water are shown in Table 5.9. Many
properties (like the enthalpies of phase change, triple points, etc.) are closely re-
lated to VP and can be interpreted similarly. Molar volume isotope effects are
interesting and are discussed in Chapters 12 and 13. In the low temperature liquids

Relative enthalpy (Lx — Lyao)
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Table 5.8b Isotope independent gas, liquid and solid force fields for water.
Units are mdyn/A for stretches and mdyn — A/ rad” for bends {Van Hook, W.
A.J. Phys.Chem 72, 1234 (1968))

Gas Liquid (313 K) Solid
OH stretch 8.4543 7.7470° 6.6435
HOH bend 0.6994 0.7448° 0.7520
Stretch—stretch —0.1002 —0.2705 —0.3577
Stretch—bend 0.2272 0.2371 0.2371
Stretch-libration —0.0234 —0.0480
Bend-libration 0.0072 0.0086
Translations 0.2789% 0.8020
Libration 1 0.0896* 0.1625
Libration 2 0.1705* 0.4858
Libration 3 0.2575° 0.6249
*These constants arc temperature dependent. df(sty = 2.8 x 1073

mdyn/(A deg) equivalent to the observed dv(OH)/dT = 0.69%6cm 1 /deg:
df(bend) = —0.052 x 103 mdyn A/ (rad® deg} equivalent to the observed
dw(HOH)/dT = —0.061 cm™'/deg. For the external librations and transla-
tions df(ext)/f{ext) = —0.0041 T + 1.2839

Table 5. 9 IE’s on some of the thermodynamic properties of notoplc waters (Janceo, G. and Van ’

Hook, W A. Chem. Rev. 74, 689 (1974))

- HOH DOD ., TOT H;o . HKO.
' I({nple)./?C ’ 00 3.82 4.49 038 .- 82l
(1(boil) — 100)/°C 0.0 142 . 151 015 008
VPIE crossover (c.0.)/°C - 2209 190 noco. noc.o. -
_ Critical properties -
TS 647.1 e E
(T JTe) T T 00050
P¢//MPa 22.06
(P /Pe) . 0.0180
. ..pc’/ (mol/m?) 17.9
In(pc’/oc) ' 0.0056

0°C (J mol ™) - 1750 1960 & 38

100°C (J mol™') - 810 1210 46 25
8Hrys (J mol™'), 0°C 6010 5960
(3 mol™"), 3.82°C - 6280
Cp/ ( mol™' K1), 25°C 753 843
Cy/ (Y mol™' K1), 25°C 74.5 83.7
10%cr/atm™", 25°C 453 46.6

molar volumes are in the order TOT > DOD > HOH > HH'80. These inverse
isotope effects have been ascribed to librational motion in the hydrogen bonded
condensed phase. The center of mass and center of interaction (about which the
molecule librates) do not coincide and translation—rotation coupling must be taken
into account. The center of mass moves progressively away from the oxygen in the

Y
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series '*OHH, '*OHH, '°0ODD, '®OTT and this explains the ordering in the low
temperature liquids. At higher temperatures MVIE falls off to more negative values
due to ever increasing isothermal compressibility (unbounded at T¢). Near T this
fixes the order of isobaric molar volumes as TTO > DDO > HH'80 > HH'60 and
the ordering of critical temperatures as HH'®O > DDO > TTO.

Numerous model calculations correlating aqueous VPIE’s using simple harmonic
or pseudo-harmonic cell models have been reported (see Fig. 5.8 and Table 5.8 for
an ultra-simple version). Such calculations show the importance of the librational
hydrogen bonded modes and the stretch-libration interaction in determining VPIE
for D or T substitution.

5.8 Excess Free Energies in Solutions of Isotopes: Connections
Between VPIE, the Liquid Vapor Fractionation Factor,
o, and RPFR

The pseudo-harmonic cell model leads straightforwardly to the idea that the excess

free energies of isotopomer mixtures correlate with the isotope effect on the molar, ;,j'.

volumes of the pure isotopomers (MVIE’s). An excess thermodynamic property.

CYEis Just- ‘the difference between the value of that property for the real (nonideal), - '

solution'and the correspondmg ideal solution, YE = Y-Yid& MVIE's are discussed
o-in Chaptel:s 12 and 13 We.begin by expanding the Helmholtz free energy about the
equilibrium volumes, ¥°'-or V°, to obtain an expression for the contribution of A V
to the excess-Helmholtz free energy .

L ARV
+(1/2) xx" (v' — V)2 [x (PA'/dV?) + X' (PA/dVZ)] oo (5.40)

Here x: a.nd X', are matopomer mole fractions in the binary mixture. Remember-- '
ing x' . =1 — x, differentiating to obtain partial molar free energies (and using .

the thermodynamlc relations uE(V) = AE(V) — x’ (dAE(V)/dx) and p¥(V) =
AE(V) ¥’ (dAE(V) / dx) one finds expressions for the excess partial molar free
energies, pE(V) and p¥ (V). In the high dilution limit, an important case of practi-
cal interest, the excess chemical potential of the trace isotopomer, say the unprimed
one, is

ROOE = (V¥ — V°) [(dA/dV) — (dA/dV)] + (1/2) (V¥ = V°)? [(dzA’/dVZ)] x> 1

(5.41)
The development to this point has been rigorous but difficulties arise as
simplifications are introduced. Early authors continued by discarding the first
term in Equation 5.40 since V°~V® and [(dA/dV)r =P~ (dA'/dV), =P'],
and identified (d*A/dV?), with 1/(kV), k the isothermal compressibility.
Then pE = (V¥ —V°)?/(2kV®). Since RPFR = —§AA°/RT and RT

T;V'J;;;_(V'—V),{(dA/dV)—(dA’/d-V)] s e

/To
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Equation 11.57 signifies that when the competitive method is used (i.e., both iso-
topomers are present simultaneously in the reaction mixture) the experimentally
determined kinetic isotope effect corresponds to the isotope effect on V/K regard-
less of the actual concentration of the substrate. In other words, one cannot measure
the isotope effect on Voo, using this method even when concentration is much larger
than the Michaelis constant Ky.

11.4 Aqueous Solvent Equilibrium and Kinetic Isotope Effects

It is reasonable to expect that isotopic substitution on solvent molecules will affect
both equilibrium and rate constants. This is especially true for reactions in aqueous
media, many of which are acid or base catalyzed and therefore sensitive to pH or pD.
Furthermore H/D aqueous solvent isotope effects often display significant nonlin-
earity when plotted against isotope fraction of the solvent. The analysis of this effect
can yield mechanistic information. The study of aqueous solvent isotope effects is
particularly important in enzyme chemisiry because enzyme reacnons umversally
occur in aqueous media and are generally pH sensmve

v,‘,‘

11.4.1 H,O0/D;O Solvent Effects on pH (pD) and ""K,,

The isotope effect on the acid dissociation constants for HQO' and DgO ‘has been
carefully measured by many workers, most notably Paabo and'Bates working at the

” - US Bureau of Standards. Comparing the reactlons.Z Hz() _H30+ +-QH™ and

2 D,0 = D307 4 OD™ they found

ApK, = —log{(D;0")(OD")] — (~ logl(HsQ)(OH)}), = 0.958  (11.58)

In other words the acid dissociation constant of "o'rélhary water, K,(H20) =1 x
1074, is about ten times larger than that of heavy water, K,(D;0) = 1.10 x 10715,
Thus the pH of ordinary water is pH = — log((H:0™)) = —log[(1 x 107'4)1/?] =
7.00 while pD for D,0O is 7.48. This is a significantly large isotope effect and has
important consequences.

It is interesting that a plot of ApK,’s vs. pK,(H;O) for a series of weak inorganic
acids D;PO4/H3P0,, D,PO,~ /DsPO,~, DCO3~ /HCO3~, D,0O/H,0 shows an
excellent straight line correlation. This lends credence to the numerical value quoted
in Equation 11.58. That correlation is shown in Fig. 11.4. On the other hand, ApK,’s
measured on a wide variety of organic acids scatter widely (Fig. 11.4). The correla-
tion for these organic acids is not well established (see the caption to the figure) and
many authors choose to approximate the effect by taking the average. For the ~100

el
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Fig. 11.4 Isotope effect on acid ionization constants. The heavy line through the large circles
correlates data on inorganic weak acids (D:PO,4, D,PO,—, DCO3~. D;0) due to Paabo, M. and
Bates, R. C. (J. Phys. Chem. 74, 706 (1970)), ApK, = 0.1537+40.0577pK,. 1* = 0.9994. It yields
ApK,(D>0) = 0.961 and pD(D,0) = 7.481. The smaller data points refer to ionization of numer-
ous weak organic acids and have been measured or collected by Li, N. C., Tang, P. and Mathur, R.
(mid-size circles, J. Phys. Chem. 65, 1074 (1961)), Hogfeldt, E. and Bigcleisen, J. (squares, J. Anm.
Chem. Soc. 82, 15 (1960)), Lowe, B. M. and cqworkers (triangles, J.. Chem. Soc:Trans. Far. Soc.
69, 1934 (1973); 70, 362 (1974); 71, 389 (1975)). or Laughton, P. M. and Robertson, R. E. (dots,
Solute-Solvent Interactions, Coetzee, J. F, and Ritchig,.C.D. Eds,,:Marce] Dekker, NY, 1969). The
correlation through these data (not shown) ApK, = 040 +o0. 02 pK; N fz = 0.239, is not reliable.
Most authors prefer a simple average' <ApK > = (0% €6 £0.14): x,, .

organic acids plotted in Fig. 11.4 with pKy’ she!wpemt and 9, <ApKa>—0 5+0.1,

- i.e. on average the deuterated organic acids disselved in: -D»0 are only about 30% as

dissociated as their protiated sister compounds id_;,srsqlved, in H,O.
R b L - CnRlsly S TLD

114.1.1 An Important Consequenc_é' e

Many rate constants in aqueous solutions are pH or pD sensitive. In particular,
enzyme catalyzed reactions often show maxima in plots of pH(pD) vs. rate. The ex-
ample in Fig. 11.5 is constructed for a reaction with a true isotope effect, ky /kp = 2,
and with maxima in the pH(pD)/rate dependences as shown by the bell shaped
curves. These behaviors are typical for enzyme catalyzed reactions. When the iso-
tope effect is obtained (incorrectly) by comparing rates at equal pH and pD, the
values plotted along the steep dashed curve result. If, however, the rate constants at
corresponding pH and pD (pD = pH + 0.5) are employed, a constant and correct
value is obtained, ki /kp = 2. Thus for accurate measurements of the isotope effects
one must control pH and pD at appropriate values (pD = pH + 0.5 in our example)
using a series of buffers. In proton inventory experiments (see below) buffers should
be employed to insure equivalent acidities across the entire range of solvent isotope
concentration (0 < xp < 1), xp is the atom fraction of deuterium [D]/([H] 4 [D]).

correspondmg pL (D

/S
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Fig. 11.5 Rate constant$ in HOH and DOD as a function of pL (two bottom bell shaped curves)

for an énzyme catalyzed reaction with three protomeric forms and an isotope effect of 2. L is the
Ht or D+-concentration as appropriate. The steep curve shows the erroneously calculated isotope =+ -
effect from:the rate constants at pH = pD. The correct flat line is calculated taking the IE’s at -
% pH + 0.5) (Schowen, R. L. J. Label Compd Radmphamn 50, 1052 --

(2007), wnh perrmsslon \Mley Interscnence)

. .
B

114.2 'qu‘opfbﬁc Acid/Base Equilibria in Mixed Solvei_;ts ]

In the discussich-which follows it is convenient to have a symbol to represent

any one of the three hydrogen isotopes, H, D or T, and L (lyonium or lyate) is

widély used for that purpose. Thus in a mixture of H,O and D;O the solvent’ YT

L,0 cons1sts ‘of a mixture of H,O, D,0 and HDO, and the ion L;0, could be
either I—I;;OJr H-)DO+ HD.O¥,or D30+ while OL™ represents the two species
OH™ and OD™.

H,0 + D,0 = 2HOD (11.59a)
2/3H,0" + 1/3D;0" = HbDOt (11.59b)
1/3H;07 +2/3 D30t = HD,0* (11.59¢)

The isotopic abundance of deuterium in the L;O™ ion will differ from that in the
water with which it is equilibrated. This is expressed in terms of the fractionation
factor | which is the ratio of D/H ratios in the lyonium ion and the mixed solvent
(water)

I = (D/H) 304 /(D/H)L20 = Frio+(1 — x)/[(1 — F)L3o+X] (11.60)

cSl
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In this equation Fy 304 is the fraction D in L3O and x the fraction D in the solvent.

x = ([D20] + [HDOJ/2)/([D;0] + (HDO] + [H,0]) (11.61)
Fiso+ = ([D:0%] + 2[HD,0%]/3 + {H,D0™]/3)/([D;0™]
+[HD,0*] + [H,DO™] + [H;0™]) (11.62)

The square brackets denote number of moles. With the use of the law of the geomet-
ric mean, which in this context implies that the equilibrium constants for reactions
11.5%a through c are 4, 9/2 and 9/2 respectively, the mixed isotopomer species can
be eliminated and Equation [ 1.60 reduces to

1 = (s0*1/m:0%) " (Bs01/m01) (1163)

While not exact, Kgq for reaction 11.59a is actually 3.8 at 298 K, the approximation
is sufficiently accurate for our purposes. With this use of the law of the geometric
mean a good deal of algebraic complexity is avoided. Notice that /° is the equilib-
rium constant for the reaction 2H;07 + 3D,0 = 3H,0 + 2D;0%.

~~~~~~ S imilar fractionation factors can be defined for other species. These are ordmar,lly-

o ,gmen the symbol “¢” in order to reserve “I” for solvent fractionation. Thus,for:an

amd dlssocmtlon in mlxcd media, AL; + L0 = L3O7 + ALj—~

‘: R

o= Fag(l =0/ (1 —Fa0). aren

- For.the case of ‘an acnd AL with a single exchangeable hydrogen Equatlon 11 64'* i
‘ reduces o . .

« $aL = [AD)(1 —x)/([AH]x)

Sin the rhtm of the acid dissociation constants of a monoprotic acid in pure HoO :
to that in the mixed solvent is .

L

‘we can use Equations 11.59 through 11.64 to deduce
KH/K* = (1 —x + x¢ar)/(1 — x +x1)? (11.67)

For pure D,O(x = 1), KH#/KP = ¢ar/ 3. This allows Equation 11.67 to be more
usefully written as

KHY/K* = (1 —x + x BKY/KP)/(1 — x + x)? (11.68)

The value of / has been determined by NMR measurements on the mixed solvent as
0.69+0.02 and is not to be interpreted as an independent fitting parameter. With / es-
tablished, ¢ can be calculated from the acid dissociation constants in pure H»O and
D,0, and Equation 11.68 interpreted as a zero parameter theoretical prediction of

KH/K® = [H07]ALILO)/(L:O AHIH0) (1166

|2
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IE on acid dissociation of Benzoic Acid
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Fig. 11.6 The ratio of acid dissociation constant for benzoic acid CsHsCOOL us a function of D
atom fraction in the solvent. The data are those of Lowe, B. M. and Smith, D. G., J. Chem. Soc.;
Faraday Trans. 71, 389 (1975) as determined by-EMF (circles) and ‘coniductance (squares). The
heavy line is the prediction of Equation 11.61 withtli= 0.69, ¢ = 1.02-and pKM = 4,201. The
lighter line shows the lmear approximation .

IE’s in mixed solvents. The success of the theéiEy is illustrated in Fig. 11.6 using the
case of benzoic acid. The agreement between theory and experiment is quantitative.

W e
For polyprotic acids, AL; + 1,0 = L30+ + ALj_l 5 an analogous treatment to the
leading to Equation 11.67 gives : :

KH/K* = (1 - x + xpac) /(1 — % +:i1>5t1‘— X+ bugpf™)  (1169)

In pure D,O(x = 1) this becomes K/ I(D O/ P Parg-1)) ). Consequently
the observed value of K¥/KP can only be used to eliminate one, not both, of the
fractionation factors. The other must be considered as an adjustable parameter. That
accepted, the available experimental results are consistent with Equation 11.69.

11.4.3 Kinetic Isotope Effects in Mixed Solvents

To calculate the mixed solvent isotope effect on rate constants one applies
simple ideas from transition state theory to evaluate the isotope effect on the
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TS

[Historical Vignette 11.1] Victor Gold (1922-1985) was born in Vienna but shortly after Hitler’s
Anschluss emigrated to Britain. He was educated at University and Kings Colleges, London, re-
ceiving his graduate degree in 1943, He joined the faculty at Kings in 1944 where he spent his entire
career, eventually rising to Head of Department and Dean of Faculty. Gold’s most important con-
tribution to isotope science was his development of the field of kinetic solvent isotope effects. He

. presented generalized expressions for reactions in mixed {H,O/HOD/D,0) solvents and brought

forward important ideas on isotope effects in acid/base reagtions. (Pencil sketch courtesy of N. Van
Hook, 2009)

P

equilibrium constant between reactant (subsl:tate) and transmon state. Several dif-
ferent mechanisms are possible:

A‘;l S + L30+
A2 S3L;0T =

For the A-1 mechanism the transition state involveégnly one tiydro'gen and the ratio
of rate constants follows analogously from Bqu}aﬁon’;':(l 1.67) .:

/K =1 —x+x1)3/(1—x+x¢*) (11.70)

where k" is the rate in pure H,O and k* that in the mixed solvent. Notice
Equation 11.70 is similar to the reciprocal of Equation 11.67. That is because
the hydronium ion is now being considered as a reactant rather than a product. The
single proton fractionation factor for the transition state 4)* can be obtained from
the observed rate in pure D,0, kH/kP = ] 3/¢*. On the other hand if there are
multiple hydrogens involved in the transition state the rate ratios are deduced from
Equation 11.69. For two protons participating in the transition state

k”/k‘_—.(1-x+x1)3/((1—x+x¢f) (1—x+x¢ﬁ)) AL
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where the subscript “1” and “2” refer to the fractionation factors for the two transi-
tion state protons. Again, one, but only one, of these may be eliminated by using the
observed value of k' /kP. Extension to multiple protons participating in the transi-
tion state is straightforward.

It is obvious from the discussion that one can take advantage of equations of the
type (11.69), and its generalization to multiple sites, to deduce information about
the number of protons actively participating in the transition state, see Fig. 11.7.

2.0

overall isotope effect 2
1.81 one-site, linear
two-site, quadratic
multisite, exponential

1.64 error fimits 3%

KoKy

“To o . , . .
w00 .02 04 06 08 - .- 10
o atom fraction deuterium n

! overali isotope effect 10
grostn ket
multisite, exponential
error limits 3%
= 84
x
F -
. a
2«
0.0 0.2 0.4 0.6 0.8 1.0

atom fraction deuterium n

Fig. 11.7 Proton inventory curves (plots of k(n)/k(H) vs. n (or x) = atom fraction D) for overall
isotope effects of 2 (upper plot) and 10 (lower plot). In each, the three curves {reading from rop
to bottom) are for single site, two site, and multi-site isotope effects. Error bars of 3% (middle
curves) are shown in each case. For ko/k) = 2 the technique is unable to distinguish between the
curves at this level of precision (3%), but is more than adequate for ko/k; = 10 (Schowen, R. L.,
J. Label Compd Radiopharm. 50, 1052 (2007), with permission Wiley Interscience)
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4. STABLE OXYGEN AND HYDROGEN ISOTOPES
IN PRECIPITATION

L.L. GOURCY, M.GROENING, P.K. AGGARWAL
Isotope Hydrology Section,

Division of Physical and Chemical Sciences,

International Atomic Energy Agency, Vienna

1. Introduction

The fact that water on earth moves in a cycle, from oceans to clouds to rivers to
oceans, has been known since ancient civilizations existed on different parts of the
. globe, However, the quantification of fluxes between various parts of the cycle,

i~particularly the atmosphenc and surface parts, has been difficult to- achie\ge even
:taday. Understanding of climatic processes controlling these fluxes and, ‘thérefore,
' the; 4bility to predict variability and changes in the hydrologic cycle, also 8epends

upon. the - quantlﬁcanon of ‘moisture fluxes between atmosphenc and surface :

reserv01rs :
£ Seeniafter the discovery of the heavy isotopes of oxygen and hydrogep"iﬁ the
: ~1920 ‘and early 1930s, significant differences were observed in the isotopic Contents
.. By tﬁhh ea*x;ly 1950s as a result of the avallablllty of bétter measureriient techit que
¢ - the dpppndmce of isotope content of rain on a variety of climatic factors Suc

surface alf température, amount of rain, and the altitude and latitude of preclpltal’m
wverd ‘alsgobseived (Friedman, 1953; Dansgaard, 1953; Epstem, 1956): 'fogetﬁ'

ater, freshwater, and snow (Gilfillan, 1934; and reyiew by Rahkaﬁaa, 1954)’"‘;;‘

withithe kriown temperature dependence of i isotope ratios (Urey, 1947), the 6’tfserv e

telationship between isotopes and climate also provided a means to study past
climates by using isotope distributions in continental and marine archives (Emiliani,
1955).

The foundations for the use of isotopes to help quantify fluxes in the hydrologic
cycle were firmly established by the 1950s, albeit with a limited scope and limited
records of measurements (Craig, 1961; Dansgaard, 1964). Atmospheric nuclear
testing of the 1950s and consequent requirements to monitor the tritium fallout
resulted in an exponential increase in the number and geographic distribution of
stable isotope measurements in the hydrologic cycle (Dansgaard, 1964; Ericsson,
1965; Froehlich et al., this volume). In this summary review, we discuss the
developments in stable oxygen and hydrogen isotope measurement techniques, the
nomenclature of isotope measurements, the structure of the IAEA/WMO global

39
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Future of a Developing Science, 39-51.
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network of isotopes in precipitation (GNIP), and an analysis of GNIP data from
1961 to 2000.

2. Analytical Methods

2.1. MEASUREMENT TECHNIQUES

Stable isotope compositions in natural waters are typically measured using
double-focusing magnetic sector field mass spectrometers, as originally designed in
1947 (Nier, 1947). Due to the low abundance of isotope species of interest (e.g., '*0
- 0.2%) and the very small deviations of isotope ratios (in most cases few per mil
only), the precision of such measurements is limited by the stability of mass
spectrometers in the time span when multiple samples are analysed. To overcome
these limitations, McKinney et al. (1950) designed a dual sample inlet system where
a sample and a reference standard were measured in rapid succession. This allowed
the measurement of sample isotope ratios with respect to a reference material,
resulting in precise measurement of isotope ratios in natural materials. Excellent
reviews of mass spectrometric measurement of isotope ratios are given in
Gonfiantini (1981) and Platzner (1997).

The basic design of instruments as deschbed above is still used for mass
spectrometnc measurements today. Continuous ﬂow techmques are now being used
by an increasing number of laboratories where' tmy sample aliquots are introduced in
sample preparation lines (e.g. high temperature yrolysis oven for oxygen isotope
analysis) and flushing the reaction product (e.g. C% gas) with a continuous strecam of

. helium carrier gas for mass spectrometric Vq.n_'alygis. These continuous flow
- techniques permit a very fast measurement cycle and the possibility of using very

small samples. Details on the measurements-are ngan in a- number of publications;

‘'see c.g. articles in IAEA (2001), Werner and Bfand (2001), Gehre and Strauch

(2003), Wemer (2003). =~ - R

By measuring isotope ratios in a sample w1th respeet to a common standard, it is
not necessary to know all corrections for instrumental effects and interferences in a
mass spectrometric measurement. Most of the influences on.a sample also affect the
reference standard and, therefore, cancel out. As a result, it is more convenient not to
report the '*0/'°0 ratio (R) of a sample directly, but to report the deviation 3 of this
ratio from that of the reference standard. Due to the small values of the 5-value
commonly all data are multiplied with thousand and reported as per mil deviation:

R

§ = e

-R
rerence %1000 %, )

reference

A detailed and comprehensive review of all aspects of the & notation and the
realization of a conventional reporting scale is given in Gonfiantini (1981).
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2.2. ISOTOPE STANDARDS

The primary criterion for a reference standard is that it should represent a major
pool of the element under consideration. By 1953 “average ocean water” was
suggested and used as a reference point for isotope-ratio measurements. Because no
“average ocean water” existed, Craig (1961) refined this concept by defining the
hypothetical Standard Mean Ocean Water (SMOW) as zero-point of that
conventional scale in terms of real reference water. The isotope ratios of SMOW
were compiled by taking a weighted average of the isotope ratio measurements of
different seawater compartments available at that time (Horibe and Kobayakawa,
1960). But because SMOW was just the concept of hypothetical water and never
existed as a real water sample, it could not be used directly for calibration of
laboratory measurements. Iis isotopic composition was defined in terms of an
isotopic difference from an existing water sample (NBS 1) distributed by the US
National Bureau of Standards (Mohler, 1960). During an IAEA interlaboratory
comparison in 1965, serious doubts were raised concerning the preservation of the
NBS-1 water standard and about possible changes of its isotopic composition over
time. For this reason, it was unsuitable to be used as a standard any more.

.. An JIAEA panel of experts recommended in 1966 that two new prlmary water

reference materials should be cstabhshed onc being as’ lose as possible to the

jer isotopes close to the

west limits observed in natural waters. The new “SMOW” was subsequently

¢pared by R. Weiss and H. Craig at the Scripps Inst1tut1 nmof Oceanography,

e Jolla, USA, by mixing distilled ¢ ocean water with small amoums of other wat
) ,@ccond water reference material was obtained by E. Pmcmtt lgpaversxt' _lere de

v .Bruxelles, Belgium, from meltmg a firn sample at Platéau, Q?}

-material . was named Standard "Light Anarctic Preclpgtahp%kl(

analysés; performed by H. Craig indicated that ‘the new:

180/160 ratio as the defined SMOW, but a slightly lower %ﬁ%}gr G”H value

(<0.2%o) relative to SMOW. This dlﬂ‘erence however is abou,t a; g’a tor of four. to

five lower than the measurement uncertainty of most labo "] A

.. purposes, the two standards had identical isotope ratlos_ b_§olute isotope ratios

('80/ %0, for '"0/*0 as well as for *H/'H) in the standard prepared by Weiss and

Craig have recently been determined and are listed in Groemng (2004).

Unfortunately the same term, SMOW, was used for reporting isotope
measurements using the synthetic water standard. The IAEA then decided to rename
the water prepared by Weiss and Craig to VSMOW (Vienna-SMOW) in order to
distinguish between the hypothetical SMOW of Craig (1961) and the synthetically
prepared standard. An IAEA Consultants’ Meeting in 1976 recommended that all
future results for hydrogen and oxygen isotope ratios should be reported as 8 values
relative to VSMOW. To increase coherence and consistency between reported &
values, the meeting also recommended that a fixed § value for the second water
reference material, SLAP, should be adopted for both the *0/*0 and *H/'H & and
that these values should be normalized relative to VSMOW water, the primary
reference material.

ers. The

fion,. A Antarctica. ThlSn
AP). Control
§M W Had the same

s and f for practical

v

0
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The definition of VSMOW as zero-point for the oxygen and hydrogen 3 scales
and the adoption of fixed & values for SLAP is therefore a slight modification of the
original definition of the & scale (Coplen et al. 1996):

Rsiar_— R vsmow

_Rsammnr -~ Ryvsmow [
5 = MPL): VSMOW ! JSLAP =
1 VSMOW

R vsmow

eow % @

Due to the limited amount of VSMOW and SLAP produced in the sixties, their
stock will be exhausted by about 2010. The IAEA has therefore taken steps to
produce replacements for both reference materials. A large quantity (~300 litres) of
replacement material has been prepared for VSMOW. The new material has an
isotopic composition very close to the existing VSMOW and calibration tests reveal
deviations in the order of less than 0.01 %o for 8'*0 and of about 0.1 %o for 5°H.
Work is in progress to prepare a similar replacement for SLAP.

3. Global Network of Isotopes in Precipitation (GNIP)

3.1. NETWORK STRUCTURE

A panel of experts convened by the IAEA- in 1959 recommended a set of
network stations to monitor théisotope contents in precipitation. These stations were
to form the global network of 1sotopcs in precipitation (GNIP). It was also
recommended that monthly ceriposite. samples-of precipitation would be the basis
for isotope momtormg The nerwork began: with 151 prempltatlon stations at the

onset of its operation in 1961, and qu1ckly reachied a maximum of about 220 stations

in 1963-1964. After a review of the:4961- 1973 data, primarily based on the decay of

-the bomb-derived tritium peak«iﬁ: precipitatidn, a riumber of GNIP stations was

discontinued in the late 1970¢'5hii#é&blted in a significant loss of global coverage

for both tritium and stable lsot’(?pes -Following the recognition- of the role” of °

precipitation stable isotopes -in bmazsuhulatmg the hydrologlc cycle in climate

' - models (Jouzel et al., 1984), there was“a‘renewed interest in GNIP data. This led to
" - the re-activation of some of: t‘he GNP -$tations that had been inactive since the

1970s. A growing water resoufees programme of the IAEA in the 1980s and 1990s
also made it possible to establish or strengthen national networks of isotopes in
precipitation and bring them-into GNIP. Today, 183 stations are contributing
monthly and/or daily samples from 53 countries (Fig. 1).

At the very beginning of GNIP, a few laboratories in the United States of
America and Europe (primarily Dansgaard’s laboratory in Denmark) analysed most
of the GNIP samples. Presently, about 30% of the GNIP samples are analysed at the
TAEA laboratory in Vienna (from stations listed as IAEA stations in Fig. 1) and the
rest by other laboratories in various countries. These laboratories report the results to
IAEA once a year for their incorporation into the GNIP database. To date, a total of
70 laboratories from 38 countries have contributed to the GNIP database. National
laboratories providing GNIP data participate in inter-laboratory comparisons
organized by the IAEA on a regular basis, thus maintaining the quality of analytical
data reported as a part of GNIP.

(94
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FIG 1 Global Network of Isotopes in Precipitation in 2003.

3.2, DATABASE

The GNIP- database 4is’ located at -the IAEA Headquarters in - Vienna -

(http://isohis. laea.org) and /s- easy access to data through numerous selection

.. of isotopg ‘and’ 'niie:éorological datag arc avallablc in the database For a majority.of
‘of 1sotoﬁe records varies between 4 and 8 years (F ig. 2). :

Nb. of analysis

FIG. 2. Numbers of %0, *H, 3H records in the GNIP database.

'~,-.;env1ronments (Epstein and Mayeda, 1953; Friedman, 1953}

(£3

The spatial distribution of data accumulated in the GNIP databasc is far from
homogeneous owing to difficulties in maintaining stations at high altitudes, high
latitudes and/or isolated locations such as small islands. As can be seen in Fig.3,
52% of GNIP stations are located within the 30° - 60° N latitude band, and 72% of
the stations are located at altitudes between 0 and 500 m.
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FIG. 3. Latitude and altitude distribution of the GMP stations.

?4 1. THE METEORIC WATER LINE -

- -The very first analyses of a few meteoric water- Samp ss from nion-marine
) ',drcated that their
oxygen and hydrogen isotope. values were lmearly correlated. Cralg (1961) analysed
about 400 samples river and lake water, rain, and snow from diverse geographic
locations. He found that all of the data, except for those from the lakes, plotted along

a line defined by the equation

’H=88"0+10 3)

Although Craig did not call it as such in 1961, the above equation became known
as the “global meteoric water line (GMWL)” which traced the isotopic compositions
of natural waters originating from atmospheric precipitation and not subjected to
surface evaporation. The physical basis for this correlation lies in the fractionation
of isotopes during evaporation-condensation processes and is discussed in more

detail by Gat (this volume).
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Dansgaard (1964), using precipitation data from the early phase of GNIP, found
that isotopes in precipitation from northern hemisphere continental stations followed
the GWML of Craig, but that significant deviations existed in precipitation data
from other continents and from island stations. These deviations from GMWL were
attributed to differences in meteorological conditions and processes responsible for
precipitation (see also Gat, this volume).

Statistical analyses of GNIP data for the periods 1960-1978 and 1960-1987,
respectively, were reported by Yurtsever and Gat (1981) and Rozanski et al. (1993;
IAEA, 1992). Using the same methodology described in the above reports, data
from 1961-2000 have now been analysed. The arithmetic (unweighted) means of
isotope ratios in precipitation from nearly 410 stations are described by the
following equation:

O°H =8.07(x 0.02) 80 + 9.9 0.1)  (R>=0.98) “)

Long term means weighted by the amount of precipitation were calculated
considering only the years for which more than 70% of precipitation was analysed
for a given isotope and at least one year of observation was available. The
corre]ation between the weighted means is:

S Heueignes) = 8.14(£0.02) 8'°0 + 10.9(202)  (R>=0.98) o)

progesses controlling the isotope distributions in prcclpltatxon are well understood
‘(see Gat, this volume).
e ‘esé&zaw;th the relatively large temporal record now. available, it is poss:bl' i
o “stationk: ﬁav€ reportéd data throughout the 1961-2000° penod Linear regr §

19@@4987;, and 1960-2000 are shown in Fig. 4. Although the weighted rpeéﬁs oy

-. gxcess is about 1 per mil lower for 1960-2000 compared to the 1960-1978 data, but
this is most likely due to improvements in measurement techniques and precision
rather than changes in climatic conditions.

«The unweughted ‘best-fit line is remarkably close to the liné derived’ by i‘iralg in e
1961 from a~very small number of observations, This indicates that the basic

‘change in isotope values. . S

42, CAUSES OF VARIATIONS IN ISOTGPE E‘OME SITIONS ) }
' - ’ of: global' dlstnbutlons of stable
"+, .. "weighigd annial means of § values from these stations for the petiods 196t Tﬁ?é '_ T

N vthme. is io” clear trend of isotope variations from 1961 to 2000. The' deménum,.,-.
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FIG. 4. Weighted annual means of 8°H and &' 30 m preczpttatzon at 3’ 1 GNIP stations with a
continuous record from 1960 to 2000. The data do“ng{tshow a dts{;ern}ble pattern of temporal

ey

Dansgaard’s (1964) comprehenswe analysl
isotopes identified several “effects” on isotope variations resultmg from a number-of
physical and meteorological parameters such as-latitude, altitude, distance from the
coast, amount of precipitation, and surface.air - temperature. The reviews that
followed (Yurtsever and Gat, 1981; Rozanski ‘et al.; 1993; Ingraham, 1998; Gat et
al., 2001) substantiated these so-called “effects” which are caused by isotope
fractionation associated with phase changes of water in the hydrologic cycle (see
also Gat, this volume). Some of these effects are caused by isotope fractionation at
the condensation of atmospheric water vapour to precipitation. The air masses lose
water as they move along surface temperature gradients from tropical to polar
latitudes (“latitudinal effect”), from the sea to inland (“continental effect”), or from
lower to higher elevations (“altitude effect™).

Figure 5 shows the correlation between weighted means of 880 in precipitation
and local air temperature for 325 GNIP stations.

RE)
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FIG. 5. Correlation between weighted means of § 80 in precipitation and local air
temperature for 325 GNIP stations.

As described in previous reviews, there is a clear dependence of isotope contents
on temperature for stations with annual means of air temperature (t) from about -20
°C to +20 °C. S o _

For polar stations (-20 "C t0::2:"C), the-gdlciilated temperature dependence of
3"%0 is 0.82%» per °C. Rozanski etzal (1993) and Dansgaard (1964), for the same
temperature range, reported dependencies 0£-0:9 and 0.8 %o per °C. For the
temperature range of 0 - 20 °C, the:t¢mperature- dependency is lower (0.53%o per

°C). This.compares with carlier, ps;fgpgtq§ of 0.69-%o per "C (Dansgaard, 1964) and.
0.58 %o per "C (Rozanski et ~él.,\_1§?9§g.‘f,1‘t-sb§§11d be noted that Dansgaard’s analysis - -
was based on-a much smaller datasetconiparéd to the analysis of Rozanski et al. and T

to this study. o e . ; .

Isotopic compositions of precipitatigh at .stations with a2 mean -annual air’
temperature higher than about :18°C  (mainly tropical stations) do not show a
discernible temperature dependence.. This lack of temperature dependency in
tropical precipitation has been attributed to the more dominant role of the amount of
precipitation or the “amount effect” (Dansgaard, 1964; Rozanski et al., 1993; Gat,
1996). Figures 6(a) and 6(b) show the 3'°0 — precipitation amount relationships for
all stations, including polar and tropical stations. Isotope-amount relationship is
better defined for the polar stations, but overall the relationship is rather poor.

The dependencies of isotope compositions on temperature and amount of
precipitation are now considered to be more complex (Aggarwal et al., 2004; Alley
and Cuffey, 2001; Fricke and O’Neil, 1999; Hendricks et al., 2000; Hoffman et al.,
this volume; Jouzel et al., 2000), than were suggested in earlier reviews of GNIP
data. These complexities arise from the much greater influence of moisture source
and transport pattems on isotope composition compared to the influences of
temperature and/or precipitation amount alone.

48 GOURCY, GROENING, AGGARWAL
* 0‘
0’ : » ¢ . PS
* L 4
‘30 1 T ) ' ] 1
0 1000 2000 3000 4000 5000 6000
Precipitation [mm)]

FIG. 6(a). 8%0 vs. precipitation amount for all GNIP stations.
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FIG. 6(b). %0 vs. precipitation amount for tropical GNIP stations.

5. Future trends

Isotope data from GNIP have provided a basis for global applications of isotopes
in hydrology, palacoclimatology, and climate change research. While the utility of
these data has been wide-ranging, some of the limitations of GNIP also should be
recognized. Precipitation samples for GNIP are a monthly composite of all
precipitation at a station. Therefore, these data cannot be used to investigate the
causes of daily or event-based variations in precipitation processes. The relatively
limited geographical density of stations also makes it difficult to use GNIP data for

(e
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investigating intcr-annual variability in precipitation. An isotope network designed
to study precipitation and climate variability at daily scale would include perhaps
thousands of stations across the globe, similar to a terrestrial network for climate
monitoring on this scale. However, an isotope network for global monitoring of
monthly variations of precipitation may only require about one thousand stations.
Such a network can be operated with increased cooperation from the scientific
community at large and would contribute substantially to improved applications of
isotopes in hydrology and hydro-meteorology. The IAEA has made substantial
efforts in this direction and it is likely that a strengthened GNIP with a desirable
station density and distribution would become available in the next five years. This
global network may then be supplemented with additional stations for more detailed
local or regional studies of hydrology and climate. Recent efforts of the IAEA to
explore the feasibility of global networks of isotopes in river discharge and in
terrestrial moisture would complement a global precipitation network. A
strengthened GNIP together with isotope data from rivers and terrestrial moisture
should spur additional research related to climate modelling, biosphere—hydrosphere
interactions, and local or continental scale hydrology.
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“La oficina nacional competente podra requerir el informe de expertos o de
organismos cientificos o tecnolégicos que se consideren idéneos, para que emitan
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