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Abstract

one of the most successf01 ;app1ications of oxygen
isotope variations in nature has been their use in
glaciology. Yearly isotopic vafiations in snovfall provide
a means of determining past climaiologiéa1 trends from desap
ice cores. The most notable example of--this, type of
application would be the Greenland Ice‘Core discussed by
DanSgaatd et al. (1969). |

When utilizing variations in stable'igotOPe ratios as
an indication of past climates two fundamental assumptions
must be made, First, it is assumed that ﬁhe isotopic ratio
of precipitation fallipg in the area varies in some regular
manner with a éeriod of one year, . The_seqond assumption is
that the isoiopic composition of the snow does not changé
after it accumulates on the ground._‘: |

This thesis project was an attempt ' to study the
interaction bétaeen the liquid and solid phases of uataf
inside naturally occuring snow.  One of the most reasonable
methods of studying this interaction is by studying isotopié
changes inside . the snowpack. uhen~Aiiquid water with aﬁ
p18,/016 ratio much greater tﬁan the SnovaCK is uniformlf
distributed onitop of the snow.

ﬂﬁ was foﬁmithat water flow in éeveral different tYpas
of sub-zero snow could be dascribed qﬁite satisfactorily in
terms of isotopic, density and temperature variatiéns. It
was further concluded that accurate qﬁalitative descriptioné

of flow uouid be extremely difficﬁlt”*uithout' the - isotopic



ii

information.,

The m@most unique result of this thesis project was the
discovery that isotopic patterns ip Eo1d snow seemed to be
manifestations of earlier water movement. That is to say,
movement of the tracer through the-énow. tended to enhance
the original isotopic pattern of ‘the snow;“ The:§ositioné of
the isotopic maxima and minima could hsually be expiained in
terms of density variatioas. . |

The 'above result has definite implications for the use
of oxygen isotope variations for the determination of past
climates from ice cores. If liquid wvater, ‘either from rain
or surface helting, is present in the énoupack at - any time
ve musirconclude that isotopic variations may be introduced
into the snowpack that ara not related to climatological
factors., 1Isotopic dating of such cores would obviously be
in error. . Theiéonclusion reached by many researchers that
liguid water .movement inside - a shoupack will tend to
homogenize the snow isotopically does not seem to apply to
sub-zero snowpacks, .

In addition to the field projeci'discussed above, this
thesis presents a comprehensive description of the
instrumentatioﬁ. and techniques used to measure the isotoPié
compositions of'uater samples vith a precision of fou:taeﬁ
parts in one hundred thousand. R cémpleta analjsis of thé
axchange of oxygen isotopes betwvwesn wéter dnd carbon dioxidé
is presented., A determination of factors that. can introducé

" arrors into the analysis-of water samples is aiso.given,’_lt '
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is somevhat surprising that the  non-zero voltage
coefficients of resistance for. the Victoreen Hi-meg

Cesistors can be a major source of~érror in the analyses.
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I. INTRODUCTION AND BACKGROUND

1.1 A Review Of Previous Isotopic Work On Glaciers

And Snow

During the past fifteen yearslmany'reséérchers héve
- studied the isotopic compositign  of polar glaciers,
temperate glaciers and snow., Initiai investigations by
Dansgaard (1961), Epstein and  Sharp (1967),  Epstein
Sharp and Gow (1965), and Berlivat et al._(1967b)"uere
restricted to polar regions where the coﬁflicating effects
of percolating water and ablation were minimized., They'weré
~thus able to fﬁéntify a periodic variation in the ice cotes
- preserved in the ice as changes in the isotopic composition.
They ueie'also able to find a direct ccrrelation between the
deuterium/hydrdgen ratios (D/H). and = oxygen-18/oxygen-16
ratios (010/016).v In addition, somé5émpirica1 evidence was 
found reéardiné the expected theoretical variation of
isotopic ratioé with altitude.

The work béing done on teméerate giaciers is still in a
formative stage, Epstein‘aﬂd Sharp (1959),  Sharp et
‘al. (1960), ﬂaépherson and Krouse (1967) , ‘Arnason (1969b),
Ambach et al. (1971)vand West (1972) are only a few who havé
studied .the ice and snow from temperate glaciers in North
America and Eurbpe and, as expected, have found the isotopié
data much hardét to interprete ihan similar data from polat'

glaciers. According to these authors the great variation in



the winter 1layers of snow caused by the varying isotopic
vcomposition of the precipitation _tends to be reduced as
melting proceeds. = The conclusién'cf-these researchers was
that as the melting process prdéressed, the  glacier tended
to become homogenized by the cépﬁure ofgfreezing rain and
snow 1in crevasses on the glacier  shrface;  Sharp et
al. (1960) also speculated thai some of the homogenization
was due to the existence of water .trapped in the snow
layers, As expected there was ncticéable-enrichment of
oxygen-18 in the 1ice as the melting season progressed
because the 1liquid phase, and thué the”effluent, would be
enriched in the lighter isotopé.n In these studies isotcpic
exchange between the liquid and solid phases of the vater
was neglected; Arnason (1969b) and'ﬁuason (1972) have sinée‘
shown that thié axchange should not be nedlected_in the céée
of hydrogen igotopes in temparate'giaciers. |
Isotopié:methods applied to éﬁow present even more
difficulties than studies on.the ice of temperate glaciers.
Nevertheless,’ the  importance 6f uhderstahding fhe-
hydrological’ principles governingluater storage and runoff
has prompted several researchers td-usé isotopic data for
studies of :natural‘snow._ Gonfiantini and Picciotto (1959)
were among the first to study oxygéh isotope variations in
the polar :regions., Deutsch et al;,(1966).have used oxjéén
isotopes to determine net accupulation rates of sncw on  §n
alpine Ql&@ier using the distinct "isotopic seasons"

encountered. They found poor correlation between analyses



of isotopic data of yearly accumulation rafes vhen compared
to stratigraphic studies, uhich'hoimally form the tasis of
such investigaiions. This is inbééreement-uifh Gonfiantini
2t al. (1963) who concluded = that 'snoqpack.:metamorphism
destroys yearly féatures in the.§§£g§i§éépg;gvsense. For
this reason the yearly isotopic va:iation déscribed by
Epstein and Sharp (1967) is a.vmore reliable indicator of
accumulation | rates. Dincer et-ai..(1970a) and
Dincer'ét al. (1970b) used tritium and oxygen—18 énalyses to
calculate the ratio. of the subsurface runoff to the total
runcff from a Shovpack wiih the constfainf'-of conservatioh
of .isoiopic épecies. They also 'étudied the maturatioﬂ
process of a ﬁiypical" snowpack ana vhave observed that
percolation tends to homogenize the pack isotopically.
| The final conclusion reached'ébove is important. It
implies that ihe most damaging effect that 1liguid vater
movement can :have oﬂ a snowpackf-is the femoval of thé
isotopic record. This is not what was found in the presenf
study at all; This - researcﬁer has found that distinct
isotopic variations can actually be caused by water movement
ahd at times tﬁe original isotopic " profile «can even te
énhanced. This of course means that isotopic. peaks that
waere introducéd by the percblatisg of water migh; te
identified as'a yearly isofopic peak'énd introduce errors in
the interpretéiion of such data. |
”Thé project that is most closéiyyassociated with this

study is that of Krouse and Smith (1972).  Working inm the



sncwpacks of the Sierra Nevadas they were akle to trace the
movement of water in the snowpack‘iith a profiling density
gauge and 1isotopic analyses of rébresentativeAsamples.‘ By
introducing isotopic analyséé - into __.their study,
Krouse and Smith were able to idehtify £h§ scurce of water
that existed at various levels in thefsnoipéck.  The ability
to detetmihe the origin of liquidviatér ihéide.the snowpack
seemed so important that an intensive‘study of water-snow
interaction within a snowpack séeﬁed desiréble.;.xrouse and

Smith used natural isotopic variations in the rain as the
primaty source Sf liquid water. 1In the piesent study all
experiments were done with an artificial tracer of distilled
seawater, Hanj vdiffetent types of snow were studied in an
effort to see if conclusions about water movement in snow
hold true for Qérious types of snov.  It was found that the
water flow within a specific snowpack was explainakle using
only density meééureﬁents, isotopic iedsurements and on some
occasions tempéfature variations. Coﬁ¢1usions were finally
made about water flow in very cold Shoupacks but it is
believed that _?éreful méasurements‘éf many parameters are
necessary to ché:acterize thé.snov beféie cdnclusicns can be
stated with a high degree of confidénce for isothermal

snowpacks,



1.2 General Techniques Of Measuring The 018,016 Ratio

In A Water Sample

Water vapor itself is'unsditéble.for introduction into
a mass spectrometer because of fhe..1cng-Vtime- required to
pump it out on cbﬁpletion of the.analysi$;;_Fdr>this reason
‘carbon dioxide is equilibratéd ﬁith the water sample under
investigation, as described by Epstein and Mayeda (1953).
Carbon dioxids is readily anéiyzed in a mass spectrometer
and from its isotopic composition the isotopic composition
of the water sample can be detefmined,:

vIt is difficult to measure absolute isotopic abundances
with great ptecision.- Hdwever,r the difference  in
‘composition beéueen two samples can be determined with a
precision of better than two parts iﬁ' ten thousand. For
this reason, results .of isotopic studies of OXygen are
geherally reporiéd in terms of a DEL scale as follous:

DEL (X/S) = (__R%/RS- - 1) 10°% | [1.1)
where Rx and Rsifefer to the'rétios cf the intensities of
the mass 46 and mass 44 ion:beans for the carton dioxide
equilibrated with the unknown uatet,sample and the standard
carbon dioxide,'fespectively. The syngol 46,44 will be used
in this thesis to refer to the ratio of the ion beanm
~currents at mﬁss 46 and Qass du.ﬂ As shown by
- Epstein (1959),. the DEL value_thus 6pﬁained is fhe same as
the DEL value obtained by direci measufélent_of the’ 028/016»
.ratio in the wa#ér sample. |

 The - properties .of  the DEL function are sdhtie. For



instance, if a DEL value was measured relative tc standard A
and it was required to know  the .DEL value relative to
another standard, standard B, the:fdlloving relationship can
be used: |

DEL(X/B) = DEL(X/A) + DEL(A/B) +_DEL(X[AjDﬁ@(A/B)/103 (1.2]
As another example, if one had the:ialue'of:bEL(A/B) but
neeaed.thé’value of DEL (B/A) the;folloiing. relationship ‘' is
used: . ‘

DEL(B/A) = -DEL(A/B) 10°%/[DEL(A/B) + 103] . [1.3]
Many other features of the .DEL function exist and those
pertinent to thié study are dérived.inpkppéndices 1, 11, 111
and VI, The.sténdatd normally used intisotOpic. studies of
oxygen in watér samples is "Standard Mean Ocean Water"
(SHOW) as defined by Craig (1961a). 1In fact no true samgples
of SMOW exist and so the International Atomic Energy Agency
has distributed a standard referred to as IAEA SMOW which
has a DEL value §uite close to SHOH.' The reference standard
used in calculating all DEL values in this project was TIAEA
 SMOW,., By Craig;ﬁ definition of SHOW it bhas an 015/016 ratio
that is 1.008 times the 018,016 iétio of NBS1, another
common laboratoiyAétandard. 'Hany laboratories throughout
the world have measured the value cf NBS1 relative to IAEA
SMOW and on the %asis of these measﬁienents ~the average
value obtained' for DEL (NBS1/IAEA suoﬁ) is -7.86. By using
équations 1.2 and 1.3 and the average value of LEL (NBS1/IAEA
Suow)vthe_follouing result is obtained;

- DEL(IAEA SMOW/SMOW) = -0.08 o o lﬂ [1{u]



Measurements made relative +to IAEA SMOW can easily be
éxpressed relative to SMO¥ by usihg equations 1.2 and 1.4.
It should be noted that the.'diffefénce between these two
standards 1is smaller than the present analytical precision
of analyses made at most 1abo£atorie$., o

It is difficult to maintainf  consfantbb operating
conditions for a mass specttometef and sc if the unknown
sample and the reference standard are meaéured at different
times the resulting DEL will be in error. For this reason
carbon dioxide that has been equilibrated with the unknown
sample and carbon dioxide that serves as évuorking standard
are admitted aifernately into the mass spectrometer., The
us/uu ratio ofzihe unknown is measured for a éiven period of
time, then magnetic valveé are switched and thebuorking
standard is anaiyzed for the same period of fime. 'This
process is rébeated_ several  times and in -so doing any
changes in the‘mass spectrometer villihave ~less effect in
the calculated DEL valu=2.

Mass spe&&rometers used. tc measure oxygen isotope
ratios are usually based on the design of 1A,0. Nier (1947).
Modifications to this basic design are .usually those
 proposed by HcKinney et al. (1950) and uier et al. (1947)
which enable small differences in the 46,44 ratio to be
measured. Theféssential features of such mass spectrometeré
are: a samp1§  inlet system capable of alternately
introducing éﬁall aliquots of unknown samples and wﬁrking

standard to the source region of the mass spectrcmeter; a



source capable of ionizing the carbon dicizide and
éccelerating the ions through several thousand volts; a
magnetic analyzer, usually a"ébo or 900 sector field
elecfromagnetnwhich.separates tﬁe mass.u6band 44 icn beans;
and a dual collector arranéement frdm which;the ion currents
can be used to determine the ua/aa ratio of the carbon
dioxide.‘ Specific features of ;he mass spéctrometer used in

this project are described in Chapter IIQ,

1.3 Motivations Of This Study

The cohvetsion of a mass sPectropeter from cne capable
of analyzing. lead tetramethyl to one capablé of measuring
oxygen isotope ratios in a. sample of carbon dicxide was
begun in  the summer of 1972 under the direction of
Dr. G.P. Erickson working on a temporary summer apfointment.
The system became operational in the . spring of 1973. A
great deal of testing and developing of procedures vas
required to reduce analytical uncertainties to an acceptable
level. Much of the work of this project was tc develop and
analyze these procedures. |

The more interesting portion of this thesis project was
the field project originally proposed by Dr. Ken West. The
investigations  of Krouse and Smith' had demonstrated the
usefulness of stable.isotopes in snow hydrology -and PDr.
wést proposed aﬁ intensive study of the interaction betuesen
the 1l1liquid anéﬁ solid phases of. water in snovpaqks.

Surprisingly 1little had already béeh_done in terms of an



artificial tracing experiment and so it was felt the
information gained from such a project would Le most useful
to researchers utilizing more cqnieﬁticnal methods in snow
hydrology. |

Chapter II deals uitﬁ the éétual>éh§nges-made in the
HcKinney-Nier mass spectrometérvused_ip thiS stddy.: The use
of»inexpensive-parametric amplifiers tc'reflace conventional
vibrating reed electrometers in the méasuring system is
described in detail.,  Chapter IIT deals with the actual
technique of measuring the isotopic ratios of a water sample
and would be useful to persons interested in how the DEL
values are iﬁtually obtained in any study. The fourth
‘chapier deals with possible sources of error existing in thé
isotopic analysis of water sémples., Chapters V- and VI decal
with the results of the field experiment and have definite
impliéations’fot studies in snow hydtology._ Some entirely
new concepts"have been presented_in'this study and anyone
using stable isotopes as a tool in studying water-snow or

water-ice systems may find then useful.
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II. THE DUAL BEAM MASS SPECTROMETER

2.1 General Features

~ The mass spectrometer uéed ih this”study was designed
and constructed . by F. Kollar and  T‘R.D,1  Russell
(Kollar, 1960) for the precise measurement of lead isotope
- ratios. It is essentially a ﬂckinney—uier'nass spectrometer
(Nier, 1947; McKinney et al. 1950; VNier. et al. 1947) with
some source modifications as described Sy‘ Kcllar and
collector modifications made by the author. with assistance
from R.D.,ﬁussell._ The deflection plates described by
Kollar are normally grounded except when beam deflection is
required to 2zero asplifiers in the nmeasuring system.
Eiectronic supplies are those descfibed by Russell ana
Bellis (1971).i A general discussion of the collectcr regiqﬁ
and  the associated measuring systemAis des;ribed ky Russell
ahd Ahern (1974) and in»greater detailvin this thesis. Sonme
of the specific details of the machihe -are: a 90 degree
sector magnet; 12 inch :adius'of»cur§éture; source exit slit
| of 0,004 inéhes; collector slit wiaihs.of 0.070 inches and
0.140 inches fér the beams of mass to charge ratio cf 46 and
4y ’respectivéiy; tungsten ribbon ‘filament; -acceleratiné
potential variable from 1.5 kV to 5;0 kvV; twc Faraday cups
that are "leakproof® from the point éf view of the ion beam$
and secondary electrons; and a gaé sanple introductioﬁ
system that Vis capable of éllouing"alternate admission of

"standard and unknown carbon dioxide samples tc the source
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region of the mass spectrometer (Nier, Ney, Inghram, 1947).

. since this mass spectrbmetér: was initially used for
measuring lead isotope raiios it‘hgs some properties that
'are superior to spectrometers ﬁifh sméil radii of curvature.
This is primarily its ability to résblve.éeéks so completely
in the mass range 44 to 46. Usiﬁg fothul&é derived in
Duckworth (1958) the resolution of the mass spectrometer was
- found to be 157 for the U6 coliecto: éystéwvand 82 for the
44 collector system. This means that thé bugcbllector_is
just - 'able to separate mass 82 froam mass 83 on the
spectrogram, éince ve are interested in ébllecting only the
46 and 44 ion beans this means that the bea®ms are separated
a substantial distance and the 45 beam can be eliminated Ly
collision uitﬁ' the defining:slité. The actual dispersion
per upit mass at mass 46 is 0.261 .inches and at mass U4
0.273 inches. With the elimination of the 45 beam the ratio
ve measure is éiréctly proporgidnalftb the 018/016 ratio of
fhe uatér if Qe .make the firsf order afpproximation of
- neglecting ions of the form C130l70165and C12017017 flowing

into thé 46 cup. and neglecting the loss of 018 atoams in

molecules of the form C12018C18, (12017018, (13016018,

Cc13017018, C130%501° all of _which dre of low relative
‘abundance, Thé ‘above approximations introduce errors of

less than the analytical uncertainty of the methcd and are

justifiable. Since the 45 beam is not collected we do not
make the correciions férrcl3 or for the 45 ion bear in the

44 collector, common in many laboratoties._
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The operation of the mass spectrometer during the data
acquisition period is controlled bye;an Inderdata Model 4
computer ‘(Blenkinsop, 1972; Russéll .et al. 1971). Analog
signals proportional to thg intensities of the icn beams in
question are fed into a :atiohétric'*digital. voltmeter
(RDVM). The Interdata computer Teads  several ratio
estimates, performs digital.;filterihg .and passes Lack
filtered data points to a teletype.v‘lafter a specified
period of time the computer switches two ﬁagnetié valves and
analysis of the sample in the other side of the sample
introduction éjstem begins., . This processnis repeated ‘until
five .data 'péints exist for both the unknown sample and the
working standgfd._ Final data reduction was doné by a
Foftran.iv prdéram on the IBA 370 computer at theAUniversiﬁy
of British Colﬁmbia.“ |

Since most of tﬁe specific details of the mass
spectrometer are found in the references above, it is
sufficient to limit discuséion to those modificaticns of tﬁe
BasSsS __spectrometer made for the <conversion from 1e;d
tetramethyl té‘stahle isotope applications.  The primafy
differences .ére in the collector aSsembly, thé measuring
system and tgé sample inlet system.'.Each of these will néw

be discussed in some detail.
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2.2 The Dual Coliector Assembly

The specific details of  £he collecter assembly
intrecduce two new practices'.td‘ the mass spectrometry
laboratory at UBC. These are:‘ . |

1. The defining siits consistiqf.t;6 sepaiate plates,
one plate defining the.y dimenéion of the ion beam and one
plate defining the z dimension., The two plates forming the :
'defining_slits are physically separated in the <collector
~assembly by a distance of 0.630 inches and this has caused
no apparent complications in -the operation of the nmass
spectrbmetet; The construction of the slits was fcund to be
relatively simple when compared to previous methods of slit
construction, Agéin the abundant resclution allcwed this
technigue to be implemented.

2. The use of two parametric amplifiers (Philbrick
Model 1702) for:the first stage aﬁplification of the ion
beanms enabled: us to place the ampiifiers inside the vacuum
systemlthué eliminating the need to pass a high impedance
le2ad into the vacuusm systen, Thus the signals are less
susceptible to}hoise contamination than would otherwise te
the case. |

The specific construction of the collector region is
shown in Figure 2.1. 411 collector slits are nmade of
Nichronm v métal sheeting and wmilled to the specific
dimensions by D; Schreiber of the Department ct Geophysicé
and Astronomy;‘ The y defining slit is held at a potential

of +300 volts D;C._ which prevents secondary electron$
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;Figufe 2,1 Dual Collectbr Systém

‘created by the collision of an ion beam with a slit edge’
from reaching fhe Faradéy cups.l The  first suppressor is

held at ground potential and serves as a mask that prevents

the field on tﬁe y defining slit';from influencing ion

trajectories near the cups. iThe next combination of slits

includes the z defining slit and a second suppressor. This

~combination is held at a potential of -90 volts D.C. and

performs the t§§k of preveniing anf- secondary eiectrons

created at théjFaraday cups fronm esééping, and thus giving

non-linear contfibutions to thé ion béém currents. The two 
Faraday cupsi: are situated appré?imately 0.05 inches.
immediately abp&e the second suppressor and are separated Ly

a vertical suppfessor physically and électiically connected

to the second sﬁppressor. It was found that this suppressor
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made it physically impossibleffor a.scatieted ion to enter
the wrong collector. Since this sﬁppressor wvas added it 1is
felt that ho serious problems‘canjﬁé attributed to secohdéry
electrons. The Faraday cups-été coenstructed from a single
piece of Nichrome and the seaﬁs have:beeﬁ silver-so1dered to
make them impermeable to ijomns. .}Ihef :tuoi. parametric
'émpiifiers sit on a fiberglass circuit board through which
all electrical connections are made. . The' gaSs 44 Paraday
cup 1is attached by first spot uelding a small piece of
copper to the closed end and then soldering the ccmbination
to a copper plate on the bottom of the 6ircuit_board. Due
to the larger feedback resistance in the 46 circuit more.
caie vas taken in this connectioa. A small hole was drilled
through the center of the éircuif” board .and a Teflon
insulator place& in the hole. The 46 Faraday cup was then
.rigidly suspendéd from a 12 gauge.nichrome vWire cohnected :
throuéh the Teflon plug to the negafiﬁe. input of the 46
parametric ampiifier.. .heads "to the circuit bcard and
collector plateéﬂuere'insulated by putting Teflon tuking
around the barejiéads where possible, 'Cohnections vere made
with a wire ;#épping tool. Use of solder was kept to a
minimum, ~The vigtoreen "hi-Meg™ resistbrs uere'suﬁpotted by
a nmetal springl‘aSSembly attached to the tops of the
parametriC-amplifiers.using Araldite epoxy..

At the présent time neither the 44 or 46 ion Leams are
focusséd on the defining slits, Plans"have been made to

correct this in:the near future. The apparatus has proven
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to be satisfactory and no serious difficulties can te

attributed to focal problems within the collector.

2.3 The Measuring System‘

When measurihg oxygen isotcpiél":tatibs, one is
conftontéd with the problem of converting ion beam currents
in the neighborhood . of 6ne :picoampere into @®anageable
signals. This is wusually 'accomplished bty passing the
cﬁrtent. through a very high resistance in thevfeedback loop
of an electrometer circuit. Such electrometers have
typically }been of the vibrating reed or vibrating capacitor
‘type analjzed in detail by Palevsky et al. (1947). A
vibrating capacitor electrometer has three favorable
characteristics: it shifts the information to ‘a more
convenient freéﬁency range; it can.héﬁe an output impedance
very much. lower than the .input'_iméedance; and it has
significant pdﬁét gain.- Excellence of such electrometers
has promptéd their application in manf mass spectrometers
throughout the world. Signal asplification and noise
characteristics of such electrometers still set the standard
in.measuring systens for mass spectrcmeters,

An aiternative approach'tb ion cufrent measur€ment is
that of'the D.C: electrométer tubes described by Russell et
al. (1964) and Stacey et al. (1965)._.Ihey‘are characterized
by a very high"input impedance, a s&fficiently short rise
time to record,éhe mass spactrums on a:;chart recorder, and

relatively low ndise. The main disadvantage of electrometer
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tubes is their poor drift characteristics. Nevertheleés the
mass spectrometry ‘laboratory at the University of British
Columbia has used these ampiifierél in mass spectrometers
designed for wmeasuring strontium- isotope ratios and lead
isotope ratios for fifteen years. o o

Within ‘the paSt two years sgverai_ ﬁénufacturers
(including_ Teledyne-Philbrick and Analogic) have started
prpducing parametric 'operational amplifiers. The se
‘amplifiers‘ are small in size and are essentially the sclid
state eguivalent of the Vibrating reed electrometer.  The
effect of théi ﬁechanicél vibrating reed is oltained ky a
varying potentfal distribution ih a. varactor diode. = Thus
the charge distribution can be moduléted to effect‘a varying
capacitanée._ :Ifua constant or sloulj varying charge exists
on the modulated capacitance, a time—varyihg voltage results
which can be amplified by a low noise A.C. -amplifier. The
output of this _amplifier is then: phase-sensitively
demodulated to restore correct polarity and is then bcosted
by a cénventional D.C, odtpu£ stagé; A mofe comprehensive
description of:é varactor bridge opefétional ampiifier can
be  found ié Analogic bévices : Specification - Sheet
€016-50-1/69. For our purposes it. is not necessary to
undetstand- tﬁg operation of the parémetric amplifier but it
is .only necessary to take noté: of the important
chafacteristiqs of suchvamplifiars.::Tvo Teledyne-Philbrick
parametric amé&ifiers nodel 1702 wefg used ih.the measuridg

syster shown in Figure 2.2. The important characteristics
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Figure 2.2 Mass Spectrometer Measuring System

of the Teledyne-Philbrick operational amplifiers are fcund
in Teledyne-Philbrick Spacification Sheet 12m 12-71
‘Parametric Operational Amplifier 1702/170201*, - Some of the
most important characteristics are:

1. A minimum open loop voltage Qain of 105,

2. Maximum voltage offset without external trih 5 mv,

3. Haximuﬁ input bias current 5 fA.

4, A comméh mode input impedance of 10!°vohms.
The low input bias current and high input impedancgf.lend:
themselves quite well tb picoampere currént measﬂfement.
The basic features of the measuring system of Figqure 2.2 are
found in Russell and Ahern (1974). The treatment given

there neglects zero offsets and this point warrants a more



complete analysis in this thesis as it 1is believed that
offsets can b2 a significant source cf error,

The D.C. circuit analysiéi‘given here will make the
usual apprbximations that all the current flouipg inte the
Faraday cup will flow through the faédback resistor, the
input to each parémetcic amplifier is held at a virtual
ground, and that the effect of all offsets can te
represented by a constant voltage added to the outgput.

By using Kirchoff's laws and assuming all the ion
current passes through the feedback resistors it is a
'straightforuara‘calculétion to show: |

\ = —Vl(1+R3/Ru)—iq

4y 4

(R3+R1R3/RufR2R3/Ru+R1+R2), [2.1]
and similarly '

Vi, = -V2(1+R7/Rg)~isg (Ry+RsR7/Rg+ReR7/Rg+Rs+R¢) ;ﬁ [2.2]
whare resisianées and voltages are as shown in Figufé 2.2.

"In the aciual circuit it has been found that amplifier
offsets can b= a significant source of error in the measur ed
DEL value. For this reason it is important tc understand
how amplifier 6ffsets affect the LEL value to Le caléulated.
To a first appﬁoximaticn each amplifiét can be rerresented
by a black 5ox that mulfiplies an input voltage ky.a
gain (Gi) and adds to that voltage scme offset vcltage (Ai);
By using the numbering convention given on Figure 2.2 the
buffer amplifier tollowing the precision divider will have
gain G5 and offSet A5, With this notation the <circuit
analysis can be carried to the pcint'uhere the relationship

between the "irue"™ DEL, assuming no measuring systenm



20

offsets, and thaz measured DEL can be obtained., Once this
analysis is completed it becomes »evident that a certain
zeroing procedure will eliminate ahy errors due to amplifier
offsets, |

| If we define P and Q as folldus:

P = Ry/(R3Ry+R R3+ RyRa+ RyR4+ RpR,) = [2.3)

Q = Rg/(R7Rg+Rs5Rg+RgR7+RsRg+RgRg) - | [2.4]
and if we assume the ampiifier test voltages V1 and V2 are
ZeIro, as is.normally the case, then it is clear from Figure
2.3 the voltayes giQen at the R.LC.V.M. Will kbe: :

Eyy = ~Gsiuu/P + GsAy + As | Jf [2.5]
and | |

Eye = ~GuGeiye/Q+GuGgAr+GsAy~GsGgOiyy /P
[2.6]
+Gs5Gg0A+GgAs+Ag
where THETA is the reading of the precision divider. We can

now solve equations 2,5 and 2.6 for the 44 and 46 ion beam

currents:

iyy = (=E4,+C3A1+A3)P/Gs ‘ | [2.7}

(_ELQG f‘.GsGGeiqu/P+G6AL,+G4G5A2+G5GG6A1+G6A5+A6)Q

iy CuCo [2.8]

substituting equation 2.7 into 2.8 gives:
ive = [-Eue-G5Ge0(-Esu/Gs+A1+A3/G3)+G,GgAr+GgA,

+G5GsOA1+GAs+As]Q/GuGe ' [2.9]

It is now clear that we can write an expressicn for the
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ratio of the; 46 to 44 ion beam currents. By making the

following definitions:

1]

S = ~Gs5GgOA3/G3+G,GgA+GAL+GAsTHA, [2.10]

T

G3A1+ A3 L - [2'11]

we find that:
R = iue/iuu = QG3/(PGuGe) Eus~G5GeOEL4/Cs+S]/[Eyy+T]  [2.72]

The RDVM produces a reading that is prcportional tc the true
ratic of its inputs., That is: |

¢ = UEye/Euy | 3 [2.13]
where ¢ is the reading of the RIDVM and U 1is a meter
calibration constant. The (validity of equation 2.13 was
checked empirically by using a six digit precision divider
and was shown to be valid to the most significant digit of

the RDVH.



22

By using equations 1.1 and 2.12 we can now determine
what the true DEL value is in téims of parametersvue can
nzasure, If we adopt the notation that parametergfuhigue to
the ratio appearing in the denominatbr_of 1.1 will have a

superscript "s" then the true DEL beconmes:

[($~C5G¢BU/G3+SU/Eyy) /(1+T/Eyy) ]_
[($8~GsGgOU/G3+SU/ES )/ (1+T/ES,) ]

DEL/10° = 1 [2.14]
At first this equation seems quite cumbersome tc¢ use but if
we note equations 2.10 and 2.12 we find that a calibration
constant K can be easily measured for the entire measuring
system byijust noting how PHI changes:uith a change in THETA
for any fixed ratio.

d$/de = K =4G5Cdﬂl/G3—A3/(G3Eu4)] | _ [2.15]
since A3 can sasily be set to zero before determination of
K, equation 2.15 becomes: |

K = G5G6U/G§' Ay = 0 [2.16]
One such determination of K is givenvih Figure 2.4, This
and similar plofs testify to the lineérity of the measuring

system. Rewriting equation 2,14 we obtain:

[(¢°-K8+SU/EF,) /(1+T/ES4) ] [2.17]

which involves only the approximation that A3=0.0 when K was
determined,
In this form it now becomes evident hcw we may zero

amplifiers before an analysis to make cffset errors
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‘ K

~insignificant in the «calculaticn of DFL, By applying a
sufficiently high voltage to the deflector plates in the
source, 1ion beams can be deflected so that no current is
flowing into the Faraday cups. By sc doing the voltage. at
the 44 input to the RDVM given by equation 2.5 tecomes:

Eyy = G3A; -+ Aj

the voltage at the output of the two parametric amplifisrs

becones:
Viw = Ay
Vye = A>

From equation 2.6 the 46 input to the RDVM becomes:

Eue = Gg(GuAz+Ay+0GsA +As)+As | |
The voltages at these four points (V44,Ve6,Eee,E46) are
easily accessable .and may be measured and nulled. If we

first zero V44 then by definition A1 egquals zero and E*¢
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becomes equal to A3. If vwe now zerc E4* both A1 and A3 are
equal ﬁo zero and by’equatioﬁ 2,11 T is equal to zero. The
next step is to zero the U6 parametﬁic amplifier which makes
A2 equal to zszro, If next we iéro E46 then vwe kncw from the
above equation that: -
Eye = GgAy + GgAs + Ag = 0

Inserting this information into equation 2.10, remembering
that A1, A2, and A3 are already zero, shdws that S 'is now
e@ual to zero.

With bo;h S and T equal to zero squation 2.14 reduces

to:
DEL = [(¢-¢°)/(6°-Kk6)]103 | [2.18]

which is a simpie formula easily applied since ) is the
.RDVM reading when the unknown is being analyzed, oS is the
RDVM reading uﬁen the standard is being analyzed, 6 is the
éetting of the precision divider and K is found fronm
equation 2. 16. |

In practice only A1 and A2 were set to zero refore an
analysis. Otﬁer offsets were periodically checked and wzre
always less than 3 mV and thus introduced very small errcrs.
Nevertheless, the simplicity of the zercing procedure given
above warrants its inclusion in future isotopic analyses.

The measﬁting system described has been used for the
analysis of ayproxiﬁately saven hundred samples and only one
severe drawhaék‘has bteen discovered. It is not uncommon for

the parametric amplifiers used to have baseline



discontinuities of up to 15 mv in the 46 parametgic
amplifier and when this happens the resultant CEL can ke in
error by up to 0.3 DEL units.:'Such discontinui?iés are
quite noticeable in the PHI values and such analyses are
rerun iémediately until an .analyéis. free of gross
discontinuities is obtained. This involves a gréat deal . of
time and so plans have been made to install a baseline
compensation circuit in at 1eést the 46 <collector systen.
This has not yet been implemented.

The noise Characteristics of this measuring system are
controlled through analog filtering prcvidéd by amplifisrs
number three and number four. Further digital filtering is
done by the 1Interdata Model 4 computer, The ncise
characteristics at the output of the parametric amplifiers
is controlled primarily by the capacitcrs iq parallel uitﬁ
resistors R3 and R7. The filtering thus provided is
sufficient and no problems associated with noise in thé
measuring sysiem are believed to exist. |

The noise characteristics of the parametric amplifiers
have been coﬁpared directly to a Carey Model No. jﬁ
'vih:ating reed electrometer and a measuring system using thé
Analogic varaétor bridge diode in A mass spectrometer used
by Dr. P.H. Reynolds at Dalhousie University. It was found
that the vibrating read electrometer had an equivalent ncisg
‘current of 1.31 femtoamperes. The Analogic varactcr bridge
dicde had a noise current of 1.9 femtoamperes after npuch

filtering, The Teledyne-Philbrick parametric amplifier had
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a noise current of 3.6 feﬁtoamperes., All c¢f these 1ware
calculated uith a 1011 ohm feedback resistor and a time
constant of 0.47 seconds. Such results seen quite
satisfactory especially when reiative costs are ccnsiderad,
The cost of a vibrating reed electfoﬁetef"-is aéproximately
$1500 for a total investment of about $3000 fot a complate
measuring system. The measuring system of Figure 2.2 has a
total cost of less than $150 excluding'the RDVM and labor

costs.
2.4 The Sample Inlet Systen

The sample introduction system in a gas source mass
spactroneter must be capable of intrcducing representative
aliquots of an unknown sample to the source .region of the
mass sSpectrometer,. In a mass spéétrometer designed to
measure oxygenyisotope ratios of a carbon dioxide sample it
is also neczssary that the sample introducticn system be
capable of alternately delivering samples of wunknown and
standard carbon dioxide.

The systéﬁ shown in Figure 2.5 is a representation of
the introduction System on the mass spectrometer used in
this study. It consists of two complete inlet systems each
featuring: |

1. A 2?liter sample reservoir bﬁlb.

2, Approximately 60 cm of O.ﬂ ne diameter capillary:

tubing.
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3. A set of magnetic valves which alicwvalternate
analysis of standard and unknown carbon dioxide.
In addition the inlet system has an independent vacuum
system allowing rapid removal and replacement of a new
sample.

The 2-liter reservoir serves as a large volume
containing the sample during thé analysis. It shculd be of
sufficient size so that the pressure on. the high pressure
side of the capiilary does not change appreciably during the
course of an énalysis and thus alter the volume flow into
the mass spectrometer, In additiicn tc this it should be
large enough to prevent significani changes in isctoepic
composition due to any fractionation of the sample.

The capillary tubing serves a very important function.
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It prevents any compositional disccntinuity at the leak
itself from migrating as far as the sample rese:vcir. The
importance of this feature.cannof be over emphasized since
it ensures that the isotopic ratic in the reserveir will not
be altered by back diffusion. If .fiow ‘thtbugh. the inlet
system toward the leak is viscous all moleculaf species of
carbon dioxides (e.g, C12016018 and C12C16016) viil travel at
the same velocity and therefore the isotopic ccmposition
will be uniform and constant in time, It is not uncommon to
have molecular flow at the leak cf a mass spectfometer. In
this case the‘isotopié composition of the carton dioxide
passing throﬂgh the molecular leak uili be enriched in the
lighter isotope. The result of this is that the region
inmediately Sefore the leak will be enriched in the heavief
isctocpe. It is intuitively obvious that if there is to te a
steady state 'the isotopic ratio o¢f  the carbon dioxide
lzaving the molecular leak will equal the isctepic
composition df the carbon dioxide in the reservcir. Since
the 46,44 ratio of the carbon dioxide immediately tehind the
molecular 1e§k is greater than the gas flowing into that
region, a diffusion front will bégiﬁ moving toward the
reservoir. At some distance the diffusion front will become
stationary dus to the net mass flow towards the leak. -
A stead}istate calculation, sdggesfed by R.D. Russell,
can be made fbt the location of the stationary diffusion
front. By inserting measured values cf the parameters, tﬁé

length of the capillary tubing can be " chosen sc  the
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diffusion front occurs well within the 1length of the
capillary and therefore never affects the isctcpic ratio in

the reservoir. The problem is described in Figure 2.6.

CAPTLLARY TUBING NEEDLE VALVE

| GAS FLOW SPATIONARY T~ TO MASS
FROM —=—>Q DIFFUSION —> =D

RESTRVOIR - FRONT |

Figure 2.6 The Back Ciffusion Protlen

It was shown by Einstein (see fcr example Daniels and
Alberty) that for a Brownian process the mean of the squaré
of the displacements in a particular directién X is related
to the diffusion coefficient D by:

‘D = £2/(2¢t) '  [2.20]
wﬁere t is the time taken to advance 5  distance x. From
2.20 it is clearlfhat the velocity of the diffusion front is
gi&en by: i

v = dx/dt = [D/2t)] . | [2.21]
Substituting 2.20 into 2.21 gives:

v = D/x - | B [2.22]
‘which 1s to séy that the diffusion ffont moves toward the
reservoir at a mbhotonically decreasing velocity. There is
a net gas flow toward the leak which will exactly ccunteract
the velocity of the diffusion front at some point, It is
clear the velocity of the gas fibw, c, is given ty:

¢ = Q/A - [2.23]

where Q is the volume of gas flow past any given pcint per
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szcond and A 1s the cross-sectionél area of the capillary.
To find the position of the staticnary diffusicn front the
velocities given in 2,22 and 2;23 ﬁust be ekactly.equal and
opposite in direction.

D/x = Q/A . [2.24]

‘ x-=.DA/Q v o ’ .[2.25]
Since the value of the diffusion coefficient is usually
given at STP it is nacessary to examine the dependence cf D
on pressﬁre and temperature, It is commonly known (see
Page, p. 351) that for self-diffusion of ideal gases:

‘D = Tus/8 ' [2.267]
where u is the mean free path and s is the average velocity

of the molecuié. It is also commonly known that:

u KT/ [V2 mo?p] : [2.27)

S

L ,
[(8kT)/ (mm)]? [2.28]
where k is the Boltzmann constant, T is the absoluté

temperature, mo? is the effective cross-secticnal area of

the molecule, P is the pressure of the gas in the systemvana
m is the mass of the molecule.
From equations 2.26, 2.27 and 2.28 it is clear that:

3/2

D = D°(P°/;P)('T/T°) [2.29]

where the supérscript 0 represents vﬁlues at STP.) from the
ideal gas law it is clear that:
Q = Q°(T/T%) (P°/P) ’ [2.30]

Substitution of 2.29 and 2.30 in eguation 2.25 gives:
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x = (D°/Q%) (T/T°)"A _ [2.31)
where all paraméterévare now evaluated at STP. 1
The volume flow rate, Q, caﬂ.be measured by noting the
chahge in the pressure in the ‘mass spectrometer as a
function.of time. Suchla determination is_éhoun gtaphicélly

in Figure 2.7. From this figure we ascertain that 18.7% of

{MICROTORR)
3.05

PRESSURE
’ 2]. k]

i

2.75

2.6
-
p
~
-
.

10.0 13.0 16.0 19.9 22,0 25.0 28.0° 3.0 340 © 300
: : ‘ TIME (HRS) : .

Flgure 2.7 The Volume Rate of Flow into the Mass
Spectrometer

the sample is ébnsumed in 22 hours. Since the volume of the
reservoir is 2.4 liiers this correspcnds to .a volume flow
equal to:

0=5.67 x 10-3 cm3/s
with this information and ;noting4fthat the sample line
pressure equals 5 torr and T equals 2959K we can calculate
Q’ from equation 2.30.

Q° = 4.03 x 10-5 cm3/s
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the diameter of the capillary tubing is 0.043 cm so'
A= 1,45 x 10-3 cn2,
'The value of the diffnsion'cpefficient of carbcn dioxide
'diffuéing into air ‘was found in tables to be:
b= 0.139 cm2/s o
The coefficient for self diffusicn of'carbcn didiide will be
less than 0.139 cm2/s and so the x calculated will te larger
than the true X. |
'Insgrting the above values into 2.31 gives:

X= 5,4 cm

It is not known whether the leak.used was viscous or
molecular., . The actual cépillary tubing is apprcximately 60
:ém long and so evenvif the leak is molécular the stationary
-diffusion front would occur well within the capillary., It
has been observed empirically that the composition of the
reservoir does not change with time (sée Chapter iv).

0f course the diffusion front is not really a Step
function as assumed in the above calculation but instead a
}broader diffusion boundary. = Calculations made ky
R.D..Russell from a numerical soluticn of the diffusion
equation with néf flow opposing the motion_éf the front give
comparable resuits. uoré importantly Such calculations show
" the validity offfhe assumption of stationarity of the front.

The magnetic valves (Figure 2.8) used in this inlet
system‘ are esééntially the same as those proposed Lty
McKinney et al. (1950) and Epstein (1953). The actual

magnetic valves arz available through Glass Instruments
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Figure 2.8 The Operation of the Magnetic Valves

Inc. Pasadena;“ California and have been found to be quite
‘satisfactory. The swmall glass pistoh has an iron recd in it§
center SO‘that_it can be raised to,diiert Qas flow intc a
 waste vacuum system or lowered to allow gas flow int§ the
massvspectrometer. The current flowing .in the magnetic
coils is such'>that when gas from cne side of the sample
inlet system is flowing into the mass .spectrometer, gas fronm
the other side is being pumped avay.

The perforﬁancé of similar mégnetic valves has then
beeh questioneé  as testified to by éﬁé presence cf a valve
mixing correction at many -1aboratories as indicated Lty
Beébie et al,_£i972). The adjustmenflis one that corrects

for a "leaky” valve that allows a finite amount of gas to
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pass when it is "closed®. If this happens it is clear that
a mixture of the two sides of the inlet system is bLeing
analyzed instead of - only one siaé. Such corrections have
‘not been found necessary with fhe' magnetic valve systen
employed in this study.. The vaiidity.of ever>making such

corrections will be examined in Chapter III.
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III, EXPERIMENTAL TECHNIQUE OF DETERMINING LEL

3.1 Laboratory Procedures

Techniques for measuring oxygén isotope ratios ﬁary
considerably in 1aboratories'around_thé.iérld.' Tgéhniques
- must be déveloped at cach laboratcry for taking a water
'sample and determining its iSOtopic,coﬁposition. The final
ﬁest of the overall prdcess is the repioducibility it
"FYields. The procedﬁre developed at the Universiﬁy of
British Columbia has been shown to suéCessfully reproduce
'measurements to'_0.1u DEL uniﬁs which is quite adequate for
gléciolbgical research., The 'ahalysis of a wvater sample
involves _tuo“stages. The water saﬁple'must.be equiiihtated
with carbon dioxide and the eguilibrated carbon dicxide nust

be analyzed in the mass spectrometer.

3.1.1 Sample Preparatioﬁ

The sample. preparation inVolves .the équilibration ‘of
carbon dioxide with the water sanple as described by Epstein
and Mayeda (1953). Some major alterations have leen made to
their basic procedure and so a detailed descripticn of the
preparation is given here. Ten milliliteré ~of water is
loaded into a .66"m1 Pyrex sample flask (see Figure 3.1a)
through the sidearm. The écidity of the sample 1is checked

-at thié time and if the‘pﬂ of the sample is greater than 8 a
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SAMPLE

SIDEVIEW
HIGH VACUUM
STOPCOCK

./

'Figure_5.1 Sample FPlasks and Sample Tubes Used in
: This Study ‘

drop of nitric acid .should be added to ensure rapid
equilibration df the water and carbon dioxide as first noted
by Faurholt (1§2u). In the water samples analyzed in this
study the addition of nif;ic acié Wa s never necessary.
After being loaded, the sample flask is connected tc the
sample preparation 1line shown in Figure 3.2 using a Viton
wO-ring"® and a spring clamp.. The interior of the bhigh
vacuum stopcock 'is then evacuated by the pumping system of
‘the preparation line. To save time, seven to ten flasks are
placed on the sample preparation liﬂé at the same tinme.
Liquid nitrogen is then placed a;ound'each sample flask
until the wate; samples are frozen, the stopcocks are opened
and the air iﬁ the' flasks 1is puﬁped away. After the

stopcocks are closed the water samples are thawed with warm
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Figure 3.2 The Sample Preparation Line
water to remove ény dissolved gases, primarily nitrogen and
oXygen. Thevsamples are then refrozén with liquid nitrogen
and any remaining air is ;emoved. The next step in the
sample preparation 1is to allow the ic=2 to melt and then to
immerse the flasks in a mixture of dry ice and  methanol,
henceforth referred to as "slurry". The temperature of this
mixture is 20109K which is sufficient to freeze water in-the
vacuum system but not carbon dibxide.,‘hfter the water is
completely frozen all stopcocks are opened and any carbon
dioxide that was dissolved in the uatef' samples 1is pumped
away. A dewar of slurry is placed on fhe water trap and the
mercury manometer is made ready fgt use Ly closing one
stopcock. The connection to :thé vaéuum system is then
closed and carbon dioxide froﬁ the reservoir is transferred

from the gas-pipét into the sample flasks to a fressure of
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twenty centimeters mercury. The flask stcpcecks are closed
~and the samples are placed in a constant temperature kath at
25.3 + .1 ocC, |

The equilibration of the caibon dioxide with the water
is a process that has been studiead in $ome detail. The
reactibn rate is not d=termined by the chemica1 reaction but
is governed by the physical process cf water ttanspcrt. from
the bottom of the sample flask to the'gaé-liqhid interface,
This process will bLe discussed in detail in the next
section. It is sufficient to say that after some period of
time the isotopic composition of the ' carbon dioxide will
reflect the composition of the water sample.

After the sample has been eéuilibrated, the sample
flasks are taken from the bath and imMEdiatély placed in the
slurry on the sample,preparatién line. After freezing no
further equilibration takes place. The only step left in
the sample preﬁaration is the removal of the carbon dioxide
from'the samplé flask and its transfér to a sample tube such
as the one éhown in Figure 3,1b, This is acccmplished as
follows. A dewar of slurry is placed on the water trap to
ensufe that dnly dry carbon dioxidé is transferred to the
sample tube, :This step is important for two reasons; first,
if any water vapor is in the sample tube the carbon dioxidé
“will re—equiiibraie with that vaﬁbr thus altering its
composition oVér a period of time. Seccndly, if water vapor
is introduced.intOVthe mass spéctrometer it will adsort . 6h

the glass and metal surfaces., Carbon dioxide tenmds to
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adsorb on the water molecules and thus the mass spectrometer
acquires a memory since any new carbon dioxide samples will
be contaminated by the previous sample. This memory was
very noticeable until the stepvbf drying the carton dioxide
was included . in the sample prépaiéiicn;'_hfter ccoling the
water trap with slurrf and evacuating a sample fﬁte, liguid
nitrogen is placed arcund the sample tube. The stcpcdck to
thé pumps is closed, the stopcock.on the sample flask is
opesned and the sample starts transferring. The pressure is
monitored in the sample preparation line until it is 1less
than 1.2 x 10-3 torr. This ensures thatbany fractionation
of the sample f&ue to selective freezing of the «carbon
dioxide will <cause an error in DEL of less than 0.1 DEL
units. A discﬁssion of the above calculation 1is given ih
the next chapter, -After transfer the stopcock of the samplé
.tube is closed%and the sample is ready for mass spectrometei
analysis. | |

{

3.1.2 The Equilibration Of Water And Carton TCioxide

Unless the amount of time it takes to equilibrate thé
carbon dioxide,;ith the water sample is knéwn, errors maj
result from insufficient reactionv time, The chemicai
rzaction of carbon dioxide with uaterbwas studied in detail
by Mills and Urey (1939,1940), They point out that it uas

Faurholt (1921,1924) that first recognized that the reaction
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proéess was datermined by the pH of the solution, When the
pH is less than 8 the reaction is one cf simple hydration:

CO, + H,0 === H,C0, ~ pH < 8 [3.1]
If the pH of the sdlutibn riseé above 10 then a much slower
bi-molecular reaction predominates§

CO, + OH™ &==HCO3 | pH > 10 [3.2]
250C but when the carbonate ion of 3.2 is present ~the time
of half exchange was about 28 hours. For this reason it is
clear that it is necessary to force reaction 3.1 toc occur Gty
having a pH less than 8.

If the isétopic equilibration between the water and
carbon dioxidé weﬁe the rate‘contrblling step it is clear
that the'equilibration'wculd be ninefj-nine percent complate
in less than tﬁo hours. The rate of equilitration was
studied as paft of this research and-such was nct the case.’
It appeared théﬁ the half reaction fook approximately tgé
hours instead 6f seventeen minutes and so some process other
than the chemical reaction is the rate controlling step.

It seemé reascnable ihat the increased time of
equilibration is a result oflinadequate mixing of water in
the sémple fiask. It is probably;true that the reaction
between the cafbon dioxide and the water at the surface
takes place in the time suggested by Mills and Urey.
However the water in the bottom - of the flask <circulates.
slowly and this circulation contrcis the overall reaciion

rate. Since no discussion of the equilikration wmechanisnm
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found the following model is proposed.

. SYSTEM 1 | SYSTFRM 2 - SYSTRM 3
BOTTOH WATER K, SURFACE WATER| K, co,
18 . OR VAPOR (&——— ,18_
o8y (18) _ .| 07 =N,(18)
) 18’ 18 : 3
16 -1 07 =N,_(18) L 16
0"=N, (16) - 2 - 07"=N3(16)
T, ) 0101, 26) NTrLLY
Tsommre S| K INITIALLY | %y EQUILIBRATED
CQRPOSTTION | | EQUILIBRATED WITH SYSTEM 2
OF WATER || WITH CO, - . WATER

The

Figure 3.3 The Proposed Model for HWater and
Carbon Dioxide Equilibration

physical description of the eqﬁilibtaticn procasss

involves thre2 assumptions:

1.

3.

The éguilibration time is contrclled by the
‘physiéAI transport constants k, and k, and is
essentially independent c¢f the chemrical rate
constgpts k3 and k.

The nﬁmbet of 016 atcms in all three system;
remaiﬁs approximately'constaﬁt and only changes in
isotopic ratios due to variations in the 0!°®

content need be codsidered.

The nuhber of 01'® atoms being transported from
system“'i to system 3j 1is proportional to the
number::of 018 atoms in system i. (i.e.  we
assumef& ‘first order process as suggested Ly

McKay, 1938) . //
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If we let N;(18) stand for the number of oxygen-18
~atoms in system 1 and similar expressions for systems 2 and:
'3 we can write:

d[N;(18)]/dt = k;N,(18) - k,N,(18) | [3.3]

d[N2(18)]/dt = k,N;(18) - k;N,(18) - [3.4]
from equation 3.4

N1(18) = [1/ks] B(N,(18))/dt] + [k1/k,]N,(18) [3.5]
differentiating 3.5 gives
d[N1(18)1/dt = [1/k,]1d?(N2(18))/de+[k,/k]d(N2(18))/dt [3.6]

substitution of 3.5 and 3.6 into 3.3 gives
d?[N,(18)]/dt?+(k,+k,)d[N,(18)]/dt =0 (3.7]

The solution ofA3.7 is given as followus:

B —(k1+k2)t A
k1+k2 © + ki+k, [3'8]

N, (18) =
. 1 _
tﬂis in addition to equation 3.5 yields:

/

N;(18) = A[1/k2-1/(k1+kz)]=-B/[k;+kz]e

A

-(k;+ka)t [3.9]

If the initialzvalues of N,;(18) and N,(18) are sukstituted.

into equations 3.8 and 3.9 we obtain: .
. /

N,(18) = [k1N3<18>-kzN?(18)] o (kitkz)t

ki+ ko
[3.101
ko 0 0 '
Kitk, [N1(18)+N2(18)]
where the superscript ¢ indicates initial values. If e

define

012 = N1(16)/N,(16) P23 = N2(16)/N3(16) [3.11]
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and define the 018,016 tatios as follows:

Ry = Ny (18)/N,(16) R, = Np(18)/N,(16) [3.12]
then it follows ‘that

.N(1)(l8)/N2(l6) = Rip12 . [3.13]
dividing both sides of equaticn 3.10 by N2(16) will then
give:

kiR3-kyp1oRY| ~(kitky)t, ko
ki1+ko - ‘ ki+ka

Ry = [p12R+RS] [3.14]
Since w2 assume that the chemical eguilibtation between the
carbon dioxide and the water in sjstem 2 is rapid we can

write:

_ Ik Ry=ak,pi, RY| -(ki+ka)t ko 5 04p0
R; = aR, = Ktk e t oK 4ks [d012R1+33] [3.15]

-

where o is the separation factor as given by Comgston and
Epstein (1958) to be equal to 1.0407 at 25°C. |

As shown ~ in section 3.2.2 there is a relationship
between RY and RY. It is worthwhile tc tramslate RJ into
terms of RS since it is possible to eSﬁimate R? tut RJ would
depend upon the value of p,3. |

From the tank carbon dioxide ‘correction given in

section 3.2.2 it is true that:
aRf = R§(1+a/pa2s) -ap23Ry [3.16]

whére the following assumptions have bean maaé:
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1. The isotopic ratio of system 2 is the same as
system 1 before -chemical equilibration begins,

i.e. the water is well mixed.

2. R} is the ratio of the carbon dioxide after the
equilibration with the water in system 2 which
corresponds to the final carbon dicxide ratio

calculated in section 3.2.2

3. RT is the ratio of the tank. carbon diocxide.

Substitution of 3.16 into 3.15 gives:

K : a ~(ki+kz)t
R, = |X1P23 0, & o y_ o| &
’ [u+p23 FaRl pzaRT) akzplzR; ki+ks (3.17)

It is clear that R; is given by a function of the form

cot
R3=cle2+C3

by equation 1.1 the DEL will be

DEL(R5/SMOW) .= %QQQEL e®2f + (52— - 1)1000
SMOW SMOW
which is also of the form:
DEL(R3/SMOW) = p;eP?" + pj [3.18]

The final dependance of DEL ‘'upon the Farameters
deserves some atfention. It is clear from egquation 3.17
that p1 is dependent upon the initial isotopic ratio of the
water and upon the relative amounts of ‘water --and carbon

dioxide (pi12 and p;s; ). The half-life of the reaction is
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determined only by the transport constants k, and k, which
are 'gonstant given any fixed conditions. The Ps3 terr is
also a function of RY,p:2, and 023; The conclusion is that
the wvalues of p; and ps; vary between samples but that P2 is
constant. We'theiefore deduce tha£>if uétsfudy the reaction
‘time on any water sample we should be able to calculate the.
time necessary for the reaction of any cther water samples.

The equilibration process was studied empirically bty
equilibrating a 10 ml water sample that was isctopically
very different from the tank carbon dioxide initially placed
over 1it. vRepfesehtative aliquots cf carbon dioxide were
withdrawn at intervals of approximately one hour and tkleir
isotopic compoéition measured relativé to IAEA SMOW. The
results of this experiment are given in Figure 3.4. Fiqure
L3.Q is a least squares fit to an exponential functicn of the
form given by equation 3.18. Tata points were weighted in
proportion to tﬁe reciprocal of the analytical variance in
determining the DEL value. - Error bars on the graph are
taken at the one-sigma level., The Tesult of the fit is
excallent and  confidence in the estimate of the parameters
is high., The Qalue of pz'was found to be:

p2 = (-0.52 % .01l)hr~! | £3.19]

In general water samples whose eguilibrated carbon
dioxide is very different isotopical;y from the tank carbcn»
dioxide will take longer tc be within a specified rghge of
fhe»_steady state value than samples that have nearly the

same isotopic composition in. their equilibrated carbon “
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Figure 3.4 The Equilibraticn of a Carbcn Dioxide
Sample

dioxide,. In fact it is clear thatvif the isétopic ratio of
the carbon dioxide in final equilibrium 'with the water
sample was identical to tank carbon dicxide it would take no
time at all to equilibrate. Therefore if one wishes to know
how long it takes a water sample tc reach equilibrium wiih
.the carbon dioxide above it in .the sample flask the
equilibrium DEL value must be specified.

Using the;ﬁalue of p, in equatidﬁ 3.19, it is possible
to determine the time necessary for the carbon dioxide to be
within a given number of DEL units of the steady state
value. The calculation is straightfcrward. Remembering the
reaction proceeds according to equatidh 3.18 we write:

'y = pyexp(p,t) + b, . : o [3.20)
where p, “isf the'final equilibrium LEL Valne of the carkon

‘dioxide (t inﬁinite); p, plus p, is the DEL value of the



u7

tank carbon dioxide ft equal toc zero) and P2 is 5 constant
as given in equation 3.19, If Q is the magnitude of the
difference between the steady state value and the valué at
‘some time t is is clear that: | |

{Pa'Y| = |‘P16XP(P2t)| . ' | .[3.21]

2 O
Il 1]

| ps-DEL (TANK/SMOW) exp(pat)|

The valus of DEL(TANK/SHOW) is kncwn very well whare

SMOW 1is the isotopic ratio of carbon dioxide iﬁ equilibrium
with SMOW and is:

DEL (TANK/SMOW) = -18.75 [3.22]
as mentioned previously:

DEL(X/SMOW) = .p3 » : [3.23]
with this information equation 3.21 becomes: 4

Q = |DEL(X/SMOW)+18.75 | exp(-.52t) [3.24]

solving for t

t =0 ¥ |Q] < DEL(X/SMOW)+18.75 [3.25]

(-1/.52)%n|Q/ [DEL(X/SMOW)+18.75] | ~elsewhere

rt
I

Figure 3.S:is a plot of eaquation 3,21 for the three
values of Q ‘'specified, For the samples analyzed in this
project the error due to insufficient equiliktration time
must be less than .01_ DEL units since the minimunm
equilibration time was fifteen hours.

. Other laboratories have studied the equilibrafion of
carbon_dioxida and water, Several interesting and pertinent

observations were made by the Institute for Thermal Spring
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Research of Okayama OUniversity.  HMatsubaya (1972) studied
the effect of the pH of the water sample on the equilibrium
DEL value. The result of this study 'uas that H valués
bztween 2 and 10 did not affect the TEL value okttained after
overnight equilibration, There 1is nc reason to suspect a
different coﬁclusion at U.E.C._ although the equilibrium
time is longer than was Matsubaya's.

A more. inieresting result occﬁrred when Hatsubaja
studied the effect of water sample size on the tinme
necessary = for equilibration. Cné‘ would expect that
equilibration tiﬁe would increase with sample sizé because
of increased mixing problems.z Hatsubéya found the converse
was true and the time for equilibration - increased fdr any
given water samﬁlevif the volume‘éf_thé water was decreased.

A plausible expianation of this‘obseréaticn canh be obtained
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by re-examining equation 3.17. It is clear thaf only the
parameter p, affects the eguilibration rtate for any given
water sample., Clearly the chemicél ‘environment does not
change and so the increase in equilibration time must bé
attributed to the transport constants ki~‘vand ko The se
transport constants are a me2asure of the efficiency of the
mixing process., Matsubaya used round botton eéuilibration
flasks such that the angle of intersection between the water
surface and the flask became more severe by adding more
water. It is reasonable to assume mpixing would therefore
improve if sample Size were increased, cauéing a decrease in
réaction time. This effect is counteracted somewhat Ly
increased sample size and it is hard to see intuitively
which effect dominates. This provides a possible
explanation of'the empirical observaticn of Matsubaya.

The separation factor o is a constant that bas Lkecen
precisely determined . by O'Neil and Epstein (1966) and is
1.04073 # .00005 at 259C, This is in close agreement with
the much used: value of 1.039 quoted by Craig (1957).
Staschewski (196@) presents an extremely good analysis of
the variation vbf o with temperature and the effect of
temperature variations in the water on the DEL value will be
analyzed in Chapter IV,

There remains a final éoint cf interest in  the
rélafionship giQen by equatibns 3.i7 and 3.18., If one
examines squations-3.3 and 3.4 ét steady state he deduces
that: .

kp/k; = N,(18)/N;(18)
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but at steady state the water is well mixed and

this leads to the féct that
ko/ki = N2 (16)/N1(16) = 1/p1p

By examining e¢quations 3.17 and 3.18 ué éee thatvsince p, is
known from the experimental equilibration and éince R} and
Ry and p,; plus p,; can be estimated by knowing the amcunt
of carbon dioxide and water inserted in the reacticn vessal, -
an  estimate of the value of p,, can be made. Similarly a
Second estimate can be obtained ﬁsing the expressicn for ps.

The calculations are tedious and iill.not te presented
here since it 1is a minor pbint. ‘The analysis was carried
out and the value of p1, was estimated to Le approximately
3500, which ién probably better than an order c¢f magnitude
calculation. Therefore the system which we have defined to
be systen tuo.'corresponds to a layer  of vatgr about 2
microns deep on the surface of the water in the sanmple
flask. At thig point the question-arises if the reaction
between the carbon dioxide and water might actually occur in
the gas‘phase. Knouing the vapor pressure of water and the
volume of thevGacuum above the water sample indicates that
the ratio of water to water vapor in the equilibration flask
is approximately 12,000. The difference betuéen this number
and the prévious:estimate of 3500 can not be shcwn with a
high degree of cénfidence. We therefore conclude that it is
quite pqssible that the reaction-between.carbon dicxide and»

water takes place entirely in the gas phase..
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3.1.3 The Mass Spectrometer Analysis Of A Carbon

Dioxide Sample

The final step in obﬁéining a DEL value is the mass
spectrometer .analysis of the equilibzated carbon dioxide.
Mass spectrometer technigues vary betwveen laboratcties and
so a description ofbthe exact technique used in this study
is necessary. Details of the mass spectrometer were given
in Chapter II and so we are only concerned with the actual
procedure employed.

At the beginning of each day.on which analyses were to
be made a background spectrum was obtained., £ After a few
d;ys of routine analyses the background would remain
unchanged unless difficulties in the vacuum system existed.
Principal canern was the magnitudé'of the backgréund p2ak
at mass u6._,it can be shown numeriéally that background
peaks at mass 46 would not affect results significantly if
maghitudes were less than 10 =nmv, &his was used as the
primary critsrion to deiermine ﬁhether analyses would te
performed or ﬁot. Backgronnd_ﬁas never higher than 10 mv at
a case curredf of 300 microamps 6n days on which analysés
were made, . | |

After ihnning the backgrouna;spectrum, an aliquot of
dry tank carﬁén dioxide was inserted into the left hand side
(LHS) of the éample introduction s}stem._ Quantities wete
considered sﬂfficient if'the source pressure rcse tc betueén

2 x 10-¢ and 4 x 10-6 torr as . measured Ly an ion gauge
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lécated several inches below the source, Experience showed
that such pressures would give voltages of_éix to seven
volts at mass U4 with a case currepf of 300 nmicroamps and
woptimum" source conditions. This tank carbon dioxide wculd

____________ ball BReasurements
would be made relative to it,

After successful loading of the left hand side of the
sample | introduétion system and optimization of source
conditions, a slow magnetic écan was made in both directiops
over the mass 46 peak. Flatness of the mass 46 peak top was
crucial unless.no instabilities exisféd ihgthe varicus pouef
supplies. Peak'shape could be alteréd by varying settingé
of the sourceibarameters. Such parameters were manipulated
until sétisfaciory peak tops were obféined. With complefion
of this step, analysis of the first unknown sample could
bagin. |

A sample' tube containing carben dioxide of unknown
composition was attached to the right'hand side (RES) of thé
sample introduétion system with a "Vitcn" O-ring and spriné
clanp. The trappéd air betwean the sample tube stopcock was
removed using the sanmple line 'pQﬁping systen after the
St0pcock to th§ magnetic valves had been closed to prevent
air flowing info the mass spectrometer. The unkncwn carbon
dioxide was then transferred into the large reservoir tLult
on the right; hand side of the inlet system, This was
accomplished by expanding the carbon dioxide in the sample

tube into the large bulbs in a series of three tc four small



53

aliquots., The amount of the sample in the reserveir would
be increased or decreased until thé_mass 46 peak height of
the sample was equal to the nass 46 peak height of tank
carben dioxide in the left hand'side of the‘inlet systeh.

After'accomplishing the peak. matchipg, the magnetic
valves would be cycled a}louing the samples in fhe two sides
of the inlet system to alternately flow into the mass
spectrometer, This process would continue for approximately
ten minutes, After this period of valve cycling the mass
spectrometer high voltage supply would be adjusted such that
the mass 46 1ion beam was centefed in the Faraday cup.
Source potentials would be adjusted to give ﬁaximum
sensitivity ‘and important machine parameters would ke
recorded for the future analysis cf data discussed in the
following chapter.

When tﬁé operator was convinced no peculiarities
existed with the mass spectrometer, it would te placed under
the supervision of an Interdata Mcdel 4 ccomputer. The
computer uouldsinitially switch the magnetic valves into”thé
configuration“tallowing the daily .ycrkinj standard (tank
carbon dioxide) to flow into thé source of the mass
spectrometer. It was found that a ‘pericd of time vas
required after valve cycling for the>isotopic ratio to reach'
steady state. ~ For this reason the fiﬁst five data points.
would be rejected and data analysis would tegin with the
sixth point. The switching correction described in the next

section numerically compensates for non-steady state ratios
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in both sides of the inlet system.

After collecting seven data points, the mean value and
standard deviations of the PHI values are printed on a
teletype, awaiting further data .reductiqn._ The magnetic
valves were then cycled and the unknovn‘sample was abhalyzed
as described above. This process wvas repeated until five
PHI values were collected for both the wunkncwn and the
working standard. If the analysis was of acceptatble
bfecision the anknown sample was then pumped away by the
mechanical pumps and ten minutes later a new sanmgle Was
loaded into,thé mass spectrometer,

- If major difficulties were encountered in the analysis
of any carbon dioxide sample, they would reflect themselves
in the analyiical precision obtained. Specificaliy if
consecutive méasures of PBI‘ differences differed by more
than 0.0010 it was found, in general, that the calculated
uncertainty wbuld exceed acceptable limits, Therefore if
this occurred during an analysis the sample would ke
re-analyzed on the wmass spectrcmeter, Thus with the sanme
carbon dioxide in the right hand side of the mass
spectrometer source conditibﬁs would be reoptimized and
‘r2-analysis wéhld bagin. This process would ke repeafed 5
. maximum of four times or until an analysis with acceptablé
analytical précision was obtained. ﬁb data were rejected
but rather the weighting functioh‘ derived in Appendix'v
would be applied to all the DEL - values obtained .fof thé

carbon dioxide sample in question, In this manner only one
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DEL value would be obtained for each equilibraticn cf carbon
dioxide with water.

Data reduction at the Univeréity of British Columbia
has been done 1in two diffe;eht vays., The dafa reduction
"essentially involves the translatién of £he PBI values into
a DEL value using equation 2.18 derived in Chapter II.
Samples ahalyzed for the ©Polar - Continental Shelf Project
ware reduced using a TFortran IV progras written by
R.D. Russell, This method does a least squares fit of a
Tchebychev polynomial +to the PHI values of the unknown and
standard samples;,‘It essentially constructs two parallel

curves through the data points where the difference between
curves is PHIDIF used in the equation. The value of PHISTD
is taken to be the average PHI value cbtained when analyzing
the working stahdard in the left hand'éide.

The reduction program used in this study does not place
the constraint of parallel curves on the data. Instead
cubic spline curves are drawn through the data pcints. It
can be shoun: that the functions :thus determined are
continuous ihroﬁgh-the first derivativé. These curves are
piecewise solutions but this seems Adequate since there is
no reason to expect that high prﬁer derivatives are
- continuous when the method of sample measurements is
considersd. Figure 3.6 . shows a typical exanple of the
curves used in ihe détermination of £Ei.

After determining the form cof the cubic splines the

difference between the two curves is evaluated numerically
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Figure 3,6 The Cubic Splines for a Typical
Analysis

five-hundred times, Therefore a gdod estimate of PHIDIPF is
‘obtained in addition to determining its standard deviation.
iThe same process is used in deterﬁining PHISTD. The DEL
value is then calculated using the equation derived in
Chapter II, The advantage of this method is that a more
reliable estimate of the analytical error is oktained.

The DEL values obtained are of course relative to the
working stdndéfd for that day. At 1éést twice a day samplés-
‘of the UBC LTW standard (distilled local tap sater) are
analyzed in the mass spectrometer. By using eguations
derived in Apﬁendices 1 and II the DEi values can be altered
such that the DEL values of all unkﬁovns are made relative
to UBC LTW, After applying several corrections discussed in
the next section the values can tbenx be made relative to

IAEA SMOW.
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A more straightforvard method of analysis would be to
place UBC LTW in the left hand'sideAbf-the mass spectrometer
and make measurements directly to it. This method would
assume perfect symmetry on both»éides of the samrle inlet
system. As it happens this is a bad assdgpﬁion_as indicated
in Table 3.1 below.

The most 1logical way of comparing the two methods of
sample analysis is to compare the standard deviaticn of the
values obtaihéd by =ach method. table 3.2 provides a
sunmary of the two methods.

In seven out of ten cases the standard deviation of the
measurements isjless when using a dummy working standard in
the left hand side of the inlet system. It wés.primarilj
this result whiéh led to the adopticn cf this prccedure.

The precision based on duplicate analyses is wmuch
“batter if sample line symmetry is nct assumed. There exist
two drawbacks with the method used. First an extra analysis
of UBC LTW is fequired every day and Second, each analjsis
of an‘unknown.éample is based upon two individual analyses.
This fact means'thét the resultant errcr in measurements is
increased by ébmething less than the square root of two.
Thé method empiqyed was copiéd from tﬁe Institute c¢f Thermal

Spring Research, Misasa, Japan.
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L § ¥ : J | T )
| I | | |
| | NBS1 | NBS1A | SLAP | UBC LTW |
| | | 1 | i
t + + t + )
I | | 1 | |
| | -7.87 | =24.45 | -56.39 | =-17.58 |
| - i -7.81 | -28.44 | =-56.17 | -17.39 |
{ SMOW | -8.04 | -24.52 | -55.94 | -17.51 |
| I (-8.07) | (-24.54)} (-57.048)| (-18.09)]
| | (-7.70) | (-24.25)]| (-56.40)] (-17.52)]
L +- + % + |
| | | | i

i { -16.60 | -u49.37 | -10.10 |

| | -16.76 | -u48.68 | -9.59 |

| NBS1 | -16.62 | -48.29 | -9.78 |

| | (-16.88)1 (~49.07)| (-9.96) |

| 1 (-16.50)| (-48.97)| (~9.56) |

L 4 1 +- 4

i - |

_ | -] =33.32 | 6.61 i

: i | -32.74 | 7.04 |

| NBS1A I -32.21 | 7.10 |

i I (=32.72)| (7.03) |

| { (=32.76) | (7.18) |

L + + )

1. i i

i | 41.31 i

| . | 41.13 |

| SLAP | 41.09 l

1 1 (#1.21) |

{ | (40.70) |

] " J

TABLE 3.1 DATA COMPARING TWO METHODS OF SAMPLE
‘ANALYSIS

The fiqgures enclosed in ( ) are values obtained

assuming perfect sample line symmetry.
The unbracketed values were cbtained by
the wmethod used in this study. The
namzs of the standard in the right hand
side of the inlet system is in the first
row. The standard in the left hand side
is found in the left hand box.

3.2 Correction Factors Applied To Mass Spectrometer

Anaiyses

Errors in measurements always exist. Some errors are

random in nature and can never be .completely eliminated,
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r T ” T ) T L g
| sample | DEL { DEL = | sigma | sigma |
| measured | method 1.} method 2 | i |
+ + + —— 1 { : |
| - | | ] |
|NBS1A/SHOW | -24.47 | -24.40 j- .08 ) .20 |
| SLAP/SMOW | -56.17 | -56.72 | «22- | .45 |
{LTW/SMOW ] -17.49 ! -17.80 1 .10 | U0 {
|NBSTA/NBS1 | -16.66 | -16.69 |} .09 | 27 i
}SLAP/NBS 1 | ~48.78 | -~49,02 | «55 . | .07 |
{LTW/NBS1 | -9.82 ] -9.76 | «26 | .28 i
}SLAP/NBS 1A ] =32.76 1 -32.74 I »55 | .03 i
JLTW/NBS1A | -6.92 | 7.11 .27 I «11 {
{ LTW/SLAP | 41.18 { 40.96 | .12 } .36 |
L 1 i X . A J

TABLE 3.2 THE PRECISION OF TWO METHODS OF SAMPLE
ANALYSIS

The means and standard deviations of all boxes in Table 3.1
are presented here., Method 1 refers to the method
employed .in this study while method 2 refers to
the method assuming perfect sample line symmetry.

only reduced by multiple measurements and sound experimental

design. Many sSystematic errors also exist in pmeasurements

and great effort should be takem to remove this unwanted
bias. In this research project four correcticns were
applied to all data. The corrections (in the order applied)

are; switching correction, tank carbon dioxide ccrrection, a

linear correction to force agréement ‘'with world averages,

and a correctiéb to make measuremBents relative tc IAEA SMOW.

Fach of these corrections will now be discussed.
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3.2.1 'Switching-Correction

. A switching transient .fdllous each c¢ycling of the
magnetic valves, It is an empiricai cbserVation that the
PHI values do not reach their steady‘statevvalue fer a
significant period of time after valve cycling. Houever;
the behavior of the PHI values as they approach their steady
state value is so consistent that a correction can be made
to compensate for the incorrect values obtained. If one
plots the variation of the PHI values with time the~pattern‘
observed approximates the exponential curves represented in

Pigure 3.7.

MAGNETIC VALVES
SWITCHED

PHISTD

PHIX

TG

Figufe 3.7 The Observed Switching Transient

Data are only taken in the shéded area of each curve
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and it can be seen that each estimated PHI value will be too
large. This means that the estimated PHIbIF should be
multiplied by some correction  factor and this correction
factor can be made arhitratilyvclose tc one by waiting a
sufficiently 1long period of timé before‘collecting data.
Obviouély a correction factor should be inserted into the
eguation to determine DEL.
Each of the curves in Figure 3.7 can be approximated by

an.exponential function.

PHIK = pi1exp(pat) + pjy

FHI ,p = Puexp(p t) + b
It is clear that initially (t=0):

PHIX = p1+p3‘

PHI = p3tps

STD
and at steady state (t infinite) the PHI values are:

PHI. = p3

PHISiD = Ps
therefore the Steady state estimate of PHIDIF is:

PHIDIF(T) = ps~ pg
however we make measurements at times t1 and t2. Therefore,
in general, the measured PHIbIF; PAILIF(M) will not be equal
to the true PHIDIF; PHIDIF(T). If the guantities L1 and L2

are as shown in Figure 3,7, we <can estimate the average

values of them as follows:

= _ P1 1 . pata patg
Ll = &4 —orwv—u -
P2 ta2- t) (e € )+ps
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similarly ‘
1 pst Pst
7 = Bu 2 Psts__ Pstsy,
Ps tuy-ts ( © )*Pe

With these stipulations the measured value of PHIDIF

becomes: | |
PHIDIF(m) = L1 - L2 = 2L L (P2f2_,Patiy
. P2 to-t; -~ -

Ps ty-tj3
therefore PHIDIF should be multiplied by:

1
+py - B (o PSTu_Pstay
, 6

PHIDIF(T)
PHIDIF (M)

From the preceding arguments it should bLe clear that
the value of PHIST used in.equaticn 2.18 is alsc in error

and should be multiplied by:

Pe-
t t .
(eps h_ePS 3)+P6

Py
Ps tuy-t3

The two corrections above were measured by doing a
least sguareé. fit of empirical data to exponential curves.,
It was found that PHIDIF should be multiplied by 0.998 +.002
and PHIST should be multiplied'by 0.999 + .001 to remove the
systematic error observed when the magnetic valves are
cycled. The corrected values of the twoc parameters are then
placed in the prober places in equation 2,18 to determine

the switching asymmetry corrected DEL value.



63

3.2.2 Tank Carbcn Dioxide Correction

If the mass of water placed in the sample flask is very
much greater than the mass of carhohvdioxide placeﬂ over the
water sample theﬁ the isotopic ratic of the water would
remain unchanged during the equilibration process. If one
wishes to be realistic he must admit that for finite amodnts
of water a correction must be applied to the measured DEL
"value to compensate for the isotcpic shift of the water .
btouards that of the carbon dioxide as equilikration takes
place. Craig (1957) was the first to present a formula that
corrects for this effect. This writer has derived Craig's
relationship independently and it will now be presented.

At equilibrium the isotopic ratios between the uéter
and the carbéﬁ dioxide are related to each cther by the
separation factor:

Teo, = arHéé [3.26]
IWe now define ﬁp" to be the ratio of the numker of 01!% atonms
in the water to the number of 016 atoms in the carbon
dioxide. IfA:the superscript 0 denotes quantities before
equilibrétion and N(18) stands for the number of cxygen-18 
atoms we can write: |

| No(ls)HzofN?(ls)Coz = N(18) . (+N(18) o [3.27]
Dividing by ﬁk]G%bz v assumed to 'Se constant during the
equilibration process, gives:

0 N0 | S _
NO(18), o N(18) o N8y g N8,

+ =
N(16)g,, ~ N(18) g, N6y,  N(16)g,

[3.28)
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0 =

0
r +
Pru,0 ™ Tco,

PTa,0 ¥ Tco, | | [3.29]

substitﬁting 3,26 into the above equation gives:

0 o _ P ' p+a o
r + = - = .
PTH,0 T Tco,” o Tco, T Tco, o fco, ] {3.30]
H,0 ° p €O, p ‘co, _ [3.31]
dividing by rzg ~and subtracting one from Ltoth sides
2
gives: ‘
Q .
ar . r r? :
H,:0 p+a co
~_Hp0 _, _ pta (ZC0p _;y _ @ COp
ST 5 (rsT 1) 5 (rsT -1) [3.32]
CO2 -7 CO, - CO,

T .

assuming rgoz refers to a standard carbon dioxide sample we
8 )

can substitute into the left hand side of 3.32 t¢ have the

equivalent water standard by using 3.26.

0 0

"H,0 +a ,CoO o ,fco '
2P gy = PTO  LOs -2 (=2 '
H20 . co, €02 -
'  p+a
DEL(true) = B—* DEL(measured) - % DEL (TANK CO3») [3.34]

Since the carbon dioxidé placed in tﬂe left hand side of the
mass spedtrometer was tank carbon didxide the last term wili
be equal tb Zero,

»Biﬁ

 DEL(£rue) = DEL(measured) : o | . [3.35]
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where DEL(measured) 1is the value obtained from the mass
spectrometer after applying the suitChing correction.

The value of 0 is easily obtained. Assuming 10 nl
water saméles uith‘ 50 cﬁ3 of carbon dioxide at‘20 ce Hg
pressure and a temperature of 201, 150C (dfy4ice,ﬁethanol) a
value of 348 is obtained for p. The separation factor o
has been determined by many'people ~including Ccmpston and
Epstein (1958), <Craig (1957), C'Neil and Epstein (1966) and
Staschewski (1964). The value obtained by O'Neil and
Epstein seems most reliable, At 250C the value of a they
obtained was 1.04073 + .00005.

The tank carbon dioxide correction used in this study
is simply one of multiplicaticn. From 3.35 it is clsar
that:

DEL(true) = 1.0030 DEL(measured)‘ “ [3.36]

After applying the switching correction and the tank
Acarbon dioxide <correction we have the best estimate of the
DEL value of the unknown relative to tank carkton dioxide.
At least}tvo times each day a sample cf carbon dicxide that
has been equilibrated with UBCfLTW is analyzed on the mass
spectroneter, The only corrections_applied to the UBC-LTW
measurempents are the switching correction and tank carbon
dioxide corrections. By knowing the weighted average of the
UBC-LTW values (see Appendix V) relative to the tank carbon
dioxide and the value of eacﬁ unknown relative to tank

carben dioxide we can use the equations derived in
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Appendices I and II to calculate the TLEL values of the
unknowns relative to UBC-LTW. .

By Ausing this method of obtaining data we are assuming
that the isotopic composition bf the tank» carbon dioxide
remains constant during the coﬁrsé of-a-day. We make no
assunptions about symmetry between the two sidés of the
sample inlet system since all samples of importance are
placed in the right hand side of the inlet system and
therefore all asymmetries cancel out in the final data

reduction,

3.2.3 Linear Correction To Force Agreement With Wcrld

Standards

The International Atomic Energy Agency (IRER) and the
National Bureau of Standaids (NBS) distribute four standard
water samples-wﬁich serve as the basis for intercomparisons
between laboratories measuring isotcpic ratics in water
samples. Since thesz standards serve as the cnly
intercomparison, the author adcpted the philoscphy that
measurements of the world standards made at the University
of British Columbia should be constrained tc agrse with the
average world measurements of thesé standards. Other
laboratories ‘have adopted similar methods and multiply all
data by a lineér constant such that differences between
1aborato£y héasurewénts and werld average values are

minimized. It was felt that jusﬁification of a 1linear
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correction factor was necessary and for this reason a mixing
experiment was performed.

If one mixes two liquids of different isotopic
composition, the isotopic ratio of the mixture will 1lie
between the isotopic ratios of the twd*liquids. Appendix
III gives a complete derivation of the mixing ptéblem. For
our purposes we can use the small ratio approximaticn
presented in the appendix since 018/0186 rétios are typically

of the order of 1:500. Therefore:
DEL(MIX) = (x DEL(A) + y DEL(B))/(x+y) R<<1 [3.37]

where x is the number of milliliters of liquid A and 'y is
the number of milliliters of liquid B in the mixture. For
the case of oxygen isotopes the errof in treating the i and
Y values.as méSses instead of 701umeé is less than six parts
per million and this intréduces no measurable error.

Two isotdpically different uatér samples (approximafely
25 DEL différence) were usedrin tﬁis experiment. Aliquots
of each liqﬁidv were accuratély weighed and then ﬁixed
together. By arbitrarily assigning the isotopic composition
of one liquid to 0 and the isbtopi§ composition c¢f the other
to 1 an experiment could be performed to test the linearity
of oxygen aﬁélyses at U.B.C. 'Tablé 3.3 gives the results of
the expeiimént.

The errors presented in the fourth column of Table 3.3
are the analytical errors in masé,spectrometer analysis and

do not include errors in sample preparation, if any. FiQure'
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T

| 1 I |
| . i
| Mass of | mass of |theoretical] experimental |
| 1liquid A | liquid B |composition]| DEL |
i | | ) | |
t + t + 1
| | | ¥ I |
| 54.8306 gj 0.0 g i 0.0 | -26,04 + .03 |
| 49.8474 | 4.9721 { 0.09070 ] 24,02 ¢ .09 i
| 44.8181 | 9.,9735 { .18203 | -21.67 * .16 |
| 39.9056 | 14,9266 | .27222 | -19.46 + .10 i
| 34,8734 | 19.8431 | .36265 | -12.23 ¢+ .10 |
{ 29.9101 | 24,8703 | .45400 | -15.00 + .06 |
| 24,9053 | 29.8912 | .5u4549 | -12.67 & .08 |
| 19.9559 | 34,7858 | .63545 | -10.49 + .11 |
| 14,9422 | 39.8185 | .72714 1 -8.30 + .05 |
i 9.9615 | 44,8328 | .81820 ] -6.19 + .09 |
] 4.9854 | 49,8316 | .90905 | -4.11 + .11 |
| 0. | S4.7651 | 1.0 } - -1.58 + .05 {
| 1 | A |
L . ] " . | J

TABLE 3.3 DATA USED TO CHECK THE LINEARITY OF
ANALYSES

3.8 is a graphical representation of the data in Table 3.3,
The 1line drawn 1is the least squares line as defined Ly
‘York (1969) . The slope of the given line is
0.04095 + ,00009. Therefore one can conclude that the data
fit a straight line as well as ©possible given analytical
. precisions of 0.1u' DEL. Therefore a 1linear correction
factor is jusfified in forciny agreement with the world
averages.

A total of 18 laboratories ar&und the world have made
measurements of the four water standards SHOH, NBS1, NBS1A
ana SLAP. The average values of the standards relative to
SMCH are: |

|

DEL (NBS1/SMOW)= -7.86 + .04
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MEASURED DEL (X/SMOW)

_Figure 3.8 The Linearity of Isotopic RAnalyses
Based on a Mixing Experiment

DEL (NBST1A/SHOW)= -24.21 + .08

DEL (SLAP/SMOW)= -55.38 + .14
From the above values and the ;esulté found in Appendices I
and II the matrix in Table 3.4 can be constructed:

It should be pointed out that the world measurements of
the above values do not appear to have normal distributions
and for this reason caution should be excercised in using
them. However, due to the large ﬁﬁmber of independent
measuremaﬁts, the average values must be known quite well as
reflected in the quoted errors of the Qean.

The measﬁrements_ in Table 3.5 were made at the
‘University of Béitish Columbia using tﬁe technique descrited
in this manuscript. Direct compariscn can be made between
Tables 3.4 and 3.5. It should be noted that the data in

Table 3.5‘have been corrected for the switching asymmetry
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L L k3 T
| i | |
| SHMOW | NBS1 |-HBS1A } SLAP
| | I -
[ 8 1 i 1
1 B 1§ ¥ R
| | | |
SMOR | 0.0 | -7.86 | -24.21 | -55.38
| | 1 SRR |
NBS 1 | 7.92 1 0.0 | =16.49 -} -47.90
| P | R
NBS1A | 24.81 | 16.76 | 0.0 | -31.94
i | | |
SLAP | 58.62 ] 50.31 | 32.99 | 0.0
| | | ]
k. 5 L 1
TABLE 3.4 WCRLD AVERAGE VALUES OF WATER

The

STANDARLS

water standard in the top row .indicates the
standard whose ratio appears in the
numerator of the definiticn of DEL,
while the water standards in the first
column represent the standard in the
dencminator. ~

and tank carbon dioxide.

L L T L) L) 1
| - | i | |
i 0.0 | -7.91 | -24.47 | -56.17 |} -17.49 |
i | | o | |
| 7.97 | 0.0 { -16.66 | -u48.78 | -9.82 |
| { | | . ] |
| 25.08 | 16.94 { 0.0 | -32.76 | 6.92 |
| I [ | o i i
| 59.51 | 51.28 { 33.87 | 0.0 | 41,18 |
i i ' i o | |
| 17.81 | 9.92 | -6.87 | -39.55 | 0.0 |
i ‘ i 3 - | i
L 4 1 b | <4 J
~ TABLE 3.5, U.B,C.. MEASUREMENTS OF THE WATER
STANCAREDS
The values in this table are the same type as in
Table 3.4. The fifth column and €£ifth
row contain values fcr the UBC LTW
Standard. '
The entriestin the two tables can be compared by

e e S e S s, ey ., i e )
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the
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use of equation 1.2. Specifically it is observed that
DEL (i/3)=DEL(i/k) + DEL(k/Jj) + BEEL(i/k)DEL(k/j)/1000 where
the subscripts represent the specific rcws and columns. For
instance one can now calculate tﬁe value Qf DEL (NBS1/SMOR)
if he knows the value of DEL(NBS1)LTW) :and LEL (LTHW/SMOW) .
Eighty ~comparisons of this type can be made bétueen Tables
3.4 and 3.5. If one takes the difference between the entry
‘ in Table 3.4 and the equivaient calculated entry in Table
3.5 and sums the square of the,differences for all possible
intercoméarisous he has obta;ned a quantity uhidh is a
"measur2 of the 5mount of agreement between the two tatles.
The objective of this exercise is: to find a cthtant
multiplication factor by which one should wmultiply the
entries in Table 3.5 so that the sum of the squares of the
differences batween the two tables is minimized. Performing
the necessary calculus yields a cubic :eguation, the three
roots of uhicﬁ are the values of thé:desired constant. In
practice it has been found that -fof any data set the
calculation gives one real rpot-veif close to one and two
conjugate complgx roots whose #eal pafts and magnitudes are.
very much different from one. The éalculations were made
using the data of Tables 3.4 and 3.5. The real root
obtained was: |
W= 0.9827 [3.38]

Using the inifial data it  was foﬁnd that thebaverage.
difference squared between the entries in Tables 3.4 and 3.5

was 0.327. Aftér applying the linear _correction to Table
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3;5 it was found that we had reduced the average difference
squared to 0,03, which is an impressive imprcvement. The
correction seems very useful;ana'also very justifiable in
light of the above fact. o

All measurements in this study'nere‘mnltiplied by this
linear correction factor. Multiplying the data'in Table 3.5

by the 1linear correction factor, W, gives the data in

Table 3.6.
L L 4 ¥ 1) Rl 3
| | | I | |
} 0.0 |..=7.77 | -24.,05 | -55.20. | -17.19 |
| - | | | |
} 7.83 | 0.0 ] -16.37 | -47.94 | -9,65 |
i | I I | |
| 24.65 ] 16.65 | O. | -32.19 | 6.8 |
I | | , . | ]
| 58.48 I 50.39 { 33.28 | 0.0 | 40.47 |
| 1 i - | -
| | | | | |
L i A 4 i | o ]

TABLE 3.6 MACHINE CORRECTED DEL VALUES OF WORLD
STANDARDS

The table entries correspcnd exactly to the
entries of Table_3.5,

After appiying the linear correction it is seen that we

| now have the; necessary infoimation;to change measurements

relative to UBC-LTW to measurements relative to IAEA SMOW.

Specifically w? note:

DEL(UBC-LTW/IAEA SMOW) = -17.19 . [3.39]

All DEL values listed in this: study have been treated

identically using the procedure presehted in this chapter.
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3.2.4 Corrections That Were Not Applied To These Data

Several corrections which are made by many laloratories
were not made to these data., A briéf explanation cf why it
vas not deemed necessary to make tﬁéSe corrections is
useful.

Many laboratories collect both the mass 44 and 45 peaks
in the same Faraday cup. The main constituent in the 45
beam is C13016016 and thereforé the ratios must te corrected
using the known C13/C12 ratio of the sample., Since we
collect only the mass 44 beam in one.cup and mass 46 ion
beam in the other it was not necessary to make a correction
for the mass 45 beam flowing into the mass 44 collector.

A small fraction of the mass U6 ion beam ccmes from
ions of the form C13016017 and C!2017017, similarly some
small fraction of the oxygen-18 is not measured in molecules
of the form C12017018, Cc12Q018(C18, (13018018 . gpd (13017Q18,
Craig (1957) derived correction factcrs for such molecules
and using any réasonable estimates of carbon and oxygen
isotope ratios it can be shown that neglecting ccrrections
of the above typé contribute an error much 1less .than the
analytical precision,

Another comﬁon correction applied to oxygen isotope
Deasurements is.gbmmonly referred to as a leak ccrrection.
Putting the same sample in both sides of the nmass
spectrometer shoﬁld produce a DEL value of zerc. 1IDn general

such 1is not the case and this is attrituted to
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non-symmetrical leaks. A correction factor is calculated to
remove this discrepancy. When using the methcd employed in
this study such corrections are not necessary vsince all
critical carbon dioxide samples are placed in the same side
of the inlet systen, .

Another common correction applied to énalyses is
usuaily called the "valve mixing ccrrection®, This attempts
to- éorrect for the fact that the magnetic valves may not ke
completely closed when they are intendéd to be. Thaf is the
‘gas flowing into the mass spectrometer is really a mixture
of the gas in the two sides of thebinlet system. The
correction is usually made by noticing any decrease in the
mass 44 peak:heijht as the sample in the side of the inlet
system not beihg analyzed is pumped away. If a decrease “in
the peak heighi is noticed, it is assumed that it is caused
by the fact thét there is no more gas in the %closed" side
of the inlet syétem to flow through the "leaky" valve.

The authér has searched for :thisb effect on many
occasions and it has never been detected. PFurthermcre it is
felt that such Eorrections can never be made with cénfidence
because the decfeased peak height cculd be attributed to
either the 1q$§ of flow from the ®"closed" side of the inlet
system or more éfficient removal of tﬁe gas in the "opan¥
side of the inlet system.  An eiectrical analogue is
helpful. The ﬁégnetic vaives cah be éreated as a network of
resistors as shown in Figure 3.9. |

Points in:the system where the'pféssure is very low can



715

I(IHS) -—— SEE FIG, 2.8  jc—— I(RHS)

I VAVAV
¥ o

SAMPLE INTRODUCTION SYSTEM VACUUM

Figure 3.9 EleCtricalvAnalogue of Magnetic Valves
of Inlet Systenm
be treated as virtual grcunds.: The Tesistances represent
impedance to the gas flow, I(LHS) and I(RBS)." If we wish to
analyze the gas in the left hand side the resistances R1 and
R4 are made small while the resistances R2 and R3 are made
larger. It is clear that if R2 and R3 are not many times
greafer than R1 and R4 respectively, then some of the gas in
the right hand side will fiou into_ihe mass spectrcmeter and
some of th; gas in the left hand.sidevuill flow into the
waste vacuum system, It should.also be pointed ocut that the
potential above R5 will be approximately equal to:
vV = I(RHS)(R3+ﬁ6)R5)(R3+R6+R4+R5)

W

!

If the gas in the right hand side is now pumged away,
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I (RHS)=0, the flov into the mass spectrometer will decrease
for one of two reasons:
1. The flow from the right hand side through R3 will

become zero,

2. The potential at Vw will decrease and tharefore the
flow from the 1left hand side through R2 and RS
into the waste vacuum system wiil increase causing

a decrease in the flow thrcugh R1,

Laboratories making the valve mixing correction assume
~ the first cése is true and neglect the second case. Placing
reasonablé _estimates as to the magnitudes of the various
resistances shows their assumption tc be invalid.

It should be noted that a mixing correction «could bLe
applied correctly if the isotopic ratio of the gas flowing
into the mass spectrometer is monitored as the . gas in one
side of the sample system is pumped away. If the gases were
of signifiqantiy different isotopic composition one could
make the correction with confidence. since it would be
possible to determine which of the ahove two ppenomena was
occurring., o

| Due to thejéood ag;eement between the U, EB.C. data and
the world standards there is strong justificaticn for not
making the threé corrections mentioned above. Continual
caution should be maintained to ensufe that changes in the
sample inlet sysfem with time do not make our assumptions

invalid.
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IV. SOURCES OF ERROR IN DETERMINING C18,/016 RATIOS:

During the course of obtaining'isotopic compositions of
samples .from the field project to be discussed in the next
two chapters, approximately three hdndred mass speétrometer
dnalyses wers performéd., of these_anéijées approximately
one-hundred ten were replicate: analyses of water samples
Qhose isotopic composition had been previously deter@ined.
' ByArecording various mass specﬁrometer parameters associated
»Qith an analysis it is possibie to identify prolkalble sources
of error in an analysis. An alternative method is to hold
all but one of the parameters constanf.and study the effect
it has on the measured DEL value. This technique is time
consuming and difficult to accompiish at times. A third
approach used,ih identifying possible‘sources of error is to
make theoretical calculations to ascertain if various
factors are important in an analysis. All three of the
above methods were used in this study " and the results of

each will he presented here.

4.1 Multiple Regression Analysis Of Mass Spectrometer

Paranmeters

It is difficult to determine ' whether altering mass
spectrometer potentials, pressures, currents, etc. affects
the measu;ed isotopic ratios. Such a determination is
extremely useful because it allows the operatcr to know

which variable he can alter without affecting the TLEL value
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he determines,

For each mass spectrometer analysis df a water sample‘
the values of seven different dass spectrometer variables
"were recorded. These variableé ﬁere:

1. The number of analyses altéady made that day.

2. The time since the first analysis of the day was
made,

3. The total filament emission current.

ﬁ. The ,operating pressure in the mass spectrometer
when the unknown sample is being analyzed.

5. The DEL value of the sample anéiyzed ipmediately
before the present analysis.

6. The magnitude (in volts) of the mass 46 peak for
the unknown sample.”. :

7. The magnitude'(in volts) of the mass 46 reak for

the tank carbon dioxide working standard.

By noting the 'DEL values and associated analytical
uncertainties it is possible to determine if any of the
seven variables above affect the‘;measured DEL values by
performing a multiple regression analysis.

The data used for this anélysis vere obtained cver the
~ course of five months. The approach was to perform a
multiple regreséion on the déta with DEL values being the
dependent variables. Bormally ‘a multiple regression is
performed when all values of the dependent variables are

from the same distribution. In our problem it is clear that

wa are sampling distributions with many different means
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since the data are from the analysis of many different water
samples. For this reason we must construct as many "“dummy"
. variables as there are vate:’ samples with duplicaté
analyses. Say there are m sampies that have been analyzed
two or more times. The Kth dumﬁy'variéblé is assigned the
value 1 for the Kth sample and O-ctheruise._'ln‘this manner
the difference between water samples will be manifest Ly the
coefficients of the appropriate dummy variable and in
principle the average value of the Kth dependent variable-
minus the coefficieni of the Kth Qummy variable should be
constant. .The ‘success of the. regreséion ~analysis was
confirmed by,chééking the above relaticnship. )
In performing the nmultiple regression analysis it is
necessarj to make three assumptions:
1. The effect of random error is small compared to the
- effect of variations in the =seven independent
variabies._ This assumption 1is realized if the
nunber of duplicates is much greater thaﬁ the

number of independent variables. The ratic in

this analysis vas eight to cne.

2. The relétionships between the dependent variatles
and tﬁe independent variables is the same except
for an:additive constant, the coefficient of the

appropriate dummy variable,

3. The effect of an error in an independent variakble
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is not a function of the magnitude of that
variable. This is to say that the dependent
variable is a - linear <combination of the

independent variables.

The .regression analysis of data ua;'perfo;med using a
nultiple regrassion program supported by the University of
‘British Columbia Computing Centre, In this manner the
coefficients in the regression equation .1 are all
determined: | |

DEL = bo + bivy + ... + b V_ o [4.1)

where the v's . are the independent variables and the dummy

variables., From 4.1 it follows directly that:

v, = -(bo+bivi+ ... + bnvg/pi + DEL/bi [4.2)

To obtain es;imaies of allowablé variations in the nmrachine
parameters in gdestion we must insert éverage values of the
variables into 4.2. 1In additién if we 1insist that the
neasured DEL value wnust be within some value "e" of the

optimum value we rewrite 4.2 as follows:

V, = =(bo+ byvi+ ... +b_v )/b. + (DELte)/b, [4.3]

By allowing e to vary from 0.05 to 0.15 we ottain the
limits of variations permissable in the machine parameters.
Comparing these vélues with the actual»;variations in the
mparﬁmeters indicates uhich.variablésmmay.affeétvfﬁé’ﬁeaSn;ed

DEL " value and are therefore possible 'sources. of error.
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Table 4.1 summarizes the results of the multiple regression

analysis.

T,

1 3 1
| : 4 -
| ACTUAL| ALLOWED VARIATIOCKN BY |

| SIGHMA | REGRESSION'.ANALYSIS i ‘
l T L . Rl X 1
| | e=.05 | e=.10 | e=.15 |
r = -—+ — v
| | | N | i
|Prior No. of Runs | 3.62 | 4.02 | 8.02 .| 11.70 |
| o | R 1 | |
{Net Time (Hours) { 5.06 | 120.,6 | 280.6 | 351.0 |
| | | : . |
{Emission Current | 85.68 | 132.5 | 264.4 | 385.8 |
| ! I R | |
..} Pressure | 4387 | 4513 | .9005 | 1.314 |
| : | | o i |
‘| Previous DEL | 7.67 )} 87.77.} 175.2 | 255.6 |

- | - | | (.

|Sample Peak Height | .0728 | 0145 | .0288 | .0u21 |
| N l o | |
|Std. Peak Height | .0736 |} .0165 | .0329 | .0481 |
| t I | | I
i ¥ | 1 .J = { |

TABLE 4,1 RESULTS OF REGRESSION ANALYSIS
The first column gives the actual standard

deviation of the corresponding machine
parameter. If any of the entries in the
last  three columns are smaller than the
actual standard deviation then an error
in DEL will result and the magnitude of
the error will be greater than or equal
to e. . :

It is ciear frocm the table ‘that the first five
variables cause little error in the measured LCEL values but
the magnitudes: of the mass 46 peaks of both the sample and
standard seem to affect the Qutcome.,iﬁalculations tased on
the voltage coefficient of resistance for the Victoreen
resistors (Whittles, 1960) used in the measuring systern

indicate that non-linearities in-the. resistors can actually

account for an error in DEL of 0.14 when the magnitude of



the mass 44 peak decreases from seven to five volts. Future
analyses should attempt to hold peak heights constant since
non-zero voltage coefficients of resistance may explain the

unexpected result obtained in the regression analysis.

4.2 Equality Of Mass 46 Peak Beights>’

Many arguments can be made for constraining either the
- mass U4 or mass 46 peak heights to be equal for the two
sides of the mass spectrometer inlet systém., If one
"believes he has. a largs background in the mass spectrometer
or. if he is worried about non-zero baselines it is best to
equalize the smaller of the two peaks, i.e. the mass U6
peaks. If these problems are,négligible then it would e
advantageous to match the mass 44 peaks to ensure a constant
~gas flow into the mass spectrometer which in _furn ‘would
cause a constant pressure in the source region.

The paraméiric amplifiers uséd-in the mass spectrometef
measuring sSystem. can drift sufficiently to alter the
measured isotopic values ohtaiped. Curing the course of aﬁ
analysis the mass 46 baseline can drift as huch as 10 mv
from the initiai zero,  In addition tb this,~discontinuitieé
"as large as 157ﬁv have been observed. To &minimize such
problems it wés decided that all;analyseé in this studj
would be carriéd out with equal mass ﬁﬁ peak heights. |

It is necéésary to know how the DEL value varies with
the magnitudeiiof the peak height‘diffetence so we know how

closely we shoﬁld métch”thevmaés"ﬂ6 péak'heights;t A 10 ov
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‘baseline offset will cause less than 0.1% error for samples
differing by 20 DEL units, if its 46 peaks are matched
within 20 mv, |

An*experiment was performed where<tho.initial amount of
carbon dioxide placed 1in the" hoknouo'_éide of the mass
' spectrometer was sufficient to cause the mass Qé‘peak height
of the unknown sample to exceed the correspecnding peak
helght of the vorking standard by 100 mv._ The LEL value was
measured and the analytical precision' noted.. The peak
ﬁeight of the sample side was then decreased, Ly removing a
portion of thé carbon dioxide throﬁgh a.viscous leak, and
the DEL redetermined. This process was repeated several
times., The results are displayed in Figure 4.1. The slope
of the least squares line was determined to be 1.22 ¢ .42,
Difficulties are believed to exist with the circled point
‘and so it was discarded, even thoughAthe-apparent precision
was high, and the slopev ¥as redéternined as 2.31 + .39,
With these values it is possible to estimate the allowable
~ variation 1n peak height difference for a glven errcr in the
DEL value, It "is clear that if we use the second slope
determined wve w111 obtain a more severe constraint than is
probably necesséry. The results are given in Talle 4.2. It
is clear from the table that if the peaks are matched to
within 20 mv the resulting error in ftL will be less than
0.05. In praotice peaks were normdily matched within 10 mr
and rarely dlffered by more thdn 20 mv. Itrcanftherefore be

concluded that the error in measurements due tc unequal peak~-
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4,3 Sources Of Error In The Equilibration Of Water

With Carbon Dioxide

In addition to erroré fhat exist in the ma ss
spectrometer analysis of unknoﬁn sampleS‘ difficulties can
exist .in the equilibration of watet and”éa:bon.dicxide.f It
is clear from the discussion presented in Chapter III that
errors can result from insufficient equilibration time. For
the isotopic compositions of samples in this study it was
'shown (Figure 3.5) that equilibration times 'greatet than
twelve hours would ensure errors less than 0.05 LEL units.
All samples analyzed in this study met this.criteria.

An additional source . of error is related to  the
constancy of the temperature in the water bath. Errors
arise because the-separation factor defined in equation 3.15
of the previous Chapter, is not,ihdepéhaent.of temperature,
A complete investigatidn of the' effect was made Ly
Staschewski (1964). Staschewski eupifically determined the
following relationship: |

logio(a) = 8.247/T - 0.00969 n s8]

converting to Naperian logarithms yields:

/
NS

2n(o) = 18.989/T - 0.02231 ' : [4.5]

o = .9779 el8.989/T - [4.6]
We wish toiﬁdetermine what effect changing the bath
temperature has on the measured LEL value, Let us assune

that ‘the isotbpic equilibration of the standard tcok place

at the optimum temperature of 25.39C but the unknown samp}é
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vas equilibrated at some other temperature. 1If we define K
as follows: |

K = at/azs.s | : }  [4.7]
it follows from Appendix VI thaf:
| .~ DEL(m) = K DEL(T) + (K-1)io3 o  “_: : [h.e]
where DEL(m) is the measured value and DEL(T) is Vthe true
value of DEL obtainad if T is equal to 25.30C, |

Combination of 4,6 and 4.7 gives:

K = .9384 exp(18.989/T) a | | [4.9]
substituting 4.9 into 4,8 gives;

DEL(m) = .9384 exp(18.989/T)[DEL(T)+1000] - 1000 [4.10]

Since we are interested in the variation of DEL (m) with
changes in temperature, we differentiate 4,10 with respect

d[DEL(m)] _ -18.989(.9384 DEL(T)+938.4)e 8-989/T
- D

dT T

[u.i1],

For the DEL values measured in this study we can assunme
that 0.9384 DEL(T) is much smaller than 938.4 and we obtain

the approximate expression:
ADEL = (-17819/T?)exp(18.989/T)AT [4.12]

vhere ADEL is measured in DEL units and T is measured in OK.,
We are normally very close to a temperature of 25.3°C and in_
this region equation 4.12 reduces to: -

ADEL = -0.21AT e [4.13]
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The water bath in this study vas regulated to t .130C
which translates into a maximuﬁ érr6r.in LEL of less than
0.03 DEL units, We therefore ccnclude that error
contributions from variable equilihratiéﬁ_ﬁath temperatures

are negligible.

4.4 Isotopic Fractionation Of A carbon Tioxide Sample

puring Sample Preparation

The process of equilibrating a water sample with carton
dioxide was'described in Chapter III. The last stefp in that
process involved transferring the: . equilibrated carbon
dioxide from -over the water samplé into a Sample tube.
During this exchange the pressure in the preparation line is
‘monitored to ensure adequate sample transfer.

It is most probable that the gas flow in the sanmple
preparation 1line obeys viscous flow laws during most of the
sample transfer, However it is possible. that the 1lighter
carbon dioxide molecule (C12016016) migrates at a faster
“rate than the héavier isotopic speciéél(clzolﬁol').- Such a
process uouldnjindeed ‘be true4if the.carbcn dioxide had to
'diffuse.througﬁﬂa background of some Qas that did ﬁot frecze
in a vacuum at'iiquid‘nitrogen temperéfures (e.g. Dnitrogen,
oxygen) . Other processes could algo introduce isotoPic.
fractionation, For instance_ the fict that the heavier
isotopic Speciés may freeze faéter than the lighter molecule

could alter thé'isotopic compositidn of théA carboh dioxide
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collected in the sample tube,

The problem before us is, assuming that fractionation
does indeed take place, what fractién of the sample must be
transferred to guarantee acceptable'ertors in the isotopic
ratio? This problem can be solved.uSing fﬁé results of the
Rayleigh distillation found in Agpgndii IV, ‘The only
unknown quantity is o, the fractionation facfor. It seenms
reasonable that the greatest source of fractionation ubuld
be from unequal diffusion rates in the sample line and so a
will be eqhal to the square root of the mass ratio of the
two isotopic species of carbon dicxidé in questioh., We
therefore write: | ‘

o = (44/46)%-= 0.978. | : [4.147 .

From Appendix IV we write:

q/rg = [1-f1/“]/(1-f) o r<<1 _ ’ [4.15)]

ﬁhere qg |is the isotopic ratio of the <carton dioxide
molecules ‘that have reached the sampie tube, T is the true
isotopic rétio*of'the unfractionatedicarbon dioxide, and f
is the fraction of the gas ‘molecules that have not yet
ﬁndergbne fractionation (i.e.  the fratio of the current
pressure to the original pressure in'the sample line).

We again must use the result dérived in BAppendix VI to
estinmate tﬁe error resulting in the DEL value as a function
of vf. it should be noted'that'if~fé0-(i.e._ all the Sample‘
has transferred) then gq/r,=1 and no error will result in the

‘measured DEL'Value. From the appendix:
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DEL (measured) = q/ro DEL(TRUE)+(q/ro-1)103 [4.16]
Since the DEL values are much less than 1000 we can write:
DEL (ERROR) = DEL(measured)-DEL(TRUE). = (q/re-1)10° [4.17]

combining 4.15 and 4.17 gives:

l/a

DEL(ERROR) = [(1-f )/(l—f)-— 1]103 [4.18]

.The transfer is monitored ﬁsihg a thermocouple pressure
gaugé. The‘initial pressure in the system :is 16.46 torr..
Using equation 4,18 and the value of o in egﬁaticn 4.14 we
obtain.TableAu.3.

Normally sémples -would transfer to gauge readings
Qreater than 65, meaniné errors would be less than .04 LEL,
QSémples that puiled over to.gauge reédings of less than 60
vould be equilibrated  and analyzed fégain., Such
" redeterminations seldom gave .differences .larger than the
analytical precision and so we conclude that, if the sample
is being fractiqhated, the degrée of fractionaticn is 1less
than that assuméd in this analysis. 1£ is important to note
that even aséuming the vorst case, contributicns to the
error of the anglysis are exﬁregely small,

In many ofAihe instances when the'_pressure would not
decrease to a §auge reading of 60 it would statilize in the
4e to 50 range.f It is possible‘fhat in these cases we are

seeing the. effect of outgassing of:stopcock gfease or the

i
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ol T L} l’ 2 R
i | | : : |
| Gauge | pressure | f x 103 |Correction|DEL (error)|
{ Reading | torr | ' A i
} - - { -~ 1 4
{ N E | x i | |
| 30 | .1 | 6.075 | 1.000662 |  .662 |
| 40 ] .06 ] 3.645 - | 1.000433 | .433 [
| 50 { - .032 | 1.944 | 1.000255 | « 255 |
{ 58 | 017 i 1.033 | 1.000148 | - .148 |
i 59 i »015 | .9113 | 1.000132 | + 132 { -
i 60 | .014 | .8505 | 1.000125 | 125 |
| 61 | .012 { «7290 | 1.000109 } - .109 |
| 62 i .010 { +6075 | 1.000093 | .093 [
| 63 | .0078 | <4739 | 1.000075 §} -.075 |
1 64 | .0010 | .3645 | 1.000059 |  .059 }
| 65 } 0042 | «2552 | 1.000043 | 043 {
| 66 | 0031 | .1883 | 1.000033 | .033 |
1 67 | .0023 | .1397 | .1.000025 | .025 ]
i 68 i . 0017 | .1033 | 1.000019 | «019 |
| 69 ] - .0012 | 0729 | 1.000014 | .014 1
| 70 { 0010 | .0608 | 1.000012 | .012 |
L 3 1 1 i 1 2

TABLE 4.3 GAUGE READING VS RAYLEIGH ERROR IN LEL

 partial pressure of some contaminant. It was observed that
duplicate analyses of such samples always agreed within

analytical error,

4.5 Analytical Precision Of Analyses

The finél_test of experimental technique lies in how
well isotopid ratios can be reptoduced._ Ideally, many
ﬁeasurements would be made of a single water sample and the
standard deviation of those analyses. calculated in the
normal way. Alternatively maﬁy different .samples can be
analyzed two or more times and gige-an equivalent estimate

of the precision. Confidence in the estimate of precision
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Lequires nearly twice as -many Bmeasurements of duplicate
pairs compared to measurements of ;g single sample. The
method of determining the prééisicn of_ analyses from
replicéte'pairs is found in Youden.(1951)‘, -Basically, one
calculates ‘the sum of squares differencemfér each different
.sample of water and _evaluates the number of degrees of

freedom for that sample by subtracting one from the number

‘of replicate analyses. We finally obtain the variance

' estimate of the measurements by dividing the total sum of

_squares by the total number of degrees of freedom for the
data set. |

The calculation of precision was catried-out and provéd
to be very ”informative.. On the basis of 52 water samplés
that were anaiyzed twice, 4 water éamples -analyzed three
times and one sample that was analyzed five tinmes, the
analytical précision taken at the one-sigma level is 0.14.
many laboratories state their precision as 0.1 and so the
measurements at the University of British Columbia are 6f
comparable quélity..

As dingssed in Chapter III, each measured value of ﬁn
unknown water sample was based on'Atwov mass spectrometer
analyses, al measurement of the unknown sample relative fb
the tank carbén dioxide and a —dete:minaticn of the blocéi
working sta#éard (UBC LTW) relative to the same tank ca:ﬁén
dioxide. F;r -this reason éne would expect that 6ﬁr
analytical precision would not be as high as latoratories

that make only a single mass specfiometer"measurement bet



sample;

The _above propbsitidn vas checked by determining the
analytical precision based on @he':ﬂaily .determinations of
UBC LTW to the tank carbon dioxide-working.standarﬂ. On the
average two and one-qua:tér détérminétidns cf a UBC-LTW
standard were made daily.. Pfqm these'dupliéate'énalyses t he
precision of a single wmass spectrcmeter measurement was
" found to be .125. Assuming that an average of 2.23 UBC LTW
standards were analyzed daily ve would deduce that the error

in the measurement of an unknown sample would te:

(error)? = (.125)2 + (.125)%/2.23 [4.19]

error = 0.15

This estimate of precision agrees extremely well with
the actual analytical precision of 0.14. We can therefore
conclude that the method used in this study (i.e. each DEL
value based on two mass spectrometer analyses) increases the
'standard deviation  very <1ittle,,. Its most serious
disadvantége is that it requires one additional analysis of
a Standard each day. . |

The estimates of analyticalferrorzabéve include toth
errors in sample preparagion_ and errors in the  mass
spectrometer analysis of a sample. The data reduction
method used in this study gives an estimate of the latt;r_
error for ééch sample analyzed.l The average analyticéi‘
error of a nass spectrometer analySié is 0.12. This impliés

that the error in sample preparation must be -approximatéiy.
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| : _ | |
| sample preparation error of a single sample 1.06% |
i , | |
| analytical error in mass spectrometer analysis 110 |
| : | |
| total error in measuring a single sample 1«12 |
| ' - o S | |
L i 4
LD ¥ "
1 ‘ . _ - | |
| sanmple preparation error for method used | 07% |
| o | i
{ analytical error in mass spectrometer analysis 1.12 |
| , . | |
| total error for method used in this study .14 |
| ' | i
F A J

* these numbers are quite uncertain

TABLE 4.4 SUMMARY OF ERRORS INVOLVED IN
MEASURING WATER SAHPLES

0.07. We .thérefore conclude.'that'“the largest source of
.error 1in this éiudy is the.analytical‘error-associated with
the mass spectrdmeter and not with sample preparaticn.

Anaiyticai errors are often dependeﬁt upon  the
magnitude of the quantity being measured. That is to say
the fractional érrér is constant but not the absolute error.
The errors éetermined in this ptoject seemed to be
independent of, the magnitude of the DEL value. This
observation was substantiated by determining the correlation
coefficient between  DEL " values .And. their associated
analytical erroﬁ, The correlation uas  found to be 0.16.
This implies gear independegce between TL[EFL values and
associated errofs. We thus concluae that @Irors in
measurements atg constant uithin ‘the range of isotopic
compositions inlfhis project. |

Table 4.4 Summarizes wvhat is knbhn atout errors in



measurement in this study.
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V. AN ISOTOPIC STUDY OF WATER FLOW IN NATURAL SNOW

5.1 Introduction

Understanding of the phyéics 6f vaterflov in sncwpacks
has increased considerably in»ihe past,fi§e _to ~ten years.
Much of the work has been done by S. Colbeck of the U;S.
Army Corp of Engineers Cold Regibns Besearch- and Engineering
Laboratory (CRREL) . Colbeck has presented a physical model
that describes the bulk water flow through béth homogeneous
and stratified snow. . Experimental data support the simple
gravity fléw model proposed for homogeneous snow (Colkeck
and Davidson, 1972) but at present the effect of impermeable
tlayers in the snow remains . é theoretical supposition.
(Colbeck, 1973)

It is unfortunate that the studies of Colteck reveal
nothing aboutn ihe a@tual processes an _maverage"™ water
molecule undergoes. Quantitative studies only reveal net
flow at any givén depth and cannot ﬁn&mbiguously determine
the source of the uater; Therefore if one is interested in
studying the iﬂ£eractioh between the iiquid and solid phases
of water, Hhicﬁl was the purpose of. the present study,v
different tecﬁﬂiques rust be brought io bear on the problen.
Gerdel (19“8,195&) was among the first"to study water
- movement in natural snowpacks for which attempts to study
the interactién between the liqnia‘and solid phases weare
made, The experiments. he condhcted ;ere dcne utilizing dyes

in varying concentration. Two difficulties exist in dye
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tracing experiments, First, the introduction of the dye
alters the physical Charactetiétics_ c¢cf the snowpack and
therefore an unnatural situation ié studied.. Seccnd, it is
quite cohceivable that dye suspénded in liguid water does
not behave the same as water. Ah.exampla.of this would be
the case in which a water wave encounters-é ‘layer of high
‘density snow.  The dye may come ocut cof sclution and freeze
ib the dense layer.but water formed by mélting in the 1ayer }
may continue to flow. It would be much better to study the
actual water molecules.

The firét . difficulty has :beeh‘ addressed bf
Langham (1973j;, He has devised a method of introducihg thé
dye into the shoupack so that dits introduction does nof
altér the properties of the snoﬁback.~ However, it ié:
pfobable that the migration of dye thfdughout the'lower part
of the snoupack actually alfe:s physical properties of thé
Snow, Even neglecting this argumeht-it is still true that
data from dye iracing experiments exétess facts aktout the
disﬁribution of the dye in the sncwpack and nct the water
itself. Therefore from a pﬁrely philosophical point of
view, dye.tracing,experimenté have inherent difficulties. g

Stable isotopass provide an internal label for water
that cannot altér the physical properties of the snowpack t5
any_siQnificaﬂi degree. Therefore, ihe most logical methoﬁ
of studying wéter percolafion in snéipacks would be thrqugﬁ
changeé in the:stable isotope distribution. In fact severai

researchers have pursued studies related to stable isotope
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distributions in natural snowpacks. These include Judy et
al. (1976), Friedman and Smith {1972) and Meiman et
él. (1972) who studied the.naturéi variation, both in time
and space, of hydrogen isotdpes in seasonal énowpacks.
Krouse and Smith (1972) conducted a-‘stﬁdy in the Sierra
Nevada uountain'Range in which_water mévement ﬁéé ‘actually
monitored with a densify profiling gauge.as well as oxygen
isotope variations. They used natural isotopic variations
in the precipitation as the,traéer and so were apparently
" looking atuisotopic changes smaller than the present study.
Arnason | et ali (1972) and Buason (19725 have conducted
similar inveétigations in b@th natural and artificial
snowpaéks and have been able to gain empirical support for a
' numerical model proposed by Buason. BAgreement bgtween the
theory - and ékperiments is exceptionally gcod but
unfortunétely the theory is'over-paraméterized-and difficult
to apply to natural sncwpacks.

Krouse and:Smith point out that fhe study of water flbw
in snowpacks iould lend itself gquite well to artificial
tracing using d%stilled sea water to sfmulate rainfall. To
the knowledge of this writer the present study is the first
attempt to applfathis idea to natural snow and therefore tbhe
obServations aré'unique. An oﬁvious ddiantage is the high
degree  of cdntrol. in parameters allowing access to
"information thaiAis often extrémely diéficult to cobtain. -
The.purposé of this field project;is to investigate the

interaction between the liquid and solid phases of water in
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the snowpack, The method to be used is an artificial tracer
enrichéd in the isotope oxygen-18 introduced on the top of
the snowpack. Temporal'changes'in°£be isotopic and density
 pr6fi1es of the pack uill.givebinsight into the exchange of

tracer and snow.

5.2 The Type Cf Snowpacks Studied

It is often difficult to make generalizaticns ahout'.
physical | properties of | snowpacks because of the
interrelationships that exist . between characteristic
parameters.  One must clearly state the physicalbprope:ties
of the snowpack. being studied and conclusiocns reached must .
be gqualified as applyiné to that specific type of snow. Iﬂ_
addition to this West (personal communication) points out
that the geographical . location scenms to alter snow
propefties‘ and so even the study area may affect
conclusions,

‘Recognizing the above difficuities,.experiments‘uere
'designed’such fhat.snou characteristiés varied a great deal
between succeééive tracing . experiﬁgnts. Therefore some
generalization;ﬁcan be made if the same phenomenon is
observed in different types of .énov. However it 1is
important tojdhote that all tracihg ‘experiments vere
conducted on Mt. Seymour, British Columbia and therefore
little can be said about the validitj of the conclusions
reachad in this experiment in othét 1ocatibn§. It is the

author's subjective opinion that the snowpacks studied were
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sufficiently different that results are most 1likely
applicable to many other localities. It is felt that tbhe
conclusions reached for cold, sﬁﬁ;zero snowpacks are valid
in general but the study of the one isothermal situation

yields little infomation.
5.3 Snowpack Parameters Measured

The 1list of physical parameters that must-bé specified
té - characterize a snowpack is . extremely long
(Colbeck, 1974b). It was recognized'from'fhe beginning that
measurement of‘ all these parameters-wouid require so much
effort that-thé”number. of individual tracing experimanté
would be limifed to one or two. It was judged more.
important to liﬁit the parameters studied and increase the
number of .tracing'experiménts to six. For this reason the
parameters recorded, both'before and éf;er the tracer was:
applied, were: |

1. temperature

2. densiij

3. isotoﬁic composition‘
4. positiqns - and charécteristics of stratigraphic

layefs:and a general description of sncw texture

It would have been beneficial to measure the ratio of liquid
water to snow at various times and depths, and indeed the

information is useful, but the calorimetry used would have
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been extremely time consuming and so was negiected.

S.4 Experimental Procedure

When studying water movemént iﬁ snow, horizontal layers
‘that are impermeable to vate; -can d:astically.;alter flow
_patterns (Colbeck, 1973).  For “this reason exferimental
techniqué ﬁas variéd sufficientlj to detect . the relative
‘émounts of directional flow.  The different .methods of
monitoring the water flow were:

1. UOnconstrained flow in natura} snov with layering.

2. Flow in non-stratified snow constrained to remove

bvany horizontal flow component.
‘3, Flow in 1dyered snow constrained to the vertical

direction,

The most effective method of studying the isotopic
distribution in the snow was found to be through the use.of
snow éité as described by HWest (1972). . SIight modifications
weie made to West's procedure., The sampling tubés consisted
~of a stainless steel tube ‘approximately 36" 1long and
one-half inch .in diameter. -Thesé' sampling éubéé ﬁefe
' ihserted perpendicularly into the working face of the snow
pit with a twisting motion to prevent freezing .ahd
compaction, The unusual dimensions of the tubes allowed us
‘to obtain an extremely lon§ snow sample and thus short’
éeriodﬂvariatfahs were filtered th'iﬁ”thghg¢tgal” sampling. -

.. The diéﬁete:;xiaé' chosen soA“thaﬁ* the required amount of

i
'
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sample was obtained with a single tube insertion. It was
not wunusual to observe compaction_in the sampling tuke but
this d4id not seem to cause compliéétions, as will be shown
by the mass balance studies.

The pit was normally dug less £han.o§§ hcur before the
time the tracer Qas applied and so thé‘edge effect of the
obén pit was assumed minimal.,_ A.perpendicular line was
maﬁked on the pit wall and sahples taken at four to six inch
intervals. Densities and isotopic cdmpoéitions ‘éf these
samples were later determined in the laboratcry. -
Temperatures ﬁete taken and avgeperal deééription of. snév
siructure anﬁ, stratigraphy was made. The isotopicaliy
Zenriched tracer vas then sprinkled on the Sutface of _tﬁe
" snow above Qhe working face. After two to five hours, and
‘aﬁ intérmediaée times, the snowpit vas resanmpled and..ihé
- same info:mafion recorded.

In two of the three pii "sampling experiments 'a
forty-four inch square lysimeter uéS placed aPpréximateiy
five feet .belou the surface éf the snow and in the uorkiﬁg
face of the bit. The tracer never reached the lysimeter :in
- the case of fhe sub~-zero snoipack éﬁd so we conclude that it
either had  a strong horizbntalifvelocity compoﬁent_orﬂit
- froze beforéifeaching the lysimetér. Another difficulfy
exists in the method of lysimeter insertion used in this
‘study. Hhen‘the slot uaé cut into the working face fhe
normal floﬁ that existed in the'shounuas‘intérthptﬁd.,;Ih”. 
~-fact, what é;obably hapbens‘iénthggfény.iéter“flbﬁ that paS'
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taking placev‘before the introduction of the opening stops
and the water begins accumulating above the slot wuntil the
poténtial ~energy of the vaterj*éolumn can cvercome the
potenﬁial barrier. During thié time the_ wvater probably
-flows around the lysimeter. It may::eguire”a day to reach a
 steady state- (Wanciewizk, personal coﬁhunication) and
£herefore it is not surprisingi that no . effluent was
. collected in the  lysimeter.  Mass haiance.considerations
indicate that the tracer probably diad not reach the level of
the lfsimeter anyway. . |
The importance of horizontal flow in natural 'snOQ was

studied by cdmparing results from‘éﬂoupits and snow tutes.
vThe snow tubes were square, white acrjlic tubes, seven feet:
~long with a cross-sectional area of one square foot. Access

'ports drilled» every six inches Eiloued insertion of a
o stainléss steel sampié tube and remoial of a snow sample,
The tubes vere inserted into.thé snoﬁ by force from the top;
In.bthis ‘manner vater flow was consirained-to the vertical.
| fhe conclﬁsiohs réached in this portion ofvthe]field projec£
.Qere essentiaiiy the same aé thea unconstrained results
obtained from the pits. . Therefore ﬁé conclude that flow in
cold snoﬁ, uiéh limited'layering, ist‘essentially vertical.
.'This supposition will be investigatéé:in the next chapter.

In two cases water flow thgough homogeneous sndﬁ

without layering was studied. 1In iﬁese instﬁnces the seven
 foot lohg"tnbesf vere filled_frompihe top'vith fresh éan

that had fallen within the last 'tua?-days..w»The~mé£°' was
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thoroughly ﬁixed before being introduced into the tube. 'The
isotopically enriched tracer was sprinkled on the top of the
éolumn of ~snow and wvas sampled{after two or three hours,
Original isotopic composition vas assumed to. Le constant
(measured by taking four aliqubts of-ﬁﬁe sncw as.it was
'iﬁserted in the tube). Initia;vdensitieS'uete.é&lculated'by
assuming a consiant density g:adient and by assuming
conservation of pass. Results from théseAexperimentS‘Show
the ihte;action between the liquid and solid phases of water.
‘ extremelj well. Unfortunately, it was not. practical to
neasure temperature variations in these cases. .

‘In all,  six independept tracing experiments were
condnéted in the snow on Mt, Seymour duting the ﬁonths of 
January throhgh March, 1?7“;_ "The variety of snow .
encountéted-enables one to make general statements ébout the
interaction of snow and percolating water in sub-zero
énoupacks. Thé individual experimenfs are diécnssed in the

‘next chapter.

5.5 Uncertainties In Sampling Technique

The method of sampling the énoupack vas destructive;
that is, . the snow collected before applying the tracer was
removed from the systen, when‘the snowpack was sampled at a
later time it was necessary to"take.a_sample of snow one to
two incﬁes”auay from the original samg;ing point. Therefore
the lateral'vafiations‘iﬁ den§itj gﬂ§ii;d£p§ig.cpﬁpoSEtioﬁs‘

‘would necéséarily'have to be smaller than the variations we
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yished to measure. For this reason a short sanmpling
experiment was conducted.

A layer of apparently homogenébus snovw six inches thick -
was selected for the experiment. A sample was collected
‘every three inches along é horizdnta1 lihe in this layer.
If variations existed in any given horizontél léyer we would
expect to see fhem manifest in the data obtained as long as
the scale of the variations was 1es$ than a few feet. Since‘
:we are interested in variationms in the order of inches, the
_experiment should yield the required information.

Both the density and the isotépic .composition vere
meésured in fhe laboratory for each of the ten samgles B
collected. The results are giveﬁ in Table 5.1. The
experimental 'Auncertainty in sampling the "isotopici
cdmposition of the horizontal snow 15yer was found tq be
0.17. This is not significantlf .different than the
analytical preéision of the mass speétroaeter analyses Ofi
- 0.14, We can éherefOte conclnée that:the.samplingAtechnigué
~does not introduce ELIOTS into tﬂé isotopic measurementé
greater than 0;1 ﬁEL., This is less than: the magnitude. of
the isotopic changes we wish to studf. “

The expafimental. uncertainty injmeasuring the density.
of the horizonéal layer was found to be 0.017 for densities
in the neighborhood of .245 gm/cma.,fnue to the consistency 
of the isotopic results the va;iéiion' in the density'
_méasnfemedts is probably ndt a real féaturé of.tﬂe sﬁbu-fhtf

“instead is causgd by our method'ofntakingvsnow samplés. As
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Sample

"" T T it
| | |
i {Density (gm/cm3) | CEL(x/SMOW) |
'= 4 e §
| - ' | : o
1 H1 | «265 E -14,70 . |
| | | o |
| g2 |} «270 | -14.82. |
| | | : |
i H3 } 225 | " =-14,76. |
| I 1 |
| H4 .223 i -14,.94 |
i | | i
| H5 | .234 i -14,84 1
| | | _ |
| H6 | - <286 | -14.71 }
i R ;| : |
| B7 i «233 } -14,95 }
I : .l | : 1
| H8 | «251 | .=-15. 13 |
| ' i | |
| H9 | - 2260 i -14,98 |
| 1 { I
i B10 | «242 .| -14,53 |
{ o : | : |
| & L 4 . ]
Ll LB T X 3
| Mean i « 245 | ~-14.84 i
L . - A 2
— —r T -
| Sigma | 017 | 0.17 1

C o
s
e

TABLE 5.1 LATERAL HOMOGENEITY IN A
REPRESENTATIVE SNOWPACK

previously stated, it was not uncommon to‘oﬁservg compécfion

of the snow inéide the stainless steel sampling tubeé. It
seems reasonable to assume that the amount of compaction is
linearly relate&"to the  mass of snov in the samnple tube
‘which in turn ié direct1y related to the density of the
- snow, - If compaétion 6f the snoﬁ;iéithé soﬁrce CfHVatigfiéq

.in'density'measurements as is suspected, then it follows"
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thét uncertainties in density nmeasurements can be
represented as having a constant percentage error rather
than constant absolute error. Proh the fiqures in Table 5.1
ve noie that densities are in értor by seven percent. This
is in agreement uith-nncertainties.dbtaihed by other workers

(Church, personal communication).

5.6 Difficulties Encountered And Disadvantages In

Stable Isotope Methods In Snow"ﬂydrolpgy

~As it turns out, snow. is an  extremely difficult
substance ih_whiqh to make measurements. Insertion of any
apparatus into;-the'snowpack alters flow patterns, physical
- characteristics of the snovw and even stratigraphy. Digging.
snow pits exposes the working face to abnormal temperatures
énd edge éffedts;can be sensed up to one fcot away from the
wéll._ Cross country skiers easily alter surface densities
of snowpacks. .

Even if one_could study vater-snow interaction without
éltering its natural state he uonld.find‘it an extrenmesly
complicated sysfem. Horizontal lay=ring can disturb
vertical flow to such an extent that artificial tracing
experiments. become imposs;ble. Insértioh4 of lysimeters'
suffers from théiﬁifficulty-discussed in section 5.4. Short:
days and harsh ;éhthér also hamper field measurements.

In additioh to the above problems the researcher using
stable isotopes'éncountefs unigue difficulties. Compared to

dye tracing expétiments, the laboratcry time and cost of



107

analyzing a water sample are extremely high. It was
estimated that every sample obtained for this project took
an average of three to four hduréﬁfield and lakoratory time
i_compared to much 1ess than an héur for dye.tracing samples.
"The cost of an oxygen analysis is.ndrmaliy ébout-tuenty-five
dollars if done commercially. |
- A more serious drawback to stable isotope techniques in

snow hydrology is that one has no indication of what his
‘results will be until after hélhas left the samplingl site.
For this reason he can not adjust-his sampling technique to
compensate .fof unexpected phenomena. . “He must blindly .
: proceed,-collecting'samples assumiﬁg Bbthing is going vwrong.

Théreforé errors in sampling that become evident after mass
spectrometer ahalysis cannot be corrected by additional
‘sampling. This is probably its most serious drawback.

A final éifficulty one encounters in field sampling is
that the amount of tracer one-must'apbly.to the surface of
the snow musf be sufficient to cause.appreciable isctopic
changes., Typiéally the large mass of&snouﬁuithin a few feet
of the surfaéeﬁfaquired sixty‘ pounds- of tracer to cause
isotopic shifts of five DEL unité.; This is a serious
drawback when the sampling area must Ee reached cn foot; as
it was in this experiment. | |

Even conéidering the disadvantéges inherent to stable
isotope tracking of water percélationiin snow, it is felt
that the additional_ information oﬁe' can gain from it

warrants its use. Certainly manjﬂonthe conclusions of the
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néxt chapter could not have been reached by any other
meihod.,-Careful introduction of é_tracer on the surface of
the snowpack is unlikely to- igtroduce changes into the
snowpack that normal rain or‘ meltuate: would not have
introduced anyway. It stili remains thefmpst'natural me thod
thét can be .used in snow hydrology and for this reason alone

‘its use is justified.
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VI. THE ISOTOPIC TRACING OF WATER MOVEMENT IN SNOW

6.1 Introduction

| A total of six isotopic.tfacing experiments were made
near Brockton Knoll on Mt. Seymour, arifiéﬁ Columbid‘during
‘the months of January, Pebruary and March in 1974. The site
was selected due to the proximity .cf a remcte wveather
station operated by Dr. B, Church of the University éf
‘ British"Columbia and Dr. B. Sagar . of Simon Fraser
University. The data from this meteorological station were
nade readily available. The spécific site of the tracing
lexperiments; was on the southern side of Brockton Knoll in»é
’relétively flat meadow. Extreﬁely high winds vere often
encountered at this site and the amount of drifting and shoﬁ
~ depths were mﬁch greater than those at thelueather station;
.In spite of the drifting at the project site, stratigraphié
layéts were Héatly always horizontal (an excepticn to this
is in experimégt PL3). . :

All samplés Wwere taken hsing the stainless steel tubeé
described .in:‘the previous‘nchapter;" These tubes were
sharpened on tﬂe leading edgevin such a manner as tc prevent
loss of snow ofvcollection of unwanted snow. Holes .in the
snowpack were' alvays checked to ensure complete removal of;
the snow sampleQ Snow densities uereJCalculated by weighing
the mass of sno; in each sample and dividing by the volunme .
of the ‘-speéific sampling . tube:}used." The isotcpic

composition was determined from the same Sample fecr nhich_-

3
1
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ﬁhe density was measured. Temperatures of the snowpack were
taken with a mercury-in-glass thetmometér,-calibrated at the
ice poiht and the boiling_point; :A generalldescription of
the position and characteristicé of~stratig;aphic layers was
recorded for later reference.g Snov'textureivas . categorized
in broad categories; light pouder,,mgdium packed, compact,
and ice. The data obtained for each tracing experiment will

~be presented in the fcllowing sections,

6.2 Tracing Experiment---P1

on Janﬁary,19,v197u, an initial tracing experiment was
carried out at the Mt. Seymour site. The main purpose of
this expériment was tc study the magnitude . of'.isotopic
changes that would be encountered.. For . this reason no
density data ve;e'obtained‘but the densities uete probably
within the range of 0,2 to 0.3 gm/cm3, : This experiment gave
some very interesting results showing the possitle effects
- which could be monitored isotopically. To perform the
experiment a pit six and one-half feet deep, eight feet long
and four feet wide . was dug. . Samfples tepresenting the
~inpitial isotoéic composition 6f tﬁé énow Were taken
- immediately. &he positions of the sahple_holes are shown by
the closed ciréles on Figure 6.1.. Thé relationships between
‘their location and the stratigraphic layers is clearly
shown.

Distillediseawater‘ with an isotopic composition of

-1.02 DEL relative to IAEA SMOW was placed on top of the
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pack. Approximately i51uo mnl was dispersed uniformly over’
an eight foot by three foot area. Iﬁréddition to this, 1890
ml of the tracer was sprlnkled on a one foot diameter circle
one-half foot back from the pit uall and over each of the.
four sampling :co1umns shown in Figure 6.1. It is a
straightforwa;d calculation to show that, assuming vertical
flow, the application of théb tracéi .in this nmanner is
equivalent to distributing 34400 ®l of tracer unifcrmly over
~ the eight foot by three foot area,,

| Snow samples were taken approxi@étely one hour, one and
one-half houré; and two and one-halﬁ?hours after the tracef
application.,-ihe results of the:isofopic analyses are giveh

in Table 6.1. .
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| Depth | Time | DEL | DEL |

| 1 | Before | After |

t + ot 1
- | | o [

| i | ek S

| 17.78 | 2.24 | -13.53 | -12.95 |

| . | ‘ 1. I

| 35.56 | 2.30 | -13.38 | -13.08 |

| | | = |

| | . | |

| 44,45 | 1.4 ] -13.91 | -13.39 |

i | | . |

| : | i | i

| 53.34 | 2.36 | -14,26 | -14.49 |

i | | ‘ | R
71,12 ) 2.41 | -13.34 ) -13.47 |

| | ] i |

| 80.01 | 1.04 | -13.18 | -12.89 |

| R | | i |

| 80.01 | 1.54 § -13.18. | -12.93 |

| | | | i

| 80.01 | 2.44 | -13,18 | -13.02 |

I | | | |

| 88,90 | 2.47 | -13.29 | -12.96 |

| ' | . | |

| 106.68] 2.53 | -13.53 | -13.64 |

| ! - | |
N i l J

TABLE 6.1 SUMMARY QF dATA---P1
fhere are basically two things ﬁhat'can be studied from
these data; the temporal changé.in iéotopic cbmpbsition at
depths of 45 cm and 80 cm and the viriéticn of the isotopic
éomposition with depth due to the trécer-application.. Both

effects were easily seen in this.expériment._
Figure 6.2 shows how the iso{opic composition of two
layers of snovw responded to passage éf- liquid water.  The
lovér,'cufve represents the isotopicfcomposition of the snow

at a depth of 45 cm while the upper curve represents the
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isotopic composition at BO cm. The definite peaks shoi»thé
retention of liquid water for_some time in the two layérs.

before it percolated to lower layers. HNormally one would

-12.5
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-13.1
1

1
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~13.7

-14.0

T ~T —T .
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Figure 6.2 Isoctopic Changes with Time of Two Snow
Layers

expect the peak at 80 cm to lag the peak closer .to the
surface.,  In fact, with the broadness of the peak it is
difficult to either prove or.disproye £his fact. . Referring 

to the stratigraphic profile one sees that the averége floy:

rate between the surface and 45 cm was probakly 1less than |
the flow rate between 45 com and-BOrCm.; Therefore it uould“..
not be at all.surprising to find that the péak flow at 80 cm
lags the peak flow at 44,45 co by 1ess than 0;5 hours.  The
main conclusion to be reaéhed from Figure 6.2 is that oxygen 
isotopes can clearly. demonstrate the presence cf liquid

'vwatér in the.snoupgck and indeed can be used to determine
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uhen water content reaches a maximum at any given layer.

The three cur#és_ in Figure 6.3 show the original.
isotopic composition of the.snéwpébk (circles), the isctopic:
. composition of the snow two and one~ha1f<honrs after tiacer'
application (triangles), and the net "¢hange in isotopic

composition (plus signs). Initially the DEL vélues ranged
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Figure 6.3  Isofopic Profile of Pit in Experiment
P1 ‘
between -14.26 and -13.18. This difference cculd easily be
attributed to isotopic variations within the sncw as it
accumulated on nt. Seymour. After the tracer _has

percolated through the snowpack the isdtopic variation liés:

between -14.49 and —12.89' DEL. What is even more~l -

interesting is that the change in isctcpic compositicn with

depth follows the same general paﬁtern as the original
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isotopic variation.

It should be noted that the curve fepresenting the
chahge in isotopic composition ié independent of both the
original composition and final ébmposition of the snowpack.
What this feature is essentialiy teiiihg us is that the
the isotopic variations in the snowpack. This is an exact
contradiction to the observatioﬁs of the - researchers
referred to in Chapter I uhiéh indicated that meltwater
tends to decrease isotopic variations in the pack. The
solution to fhis dilemma may be that meltvater tends to
create isothermal snowpacks at 00C, whereas this project was
conducted in suh-Zero snow., It 1is believed . the isotopic
| enhéncement observed in this tracing experiment was the
first such case ever found.

Due to the high correlation between the initial
‘isotopic profile and the change' in isotopic composition
after applicatidn of the tracer, it seems rTeasonalkle that
the original isotopic variation uaszﬁ result of water flow
in the snowpack_énd not of isotopic variations.in the snow
as it wvas deposited. |

During theljeek preceding this trécing experiment heavy
precipitation was recorded at the metedrolcgical station and
was nmost likei} in the form of raiﬁ based on teamperature
readings. Therefdre, it is reasonable to assume that a
great deal of water had passed through the snowpack since

the snow had fallen. The original isotopic pattern found in
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the snbw could well have been caused by water passage.

One can speculate as to uhat.is causing the isotopic
variation with passage of uatei?l The best example of the
high correlation between initial and net change in isctcpic -
compositions is near the isotopié mininﬁﬁ at 55 cm derth.
The question then arises: Is there some underlyiﬁg "physical
feature of the snowpack that could cause the observed
isotcpic patterns. Referring to Figure '6.1 shows that a’
three inch layer of medium packed snovw does indeed separate
the samples taken at 53 cm and 71 cm. . Theiefore we conclude
that either_st}atigraphic horizoms or snow compéction seen
to have an effect on isotopic distributions in cold sSnov.

The curve representing thé  'changev in isotopic
composition has several features which can be explained.,
~ The initial .po:tion of the curvé does nct have high
correlation with the initial isotopiE profile, This could
very well be a result of disturbing the initial
|stratigraphicﬁfeatures of the .snoupéck when applying tﬁe
fracer._ Theﬁ disturbance could well reach to the 15 ém
depth. Anéthét possible explanation is that since the poiht
at 0 cn depth is an extrapoiation ‘of measured data, our
extrapolatioh may have been in erro?._

 The portion of. the dQifference curve abcve 60 cm is
decreasing monotonically with depih.< Since the isoto?ic
composition of the tracer was -1.02 DEL we would axpect the
snow to be Shified towards more positive DEL values. As the

liquid percolates through the snow two things happen;Aone,'a
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substantial poftion of the original- tracer freezes and
cannct affect snow at lower depthsland two, the liquid phase
becomes contaminated with the Efiginal snow and becomes
isotopically lighter., Both of:these'feffecfs help explain
the initial monotonically dédreasiﬁg- characteristic
encountered in many of the tracing experiments. 

The portion of the difference curve between 45 c¢m and
75 cm is negative., A natural guestion to ask is how can the
snow become isotopically lighter when the.trace:'applied was
enriched in the heavy isotcpe? The soluticn to this dilemma
lies in the 'fractionation of isotopic ' species as watef
freezes or conﬁérsely as snow melts. The heavier isctopic
species (H 015) tends to freeze before the lighter species.
Conversely’the'iighter isptopic_species (8 016) will melt at
a higher rate than the heavy species. ~ Suzuoki  and
Kimura (1973) sﬁou that the fractionation can be as large as
3 DEL units for an equilibrium system.  Since the heavy
isotope is ptefézentially removed from the liquid phase it
follows that the liguid phase gets progressively lighter
with increasinéidepth. Therefore isofcpic changes in the.
negative direction are realiiable., i | |

The isotépic .@minimum at 55 cm probably occurs because
of the mediunm éécked snow layer. TheJamount of liquid that
is frozen per centimeter of snow increases in compact snow
layers. Therefore a substantial portibn of the remaining
isotopically iight 1iguid» phase is removed in the packed'.

snow causing the isotopic minimum,
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‘The enrichment of the snow in the heavy isotope between
75 cm and 90 cm is difficult to explain. One can speculate
that the downward. continuation of the heat wave encountering
the 1low density snow causes suhstantialvmelting to occur
depleting the snow in the light isotbpe..' This cculd also
explain the inflection point at 90 cm’as thelpoiht where the -
‘released liquid phase begins refreezing., Isotopic
conservation does exist in the snow betweén 70 ce and 105 cm
~depth which_ysupports the above speculation.: Density
peasurements would have added more weight to this argqument.

The following tracing experiments will more clearly
demonstrate the features of the curve:discussed. In fact,
the 'argumentsi:presented here include information from the
cher tracing‘ékperiments. The feature most characteristié
of experiment éi'is the high correlaticn between the initial
isotopic profile and the change in isotopic composition.

The implicatioﬁs of this will be discussed later.

6.3 Isotopic Tracing Experiment---T1

Two tracing experiments .Qere rerformed in unnatural
conditions. The white acrylic tubes descrited in the
previous chaptei were filled with snow that had fallen
~within the 1last day. The snow was thoroughly mixed tefore
being placed invthe»tube.,' |

An interesting observation was made concerning the
isotopic uniformity within the snow from a single storm.

The snow that went into the tubes wvas sampled four times
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before wixing. It is most probable that all the snow canme
from a single storm since only the upper six inches of =snow
wvas used and it had been»snowing.héavily irmediately before
the experiment, Normally one véuld- expect that the snow
ovef the fifty square foot -afeé ftoh“which the snow was
collected would have uniform isotopic'compositidn.,'Such was
not the case, The isotopic composition of the four snow
samples collected varied fronm -1“.95>to -17.88 LEL. Thé
most reasonable explanation of this obse;éation_is that the
isctopic composition of the precipitation changes due to thé
depletion of the reservoir and fractionation between tﬁé.
system and the precipitation. . Such observations have béeh
made by othef researchérs wvho were studying the problem mofé
closely (Judj: et al., 1970). The amount of tracer used wég
7070 ml, ItS‘DEL value was -1.ﬁ7 and its temperature at the
time of application was +4.0 ©C, o

The results of this artificial tracing éxperiment afe
given in Table 6.2. As expected the unnatural situation
gives results that are more straightforuatduthan the naturél
situation discussed in the previoustsection., |

The initial densities were ~calculated by assuming
conservationf of mass and a constant density gradieﬂtvthé¥
paralleled the deep portion of the density curve (afté:
tracer). Bbth the density measured after the tracer qés
applied and.fhe calculated initialzdensity durves are shoﬁn
in Figure 6.4.

The + curve represents the change in density. Thé
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TABLE 6.2 SUNMARY OF DATA---T1
large density increase in the first 45 cm implies that the
tracer didA‘not penetrate past that point in.the snow.,
However, the isotopic data tell guite a different story.
Figure 6.5 is a graphical presentation of the isotopic
measurements,:

It is quite clear that the tracer affected the snow
column to. a depth of over one meter. Therefore it seemé
evident that a portion of the snow in the upperApart of ‘the
| column melted as the tracer percolated.througﬁ it. At the
same time soﬁé of the isotopically heavy tracer froze. 'Aé
it turns'ouf ﬁhe amount of original tracer freezing and snéw
melting befwéen‘ 45 and 95 cm was hearly equal resulting“in

only a small density increase but a sizable isctopic
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enrichment, . Essentially all'the:original tracer had mixed

with theisnov in the first meter. The wvater  that was
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~originally in the snoupaék still existed at a depth of oﬁe
meter and cbntinued to percolate through the  lower portion
of the tube accounting for fhe smali:increase in density. |

Pigure.'6.6 presents tuo-df the curves in the previous
- two graphs in a manner that is moré Suitéhle for comparing
density and isotopic changes, . It_is evidént'fhat some of

the change in density is due to the tracer freezing. The
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Figure 6.6 The Correlation Between Isotopic and
_ Density changes---T1

correlation coefficient between the two curves is 0.76 which
is fairly high, meaning that over half the change in density
can be attributed to a simple freezing of the tracer. It
does indicate a more complicated prccess is alsc cccurring
since otherwise a higher coireiétion would have teeh
obtained. Thié tends to support the arguments presentea

above.
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6.4 Isotopic Tracing Experiment---T2

AR experiment very siéila; ftc experiment T1 was
conducted a week later on Februéry 1, 1974, The sampling
interval was decreased to six vihches from twelve. Snow
temperatures of -2.59C were substantially. éo1dei “than the
-1.00C .temperatures of experiment T1. This should lead't6 
higher correlations between isotbpic and density changes.
The, tracer employed had a DEL value of -1.31 and a
tem?erature of 4,59C when applied;‘ Again 7070 hl.cf tracer
- Qas nsed.‘ Initial densities were calculated as in the
' previous section. Large isotopic variations between - 14,36
and -18.65 'again existed in the four samples of snow
collécted és the tube was filled. |

The resulis.of the experiment aie found in Taltle 6.3.
The isotopic:pattern»obtained is in Pigqure 6.7. It appeais
 that the tracer only reached a depth of 45 cm which is
considerably'iess than obtained for the previous experiment.
The colder 'énou temperatures .prdbably account for this
observation.: The large diSCOﬁﬁinuity in isotépic
. composition ﬂélou 90 cm is cauSe fof concern. It seems reél
since the ttend continues for}threé‘sampling intervals. It
probébly is d'manifestation of inadequate mixing of the snow
before insertion in the samplihg column. . It is most 1likely
not a resuitlof water flow. | |

The density information, found in Figure 6.8, indica{es
sizable density chahges existvup:to 30 - and 60 cn from fﬁé

top of the sﬁdu column., This agrees reasonably well uiih
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' TABIE 6.3 SUNMARY OF DATA---T2

our estimate from the isotopic profile. It wculd seem that
the colder snow simplifies the“interagtion between solid and“
liquid phases in the snow. . Simple freezing of the tracer
predominates and little sno§ seems to be raised enough in .
temperature to bring about melting.

Figure 6.9 A shows the relationship between isotopic
changes and density changes. The correlation coefficient
between the two sets of data is . 0.92, implying that

essentially all the interaction that occurred Letween the



125

w
e =
n7] I}
. R :
Bl O Before Tracer
’ A After Tracer
wl 2 + Net Change -
~ T : v
-
[TV —
Q =
z |2a
=g |0g
W=7 ]
2 |5
€ |w (
I Q
o n
=Y ~
- T—
o
i | ‘
D) : T T T T T T Y 1
0.0 30.0 . 60.0 0.0 T120.0 - 1S0.0 . 180.0 210.0 1240.0
DEPTH(CM) : _ , v ‘
Figure 6.7 Isotopic Composition as a Function of
Depth---T2
£ o !
el a
3
8| = ' '
2| &4 O Before Tracer
Q) aQ o
- A After Tracer
8l » 4»Nét(Hmngef
raq_aT
a o
2 1o
-8 S
Zaxzar
w15
2 =
I8 |Pw
o= | =
a’l a7
q
n
3. - .I ) .
?” a T L f 7 T T 1
120.0 150.0 180.0 210.0 240.0

0.0 ' 30,0 9.0
p DEPTH(CM)
Figureyﬁ.a Density as a Function of Lepth---T2

solid and liguid phase was the_freezipg of the tracer.
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We conclude from the two tracing experiments in
.homogeneous, unlayered snow that, neglecting complicating
effects of rapid density changes or stratigraphic features,
the tracer éimply freezes into the snoupéck with little of
the original pack melting. . The‘colder the sﬁoapack the more
doﬁinant is the effect. As snow approaches Warmer

temperatures the interaction between liquid and solid phases

increases and displacement of wmaterial originally in the )

-snowpack begins,

6.5 Isotopic Tracing Experiment---T3

The insertion of the acrylic snow tubes into the
natural snow proved most difficult, By welding the
stainless steel knife edges  on the leading edge of the

tubes, ;énough strength was obtained to allow the inserticn
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of the snow tube into natural snow. It should ke noted that
the acrylic tubes used in this portion of the experiment
become gquite brittle at sub—Zero-iémperatures and therefore
are prdbably not the best material-to use ip sthdiés of this
kind. o -

The original isotopicvcompositioh and densities were.
sampled by taking four aliguots of snow immediately outside
the acrylic column at the depths coirespondiné to the
locations of the éccess ports in the snow tubes., The
retrieval of the snow samples from the stainless steel tubes -
'normally réquifed the use of a plungér to“force the snow oﬁt
into the coliéction bottle. This did not seem to affect tﬁe
snow densities measured. It is  possible  that some
systematic efror< was made in calculating the densities bﬁt
this is 6n1y a supposition. It is importaqt‘ to note thét :
the initial densities in experiment T3 are/questionable. 1t
is falt that the trend shown in the initial densitiesfis
correct but chat the magnitudes' are 1in error by sbﬁe
constant faétor. | |

The da{a from this experiment are presented in Taﬁie
6.4, Since;the initial densiéies vere ﬁn:éalizably sméil
and difficuiiies existed in their determination, all initiﬁlv
densities Qére nultiplied b} 6.56 to force ccnservation*bf
mass. These are probably the most realistic densities fhat
can be obtained from the datae_

The d;nsity and isotopip.profiles are given in Figufgs_

6.10 and 6.11 respectively. The initial density profile.1is
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| : | - | R : i I
1104.14 | 2,77 | - .295 | «272 | -11.39 | -11.08 |
| | I | 1 | |
1119.38 | | l «240 | -10.00 | -9.62 |
| | | | | ] ' I
L 1. i A A4 A |

“ TABLE 6.4  SUMMARY OF DATA---T3 |
that obtained . after muitiplfing by the scaling factor of
6,564 |

The initial density profile éhows .a nearly iinear‘
‘density increase with depth.{ The density inversion near 60
ch may not ﬁe real if one considers maghitudes of - the
errors. The density profile after the tracer was applied
'qlearlyvacceniuates both the density increase at 45 cn and
‘the dénsity' minimum at 60 cm.  The isotopic profile
~indicates that essentially all the tracer froze out before
reaching 60 cam depth, in very d&od agreement with the
density data. The density dec#éase near 105 cm depth has'nb
;cléar‘éxplanation and may be aﬁ»error in.éam§1i;g.;‘ 

Two points need to be made concerning the results of
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this expérimentg: Eirst, it is"éﬁident'that again density

~variations. are causing enhancement - of initial isotopic.
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features of the snow. The second point is that the isotopic
results in cold snow consistently give very believable
results, whereas ié is mnéh-morefdifficult' to oktain good
density measurements usingi.density' tubes. It would seem
easier to obtain isotopically good.shou Sagbles than samples'
with correct density information.v-This_.uodid Shpport the

use of stable isotopes in snow hydrology. .

6.6 Isotopic Tracing Experihent---PLz.

A mést informative experiment.HQS»conducted on March 3,
1974, By thisntime.procedures had been developed ahd tested
to such an extent that samples could. be reliaktly ccllected.
* The snow being studied had fallen during the preceding week. .
It was apparently uniform in texture and no visikle layering
vas found. Bysthis_tine it had become: obvious that wate;
flow in this type of snow uas'predominately vertiéal»and éo'
sampling was done only ih a single vertical .column._ The
samples were collected at the positions shown in Figure
6.12.,  As ié shown up to four aliquots were taken in some
instances., Thé pit for this expériment-had teen dug t he
'previous day to enable a longer iﬁtetval cf time to paés-
Setueen appliéation - of thé trééer and final sample
collection, | ‘

March 3,:'1974 was an_ extreﬁély harsh day witﬁ
i femperatures 6f -80c,.éxtrem§ly higﬁiuinds and heavy snous:'u

: Eor‘this reasoﬁ.the tracing e;perimené’had-to hg cut .shoft

as conditions became unbearable "for the researchers.
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Figure 6.12 Positions of Samples Taken in Tracing
Experiment PL2

Nevertheless results obtained .from this experiment were -
eitremelj good. |

" The }data collected in this experikent are presented in
Table 6.5.

For the first time, temperatures were recorded tLefore
and after the tracer was appiied. They proved to be a very
useful indicatiqn of the progress of the 1liquid in the
snowpack.,' Thé temperaturéfprofile from this experinent is
given in Figure 6.13 and wouid seem to imply that a great
deall of the tracer has accumulated'in the top 40 cm of the
snow. | |

The density information is displayed in Figure 6.14.,
As can be seen the initial density profile clearly manifests’

- the . ‘homogéneity of the snoipack.__m The correlation
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{Depth |Time | Density | Density { DEL | DEL 1
{ cm jHirs. | Before | After | Before | After |
| [ | o |- |
| i i | i i {
| 4 Ly L} T  § ) k3
| | I i I | |
10. i - | .038 | 0. . | -15.98 | -17.18 |
| - | | I N S |
115.28 - | 1.65 | .05%7 <034 ) -14,82 | -15.04 |
| |- | | 1 | |
| | | 1 ' I A )
i45.72 | 1.82 | L1817 |} 119 ) -13.60:} -10.,89 |
| | | | . I ' P l

160.96 | 1.92 | S174 -} 247} -14,78 | ~14.78 | .
| | . | | | : |
j76.20 | 2.04 | .156 | .196 | =-12.37 | -11.73 |
i ' i | P | : 1 .

S 191.44 ) 2,14 | 166 | " .233 | -10.85 |} -11.03 |
| N | I | I |
1106.68 | 2.25 | @ .262 | «340. | -14.63 | -15.49 |
| o | | 1 b |
| | | | | - |

. | 4 1 = N 1. bl B )

TABLE 6.5 SUMMARY OF LCATA---PL2

coefficient between initial density and depth is 0.95, which

implies simple compression and few inhomogeneities.  The
most notable féature in the densitj profile after the tracer
was applied is the abnormaiity ~at 45 cm depth. This is
certainly uneipected since the composition‘of-the snow was
.originally sdfuniform., Above 45 ch"the correlation between
initial and final densities is 0., Below 45 cm the
correlation isIQuite high and the curves parallel each ofher
extremely well.  This high correlation implies errors in
density measurements are nuch less ‘than the accepted 7

percent.
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The isotopic results of this experiment are displayed
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in Figure 6,15, Relatively 1large isotopic changes are
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evident in tﬁe first 50 cm of:the snow'coiumn.“ Below'éb ch
isotopic changes are-smaller and, ih;genera1,~negative. It
uouid seem that the discontinﬁity iﬁ the-density‘profile at
45 cm is indeed affecting the distribution of the isotopes.
As in £he othe:_‘experiments'isotopic<peaks were enhanqed
.when vater p;ssed through fhe Snoupaci. It is interesting
that the isotopic paximum at 30 cm is enhanced mhch-more_1
than'the.maxi§um at 90 cm even though the latter peak was
initially btuice as large as the .upper peak. This seens to
indicate that some parameter must héve been different during
the tracing ;xperiment than durihé _the percolation thét
caused the: 6rigina1 profile.. Thé}témpgratures encounteréd

" on this day’were‘much'loier than mqét ‘temperatures of the

b
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-previous week and therefore reduced penetration of the pack'
is to be expected.
Figure 6.16 allows easy compétison of isotopic changes

and density changes. Again soqethiﬁg peculiar happens at 45

o 2
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Fiqure 6.16 Correlation Between Isctopic Changes -
and Density Changes---PL2

cm depth. Abaove 45 ca thé correlation between the two
curves is 0.79 implying that mést:of-fhevinctease in densify
'is a result of the original tracer freezing., Belcw 45 cn
depth the correlation is ~-0.80..  This means that
isotopically light vater.generéted iﬂ:the. upper 45 cm of
snow is. refreézingv at the. lower depths causing increased
~demsity but a smaller 0!8/0!6¢ ratio. The temperature
profile tends:-to support this observaation since heat was
‘transported below the 45 cm depth. The Sou:ce of the heat

‘could easily be that given off as the liguid freezes.
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6.7 Isotopic Tracing Experiment---PL3

The final tracing experigent'yés.conducted ch March 23,
1974,  Relatively warm ueatﬁet occurred just before this
‘date and as a result a gfeat  déal~'of» meltwvater had
;penetraﬁed into'thé snpupéck._ The neltuafét,created several
'Stratigraphic layers of substahtial éize;as shown in figure'

6.17.. The liquid content of the snowpack was high enough to
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Pigure 6.17 Snow Stratigraphy and Sample
o ~ Location---PL3

create an isothermal snowpack at 00C.,. The stratigraphic
horizons were not horizontal but were oriented in such a way
as to cause water to move away from the pit wall and to the

left of the figuie. For this reason the samples were taken
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at an . angle to the vertical.

. The denmsities ehcountered in this final experiment far
exceeded any of the previous_:e?périmental 'values.‘_ The
densiiies‘ vere typically .us.ém/cm§-and this introduced a
‘problem with the amount of .tracetv appliéd.‘ aproxiﬁately
150 kilograms of snow existed ih the1p§rtioh.qf;the‘snowpack_

studied. . The amount of tracer applied was oniy' 14

kilograms. This ratio of nearly eleven times more snow than;'

"trécer shou1d be compared with experiment PL2' uhere the’
ratic was a more-reasopable five and one-half.

Thé .fesults of  this experiment  are near1y 
uninterpretablé; ‘The data are:p:esehfed in Table 6.6. The
isotopic 'and_idensity variafions' with depth are éhoun in -
Eigurés 6.18 and 6.19 respectively., Initially the »isotbpic
cbmpoéition-.ténds to decrease with depth which is what one
vould eipect if meltwater (isofoéicaiiy light) formed in the .
upper part of the snow column,:percoiited to 1lower depths
and réfroze;  At depths greater than 50 cm the net isotopic
 change is neér:zero implying tﬁat liitle- of the original
tracer peréolafed past'thét'deﬁth._ ‘

The initi§1 density profile shoﬁé a gradual increase in
_densiﬁy ~with : depth. The density piéfile after applicétion
of the tracer oscillates erratically:and displays nc obvious
chafacterisfi¢$Q" Possibly some'insiéht intO‘the water floﬁ'
pattern is founa by ditectlcompafison of the density and
isotdpic'variétions-shown in Figurefé,zo.“ The correlation

between the two curves above 45 @m is -0.83. Below that
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TABLE 6.6  SUMMARY OF LATA---PL3

_ depih the.correlstion reddées to ’+0;3;; The stratiéraphic
"profile shows the:preSence 6f many closély paéked iée layérs
just above QS.cm:aeptﬁ which can.pcssibiy éprain thé'abrupt  |
change in corfeléiion. Sinée the correiation coefficiént in
the nbper  45 cﬁ,‘is_ negatiﬁe it means that the.isotopic

 tracer never penetrated into the pack., The guarter inch
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thick ice  layer four inches below the surface of the snow

f
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most probably caused the tracer to flow horizcntally and
therefore the tracer did not penétrate into the sampied
snow. The observed isotopic differences in the.upper.us cm
of snow must still be explained.

The tempéfature of the applied tracer was +40(, highef
than usual, Siﬁce the snovpack was already at 00C the heat
from this tracer most likely melted a portion of the
- original snow. This would result in 700 grams cf 1liquid
that couid be . as much aé 3 DEL units lighter than the
original snow. The large minimﬁm neaf.uo ce may be a result
of this water refreezing.

The conclusions reached in this é&periment are highly
speculative bui»do seem to indicate that very little tracer

penetrated the shoupack., The'presence of horizontal ‘layers
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would seen to make artificial tracing ezxperiments

inappropriate.

6.8 Isotopic And Hass - Balance In The Artificial

Tracing Ezperiments

An important-consideration.in any tracing experiment is
to .see if the tracer can be.acéounted for.. In an isotopic
traciﬁg.experiment one should be able to accounf. for - toth
the mass and the isotopic species if he hés chosen the
correct physical model,

The.model used in this experiment wvas as simpie as
possible. The tracer was assumed to-Iflou downward,
diVerging in all directions at an angle, theta. Since the
tracer was distributed over a rectangular area the snow
affected by the tracer ‘occupies the 1lower porticn of a
rectangular pytahid. The'cross-seCtionalvview'of the model
is shown in Figure 6.21.

When the diverging tracer intersects the pit wall, it
'is assumed that the tracer stays within the snowpack and is
‘not lost. It is clear that the sample  tubes collect some
snow that has not been altered by the tracer. For this
reason a mixihg correction was applied io data where
applicable. in this manner the.iéctopic,ccmposition and
densities acthally correspond to- ihe sno¥ within the
pyramid, | |

To test 1for consetvatioﬁ of mags it is only necessary

to compute thefmass of snow within the pyramid both before
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Figure 6.21.

of Water .Flow

The computation was done

after the tracer was applied.

and

Since

using a cubic spline integration of the density data..

the initial densities in the three experiments utilizing the

either

or

mpeasured

not

columns were

sample

acrylic

The results

"conservation of mass was forced.

questionable,

of the mass balance calculations are presented in Table 6.7.

. As can be seen, the mass in experiment PL2 is within 5%

ccmplicated

¥as a nhore

~it

of the expected value., Since

it

any of the

than

 system

acrylic tube experiments (T),.

‘of

conservation

seems reasonable to make the assumptibn of .

As can

tial densities.

to obta

in ini

cases i

those
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- mass

within

tracer
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also be seen, only 2.6% of the

The above calculations are

closed system,in experiment PL3.
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r 1 2 v T L 3 y T 3
| ] T1 -} T2 | T3 } :PL2 | PL3 |
L —3 1 b i I 1
r T T T " T T 8
| [ | I | | |
{initial mass | 48,9 | 43.9 |} 25.5 | 113.0 | u8.4 |
| | { | ' i l |
| final mass -1 55.9 | 51.1 | 28.9 | 140.7 | 148.8 |
I | | | ' | . 1 |
| tracer mass } 7.07 { 7.07 .y 3.43 } 20,37 | 14,00 |
| | i | | _ R {
|% mass yield | 100 | 100 | 100 o 105 | 92 {
] ! ! ! ! ! !

*all masses are in kilograms
TABLE 6.7 CONSERVATION OF HASS COBSIDERBTIONS
FOR FIVE TRACIKG EXPERIMERTS
those ohtained,assuming no divergence of the tracer, (i.e.
vertiéal flow).
| The demonstration of conservaticn of : isotopic species
is slightly more complicated. Using the result of Appendix

IiI we see that if isotopic species are conserved:

_ MASS (TRACER)DEL (TRACER) MASS (SNOW) DEL (SNOW), o -
MASS (TRACER) + MASS (SNOW) 6.1]

DEL (AFTER)

The mass and DEL value of the tracer were measured directly.
The mass of snow was determined by integrating the initial
densities, The initial DEL of'theﬁsnov is calculaied by
integrating the;product of-iﬁitial density, cross-sectional
area and DEL over all depths. The integialvis-normaiized by
dividing by tﬁé initia1.mass., The average LEL value after
the tracer was applied was calculated in a similar manner. .

The resnlts‘of the.above calculations are presented in
Table 6.8.

The results indicate thét the proposed model is too

simple. Reglecting PL3, ‘an average cf one-third of the
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r T T T ' T T 3
| ITT | T2 [ T3 | PL2 | PL3 I
t - ) +- + 1 4
| ! 1 | | | |
| tracer mass }7.07 | 7.07 | 3.83 | 20,37 | 14.00 |
| DEL tracer - j-1.47 | -1.31 }.-1.30 | -0.73 | -1.02 |
] initial mass j48.9 | 43.9 1 25.5 i 113.0 | 8.4 |
| initial DEL }-16.25¢ -16.61 | ~-13.93 | -13.95 | -12.94 |
| final DEL {-15.36} -15.80 -] -13.06 | -13.63 | -12.93 |
| DEL egn. 6.1 [-14.38] -14.49 | -12,43 | -11.93 | -11.91 |
| o018 yield j47.3% | 38.2% | 58.3% | 16.2% | 1.0% |
] - I - | I | !

L A 1 - | 4 . ]

* all masses in' kilograms :
** all DEL values relative to IAEA SMOW

TABLE 6.8 ISOTOPIC CONSERVATION Iﬁ TRACING
EXPERIMENTS

tracer can be accounted for. This implies that a large
fraction of'the tracér musi run down the edge of;the-acrylic'
éampling tubes and flow horizontally in the case of PL2. It
is interesting that the results of' PL3 indicate nearly
Icomplete‘ loss of the tracer as was iﬂferred,in the previous
section. It is important to note that the 1low yield does
ﬁot change any of the conclnsions reached but cnly means the
model chosen waé too simple. Use of}the:correct model would
not change the qualitative description of water flow in

SnovW.

6.9 Conclusions

Several different types of snow vere studied in this
project. The;.résults of five tracing experiments in
sub-zero snowpacks gave consistent results and several
conclusions can be reached. In the three situations where

natural snow with layering was studied, the isotopic peaks



145

were enhanced, which implies, the original isotopic profile
was a manifestation of earlier uatér“movement in the pack.
The 1locations of = these isotopiciéeaks.can be explained in
terms of density variations and/or . locations of
stratigraphic layers. | L

The above point is very.important;,”seéSonéi variations
in the isotopic composition of}preciéitation have been used
-to study yearly accumulation of snow énd :climatologicél
changes over many centuries -(nbrner,‘1972 Dathaard et
al., 1969). However this project indicates that either rain
or meltwater on a sub-zero snowpack éan 'produce isotopic
maxima and minima that could be falselj identified aé yearly
snowfall. |

The power“ of tracing watér ﬁovement' with statle
-isotopes was clearly demonstrated.. In conjunction with
density changes"and.temperature changes, the stalle isotopes
provide insight'into vhat actually héppened in the snowpack.
Density measurements alone could not have distinguished what
effects were dhe to the original tracer and what effects
were caused by liquid released by the heat in the traéer._
It is also clear that dyé experiﬁénts are incapable of
clearly identiffing effects cansedvby melted snow from the
snowpack.,

It can bé speculated that the.hdrizontalscomponent of
water flow cannof be neglected even in uniform sncw, The
loss of a portion of the tracer in all the experiments

indicates substaﬁtial horizontal flow,
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Although isqtopic measurements require much mrore time
and effort than density measurements, they seem to be much
more reliable. It is relatively xéasy to obtain a good
isotopic sample but it was found diffipult to acgquire
reliable densities. Further invesiigatidn$ into the problem
of water flow in show would be .vell -advised"to' monitor
densities with a profiling density gauge rdther-than with
density tubes.

Much remains to be done in the study of water 'flou ih‘
natural snow. This project has demonstrated the importance
of wusing stable isotopes if .complete'“understanding is

desired. .
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APPENDIX I Property of the DEL Function-Combination
Given DEL (A/B) -and DEL (B/C) find DEL (A/C) -

where A,B and C represent different water standards with

018/016 ratios of Ra, Rb and Rc respectively..

DEL (A/B) = (Ra/Rb-1)103 S £ S PR B

DﬁL(B/C)-

(Rb/Rc-1)103 - , - [A1.2]

from A1.1 and A1.2 it is clear that:

Ra= Rb[ DEL (A/B)+1031/103 - [A1.3]

Rb

RC[DEL (B/C) +103 J/103 .: A4

from A1.4 we obtain the following:

Rc=103 kb/[DEL(B/C)+103] L | [(A1.5].

from A1.3 and A1.5 we obtain:

Ra/Rc= [DEL(A/B)4103][DEL(B/C)+103]/106 - {A1.6]
DEL (A/C) = (Ra/Rc-1i1o3' : . , : : [a1.7])
DEL(A/C)=[(DEL(A/B)+163)(DEL(B/C+103)/106-1}103 [21.8]

DEL (A/C)= DEL (A/B) +DEL (B/C) +DEL (A/B) DEL (B/C) /103  [A1.9]



APPENDIX II Property of the DEL Punction-Inversion
Given DEL({(A/B) find DEL(B/A)
| DEL (A/B)= {Ra/BRb-1)103
ha/Rb:[DEL(A/B)+103]/10=
Rb/Ra= 103/{ DEL (A/B)+103)
(ab/Ra-1)103#'{[—nEh(A/B)]/fDBL(A/B)+1o§])103

DEL (B/A) = -10303an/3)/[nEL(A/a)+jo?]

A2.1

[A2.1]

[A2.2]
[32.3]
[A2.4]

- [A2.5)

156



A3.1

APPENDIX III Isotopic Mixing of Two Water Samples

If one combines two isotopiéally different water

samples, the isotopic compositidn of the mixture will lie

between the isotopic coﬁpositions of ‘the. original  1iquids;

The gquestion befbre‘ us then is to_détef§ine,£he isotopic
ratié of the mixture, givenm the  relative "amouﬁts of t he
original liquids and their.isotdpic compositiocns,

Define the following quantities: |

x = number of milliliters of liquid A in mixture

y = number of milliliters of liquid B in mixture

p = number of 018 atoms ﬁer milliliter in liquid A

q = number of 016 atomé per piililiter in liquid A
r = number of 018 atoms per milliliter in'liQuid B

s = number of 01% atoms per.miliiliter in liquid B

The 0!'8/016 ratios of liguids A and B are then:

R@)=p/q o . [33.1]

R(B)=t/s : .: : [A3.2]

' Now assume that the number of vater ﬁdiecules’is constant in
any given voluhe of water:

- ptqg=r*s : - | - [A3.3]

The isotopic ratio of the mixture is:

B (M) = (Xp+YI)/ (Xq+¥5)

dividing numerator and denominator byfq gives:

B(M)=(xatyb) /(xtyc) = ' | [33.4]

where a=p/q, b=r/q and c=s/g.,'Froé eguationé A3.1, A3.2 and
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" A3.3 it follows that:

R(A)=a, R (B) =b/c “and  a=b+c-1 [23.57]

Equations A3.5 can be solved fbrfa, b and ¢ giving

a=R ()

b=R (B)[ R (A) +11/[R (B)+1] ey

c={R(A)+1]/[R(B)*11
iﬂéerting equations A3.6 into 23.4 gives:
| R(M)={xR(A)[R(B) +1]+yR(B) (& (A)+1]} |
(A R(B)+11+y(R(N) +11] A7)

which is the desired result..

A ﬁseful-approximation for R(M) .. can be made if the
. ratios are sm%ll as in the‘casé.of Oiﬂ/o'° (i.e. R€1/450),
Making this approximation we obtain: |

R (M) =[ XB (A) +YR (B) Y/[X+¥] [23.8]

‘since we normélly determine TEL fvalues. relative to a
standard havinq:isotopic ;atio’R(S) We can rewrite A3.8 in
terms of DEL(A); DEL{B) and ﬁEi(ﬁ) where:
DEL(A)=[R(A))R(S)—13103
with similar exptessions for DEL(B) and DEL(M). From A3.8
R (M) /R(S)-1={x[R (R) /R (S) 1]*Y[R(B)/B(S) 1]]/[1*11
multlplylng both sides by 103 gives:

DEL (M) =[ xDEL (A) +yDEL (B) /[ x+y] R<<1 | [A3.9]
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APPENDIX IV Isotopic Fractionation and BRayleigh Distillation

In many cases whe:e Vmolecuieé are being transported
from one system to another, it.is pbésiblelfor the molecular
species to bé_ tiansferied at-diffe#gnt‘fates. ’This often
results in changés in isotqpic ratios between systéms._

If we let x represent the pumber of one species of

molecule and y represent the number of another type of

molecule in the.otiginal sample we can make the following
definitions:

S=X+y | ‘ _ [a4.1]

vhere s is_the_nﬁmher.of'moiecules.in the system at any time
and:

r=y/x : ' : [A“. 2]

Qhere r is thé'isotopic ratio in the systenm,

If ve éssume’ one molecular species leaves at :a
different rate than the other species it.is clear that tﬁe
isotbpic ratio of the molecules leaving the system at éﬁy
instant will not be equél to. the isoctopic ratic in thé
system, Mathematically this can be written as: |

y/x=£ dy/dx ' , [a4.3]

where dysdx is the isotopic ratio of the molecules 1leaving
the system.aﬁd f is the separation constant.
It should be clear  that due to fractionation the

isotopic compésiﬁion of the original systeam will change as
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molécules are removed from the system. Using equations
A4.1, A4.2 and A4,3 it is a straightforward calculation to
solve for the isotopic ratio of;tﬁé wolecules in the systen
as a function of the fraction of the original' nﬁmbér of
molecules remaining in the syétem:‘ -

1n[s/s°]=f lafrc/xo /[ 1-£] ¢+ 1n[(r+1j/(r°¥1)]  o [gu;u]

wvhere the superséript o indicateé initia1wva1ues. The akove
equafion' can be. solved for r _ndgerically using the
Newtcn-Raphson method. 1f thé ratios in eguafion A4.U are
“much lesé than unity then AU4.4 reduces to:. |

(r/rh)a/af*m =5/s0  1<<1 | - -~ [A4.5]

For oxygen isotopes this approximation is valid and equation

A4.5 tells us what r is as a function of s/s9, the fraction

of molecules reﬁaining in the'system.“ This calculation was

first'suggested by R.D. Russell. .
often we are interested in defermining,the isotopic
ratioc of the molecules that have left the origiﬁal systen

instead of the ratio of those that have remained.

If we let g represent the isotopic ratio of all

‘molecules that have left the-briginalﬁsystem we can use the

N résult of Appendix III (A3.8) to write:

[sr+(s°-s)q]/s°=r° <<1 | ‘ ' [AB.6j

which is merely a statement of conservation of isotopic

species. From Al4.6 we write:

q/r0=f 1-sr/(s°r%) J/[1-s/s°] = <1 [a4.71
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substituting a4.5 into AQ.?-gives{

l/o

q/ro=[ 1-(s/s%) " Y[1-s/5°] 1<l [24.8)

which is the final result.
Equations A4.5 and A4.8 can be used in~hany different

situations one of which would be a Rayléigh Distillation

procéss where the isotopic ratio of ‘water vapor may be .

calculated as a function of the. amount of the original

reservoir'that'hasAevaporated.
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APPENDIX V Determination of a "Best" Weighting Function

In many studies several experimental estimates of a
single value are obtained. Often it is felt that some of

- these estimates are more reliable than others and for this

reason more importance should be given to them. The logical

thing to do is to apply‘some,ueightiné function to the data
that is related to the analytical précision of the various
estimafes._ |

In this study we wanted to maximize the precision of
the DEL values obtained, which is the same. thing as
minimizing £he variance of the estimates.  The ueiéhting
function to be applied vas determined as follows.

It is commonly known (p..168 Hogg and Craig) that if ué
defihe the weighted mean Y as follows: |

v= IW;2y | S s

where the W's are the weights and the X's the individual
estimates, then the variance of Y is:

o2= Z(Hioi)z ’ y [A5.2])

if the correlation coefficient between the X . estimates is
zero (i.e. random sampling). - |

Making the usual constraint tﬁaﬁ-the sum of the weights
is equal to unity We write:

B(W, )= [(H,0)2 - A8 -H=0 . [45.3)

where A is a Lagrangian wmultiplier.  Minimizing 5.3 with
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respect to the weights and the multiplier will give an
expression for W that minimizes the variance of the
'weighted DEL value determined by equation A5.1. Performing

the necessary calculus gives:

WK=[1/(0K)2]/[2(1/01)2] | | o B [A5.4]

which is the weighting function that maximizes the precision
of the weighted DEL value.,
In the case were all o°'s are equal we see that:

W;=1/n ' | [A5.5]

wvhere n is the number of estimates.f Likeiise the variance
of the weighted DEL value will be:

g2 (¥)= (oi)z/h - | , [A5.6]

which is just the standard error of the mean. .
The weighting function of equaticn A5.4 was used for

all estimates of DEL in this project. The o/'s were taken

to be the analytical standard deviaticns ‘of the mass

spectrometer analyses.
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- A6.1

- APPENDIX VI Property of the DEL Function-Error Propagation

Due to Errors Existing in the Apparent Ratios

At times it is possible for some factor to affect only
one of the ratios in the determination of DﬁL, resulting in
an error, That is to say that the measured DEL is given by:

DEL (M) =[ kRx/Rs~-1]103 ' : , ' [A6.1)]

when the true DEL value¢ should have been:

DEL (T) =[ Rx/Rs-17]103 | [A6.2]

from A6.2 Hé see that:

Rx/Rs=DEL (T) /10341 ' [A6.3]
kRX/Rs=kDEL (T)/103+k 1. | | [A6. 4]
DEL(u)=[kDEL(T§/1oa+(k-1y]1oa | {Ae.sj
DEL (M) =kDEL (T) + (k-1) 103 | [A6.6]
DEL (T) =DEL (4) /k- (k- 1) 103/k [86.7)

Equations A6.6 and A6.7 can often be used to determine
the error ~ that results in measuring iSotopic ratios
incorrectly. These results are most useful  in determininé
the effect that various errors . in analyses have on the

" resulting DEL values.
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