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"~ The Feaéibility of Large Scale Deliberate Tracer

"~ Release Experiments in or below the Oceanic Thermocline’

Report of work carried out under
DOE Contract DE-AC02-79-EV-10038

By
J.G. Shepherd and W.S. Broecker

Summary

The relative impgrtance of lateral and vertical mixing in the’
interior of the oceans cannot be reliably determined from conventional
oceanographic measurements, nor from obgérvgtions of fallout radionuclides.
it is‘suggested that the problem céuld'be most effectively s;udied by an
experimént in which a large quantity of a suitable tracer wé; deliberately
released in deep water, and its subseguent dispersion was followed for
at least one year.

The féasibility of such an experiment is examined. We conclude that
it is indeed feasible, and that helium-3 would be the most suitable tracer,
with tritium as a possible élternative. |

About 30 g £ Helium-3 would be needed for each release; Such a
quantity may be dissolved in about 1 m3 of water at pressures greater
than 500 dbar, is easily available, and would cost about $100K. Concentra-
tions would have fallen to unmeasurable levels by the time the patch had
spread sufficiently to interfere with measurements of natural or radio-
genic heliuﬁ-3. The‘patch would need to be marked with dusﬁers of
neutrally buoyént floats in order that its movement may be followed.

We estimate that it would be around 1000 km across after one year, and



anything from a few‘méteré to a few hundred meters thick. Vertically

ihtegrating saﬁpleS'would probably be most suitablé;'used'in coﬁjuncﬁioh
with ship-board helium-3 mass spectrometer. Methods~ofAdi§solving ﬁhe
helium iE.EiEEJ and making the release with minimﬁm disturbance are

also éroposed. The cost would be .several million dollafs,.spread

over several years.



. CONTENTS

Inprodﬁétion

Experimental Concept

2.lf The sp;eading of a patch
2.2)-Keeéing track of tﬂe'patch'
2.3) Interferencg with othér work
2.4) Summéry of objectives
Feasibility: Possible Tracers‘
3.1) General Consideratioﬁs
3.2) Tritium

3.35 Helium-3

3.4) Rhodamine-B

3;5) Deuterium

3.6) Freons

3.7) Caesium-137

3;8) Discussion

Experimental Method

4.1) Location'of release

4.2) Method of release

4.3) Tracking- the patch

4.4) Method of sampling

4.5) Logistics

4.65 Ahcillarybexperiments
Costs

Conclusions and Recommendations




" Appendix A

‘Appendix B

The hazards associated with the release of'tritiﬁm.

' preliminary design for helium-3 dissolution and release

chamber.



" 1) I N'fRobUCTION

Conventional oceanographic observations of temperature, salinity[
oxygeh and nﬁtrients-have‘so far proved inadequate for us to estiméte
reliably the relative importance of lateral and vertical miging in the
interior of the oceans.v The.éomprehensive and internally consistent
data-set produced -by the GEOSEéS expeditions comeé taﬁtalisingly close
to allowing a separation of the two‘effects in some places (Shepherd,
work in progress) and more sophistiéated methods of analysis méy yet
allow further progress to be made. However, the basic problemAis that
the sources and sinks of oceanographically interésting entities are
distributed acréss a wide range of aeﬁSitieé, and they can thérefore
reach the interiorlof the ocean éither by movement along or aérossldensity
surfaces. This problem is fundamental and will never gd away: whatever
deductions may be made from the distributions of these entities\will never
be incontrovertible.

Unfortunately the same difficulty applies to the transient tracers
(fall-out radionuclides, etc.) recentiy released.into the oceans by man.
Their sources and sinks are also (naturally) at the surface .and spread
across a wide range of densities. Although the time history of their
movement is yielding v;luable information about the rates of ventilation

of the oceans and more is to be expected from the Transient Tracers in

the Oceans (TTO) expeditions presently being planned, such information on the



relative rates of lateral andldiapycnél¥ mixipg as is gained'frbm these
obéervations will inevitably be inconciusiée; |

The question of these relative rates islhowevéffof crucial importance
to many problems of grea§ pfactical importance, notably the correct
modelling of thg fate of fossil fuel CO2 or radioactive wastes in the
oceans. Whilst some progress mAY be made with models in which the mixing
procesée; are §omewhat generalised (e.g., Peng and Broecker, work in progress)
we cannot be.sure that we have the correct answer until wé ﬁave convinced
ourselves that wé have modeiled the correct-processes. The same is also

true of models of the general circulation, on which our assessments of

the fate of pollutants and climatic changes will ultimately depend. 1In

these, incorrect modelling of mixing processes may lead to spurious.

dynamic effects (Veronis 1975), and incorrect results.

The whole question of mixing in the interior of the ocean has
recently been reviewed by Garrett (1977). Briefiy, the’impréssion received
from the study of large scale tracér distributions (Munk 1966; Reid,
pers. comm.) is that diépycnal processes are significant, at least for
some entities, some of the time, even though quantitative efforts to
analyse such data have sometimes failed to-confirm this impression
(Rooth and. Ostlund 1972; Needlér and Heath:l97 ). Further, physical

oceanographic studies of diapycnal processes generally lead to much

*.
Footnote: throughout this report we use the adjective "lateral" to

describe processes occurring along surfaces of constant density, and
"diapycnal" to describe processes occurring across (normal to) surfaces
of constant density.



smaller qﬁmbérs for diapyqnal mixing than the_"conventional" 1 cmz/sec.
In thié categorylfall_énalyéis of microstructure measu;emenﬁé (Gregg
1977;VOsborne and Cox 1972), estimates of mixing by interﬁal,wéve
breaking (Garett and-Mupk 1975) and estimates of salt fingering and
double diffusion ( |
Fiuid dynamical opinion (A;mi, pers. comm.) also has it that the stable
stratification of the ocean interior is sufficient to suppress vertical
overturning, although this is difficult to quantify because we know
too little abéut local shearing rates. bThe difficulty with all such
estimates is that they arelonly estimates of the'yertical.(diapycnal)
',mixiné produced by particular processes, and ﬁhere is no guarantee that
' the correct process is being examined. 'indeed, it may well be that we
have‘not yet thought.of the most important processes:. Certainly, during
the course of this study we have thought of a new process which produces
diapycnal mixing without vertical overturning (Shepherd in preparation}.
There may well be others.

How, then; can we best attempt tp unravel the effects of lateral
and diép&cnal transport? The problem with conventional and existing
o man-made tracers is that their sources and sink intersect many density
surfaces. We need to study a tracer whose_sources (or sinks) lie aé far
as possible on a~single.density surfacg. This immediately rules out any-
thing whose sources and sinks are at the surface, where the whole range
§f water densities are representéd. Since few oceanogfaphic entities
have production or destruction rates strongly correlatéd with density, it

also rules out all known tracers with sources in the interior. -The closest



approximations available Wduldiérobably be heliﬁm—three and'hydrofhérmally
generated minéxa;s released at éeqthermélly active siteé on the mid-ogéan
ridges (refs:  Clarke et al., 1969; Lupton and Craig ;975). Evén>so, the
fidge‘crests extend.ovér a wide fahge of depthé and densities, and the
source strenéths are of course unknown.

All this leads one to wonder whether it might be pqséible to deliberately
release a tracer in the deep ocean, and then study ifs dispersion directly.
Some sméll—scale experiments of this type were ca;ried out a few years ago
(Ewart & Bendiner, 1974), but to our knowledge have not been continued. Small-’
scale expérimeptsvmay tell us much about the detailed processes ofvvertical
mixing, but information more relevant to our problems would be gained by
lafge scale releases of tracer in sﬁfficient’quantity that it would remain
measurable after at least one vear, when it would pfobably ha&e spread
over a substantial fraction of’an ocean basin. If this were poséible,
it would enable us to observe directly the relative rates of lateral and
diapycnal transport in the intérior, provided that one cduld insure that
the release spanned only a very small range in density. This would not
solve all our problems., Even if several such releases were made one would
still have measurements only in a few places, and it would not be straight
forward to ektend these to the whole océan. Measurements on patches also
sample only part of the turbulent eﬁergy spectrum, and do not tell one
immediately how to model transport in large-scale concentration gradients.

Nevertheless, such measurements should provide an immediate answer
to the questioﬁs of whether or not the diapycnal mixing in the interior

is negligible, whether it occurs primarily at topographic boundaries,



‘Qhether orlnot the "classical" figure:of l‘cﬁz/sec for diapyénal mixing .
is at all meaningful. Most importantiy,;theylshoﬁld thus help us to

décide hdw best to intetpret other, more conventﬁonal data. 'Théy couid_
provide the‘conceétual key to help us gnlock the information in the

data we already possess.
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2)  Experimental Concept

_2.1) The éprééding'of the patch
The basic idéa«of the experiment is thereﬁorebto release,
eithér.in or beiow the main oceanic-thérmocline, enouéh tra&er that it
would still be measurable after a yeaf or more, When’it has spread over
a substantial fraction of an ocean basin. The release might be instant-
.aneous or prolonged: this éuestion is considered below (section 4.2).
.First wé aiscuss the way in whiéh we might expeét the patch to spread,
according to our present very limited understanding of this matter.
There is now much evidence (refs. Reid, Pingree, Armi, etc;
that mixing and movement in the deep ocean take place primarily
along surfaces of approkimately constant potenfial density (referred
to the local mean pressure). In thé.course of this'stﬁdy we have
been able to show that they cannoﬁ occur exclusively aléné such
surfaces: dingcnal processes must exist (see Shepherd in preparation)._-
Nevertheless, spreading and mixing along isopycnal or neutral surfaces
is undoubtedly the best first approximation we can make. Direct measure-
ments of diapycnal thickening and displacément are one of the pfinciple
goals of this exéeriment. However; we do not really know how fast, or
in what manner the patch would spread -- thisAexperiment would provide
ﬁhe first directly relevant information. . As a starting point we might
assume that the spreading process follqws alFickian diffusion law.
‘Table 2.1 gives estimates of the diameter and thickness of the patch
(twice its standard deviétion) after various times, for a range of values

of the turbulent diffusivity. We see that by the time (one or more years,




1
perhaps) that the'patch has sprsad across 1000 km or.so, it.could be as
“much as alfew hundred metres ﬁhiék.
Expeiiments on dye releases-in shallow water, however, usually find
tﬁat the patch spreads in a non-Fickian manner (see Okuko 19
for a review). The reason for ﬁhis has been well-understood in principlev
sincs ﬁhe work of Taylor ( ) and Richardssn (. ) The spreading of
- a patch by turbulent diffusion is no more nor lsss than.the repested
tearing apart of the patch by shear is the eddy field. and subsequent
:'ﬁingling of the fragments wifh.watef from outside. Eddies larger thaﬁ
the patch cannot tear it apart -- théy merely mer it“around.' Thus
when one studies the spread of a patch one samples'oniy that part of ﬁhe
'eddy energy s?ectrum csrresponaing to eddy scales smaller than that of the
patch. As the.patch grows, one samples more df the spectrum, and thus
observes a diffusivity which increases with the sizevof4the patch, and thus
. also with time. This~continues.until the scale of the patch exceeds the
maximum typical eddy size (if any), after which one would expect to see
a relatively constant Fickian diffusivity.

'Thers is no reason to suppose ﬁhat the basic process of spreading
along a neuﬁral surface in‘the deep ocean is any different to that in
shallow water. It is thereforeAmost iikely that the lateral spreading
of our patsh will follow.a non-Fickian law, so that Table 2.2 is more
iikely to be appropriéte.

Whethér or not the diapycnai spreading will also be non-Fickian is
'quite unknown. As discussed in section (1), we do noﬁ know what the

‘processes résponsible for diapycnal mixing are. Much less do we understand



'how-théir efficacy would var?:wiph ﬁhe thicknegs oan pafch.' It sééms'
prudent to allow the possibility that a nbn—Fickian law mightAépply,
and carry this throuéh when ‘assessing the possiblé range'of thicknesses
one might ﬁbnceivably encounter.

We comment invpassing that if a non-Fickian law were éppropriate[
it might help to resolvé the apparent disérepancf between the s]:ow
diapycnal growth of émall—scale‘features (Armi, Rossby
and the need fof substantial aiapycnal diffusion coefficients to exélain
~the large scale distributions of'tracers in the oceans (e-g.>Fiadeiro
i97 5.

Table 2.2 gives estimates of the size of a patch spreading according
to the Okuko—Pritchard non-Fickian law (Okuko 19 . ), for various diffusion
parameters (those for diapycnal mixing being simply intelligent guesses).

We see from Tables 1 and 2 that after one yeaf we may expect
the patch to have spread £o be a few hundred to a thousand kilometres
dcross. It might be only a few metres thick, or might be a few hundred
meﬁfes thick. A primary objective of the experiment should be to determine
which of the latter possibilities in fact occurs. If the pétcﬁ is stil;
less ﬁhan 50 m thick after one yeai, it‘is-hardly likely that Pickian pro-
cesses have been operating. AConversely,'if the thickness exceeds S50 m
it is most likély that they have.

We need some estimate of the maximum likely volume of the patch
to‘estimate how much tracer needs to be injeéted.so that it still will be

measurable one year later (these estimates are made in section 3).
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fwe adopt‘lE 14 m3 (correspondinglté 1000 km xAlOQO‘km X iOO m) as a
sensiblé'round_numbef; It is not‘very likely that the patch would spread
more than tﬁat. If it spreads léés the'cohcentrations within it Qould
remain measurable for a-lopger £ime, and the time-scale of the experiment

could and should be extended to cover several years.

2.2) Keeping track of the patch

We'envisage,the patch one day after release as being
;about l‘kﬁ across ahd one metre thick. It will be difficult to inject
the ;racer so that its initial thickness is any less than 1 m,,ana even
if it were possible, it would be difficult to sample it effectively.
‘This patch will move‘gway with the deep current ét a speed of perhaps
1 to 10 cm/séc, pfeSumably following its own density surface. How is
one to keep track of it?
It would clearly be highly desirable thaf the .initial phases of
patch movement should be followed. The ship shéuld not leave the area
without knowing ét least the direction of movement when last seen, and the
density/su;face on which the patch actually.liés. It ‘is therefére,'highly
desirable that it éhould be possible to begin sampling tﬁe patch immediately, .
énd analyse.the samples on boara sh;p. If this can be doﬁe the initial
‘sp;éading may also be studiéd,’giving an extra bonus.of information
(alﬁhough»this is not the primary purpose of the study).
Since temperatufe measurements can be made more easily and more
accurately‘than those of saliﬁity, and we wish to follow the movement
(if any) of the patch reiative to density surfaces as accurately as possible,
it would be best if the experiment were carriéd out in a region with a tight

T/S relationship, . where temperature is the main determinant of density.
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This would alsd'permit‘some-refinement in thevtracking of'the'patéh.
It would‘obviogél?zbe highly désirable iﬁ_theApéﬁch‘were marked with
neutrally buoyant floats.  Passive floats most nearlf.follqw surfaces of
constant in-situ deﬁsity ratherithan'those of potential density, as one woulq
wish,.and in'any case slowly creep deeper as their metal bodies yield under
préssure.‘_It would be advantageous if-actively ballastgd floats (Rossby,
per. comm.) could be used to track surfaces of'conétént temperature. This would
minimise (but not eliminate) the risk of the floats becoming detached from
the patch by failing to track the correct density sﬁrface.

The most suiﬁable.location for the experiment wﬁuld thérefore
probably be someWhere in the ce;tral North At;antic/ well to the east
of the main gyre, so that the patch is unlikely to move too rapidly,
but is in a region with a well-defined T/S felationsﬁip. |

We therefore envisage that the ship that releases.the tracei would
mark it with a mixture of shoft—range and SOFAR neutrally buovant floats,
(preferably of a temperature-seeking variety) and with their aid would
track and samplé the patch for the remainder (several weeks) of the leg.
The float cluster would be revisited three or four months later, and with
a little luck the patch would be relocated, and its lateral and vertical
extent determined by sampling. At this stage we guess that the patch
would be maybe 100 km across and anything from 1 to 50 m thick. The con-
centration of tracer would probably have fallen 100-fold from the initial
survey, so that ship—béard measurements will be more difficult, although
they should still be possible with suitable tracers, since concentrations
should still - be 100 to 1000 times the ultimate detection limit, if enough

tracer is released.
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Shoﬁld the patch be loét‘at.thié stage the iny‘resort would be to
requést phe cooperation of the oceanographié commuﬁity ih obtéiniﬁg
samples from all ships in the right ocean, in the hope of finding it by
chance. A tracer thch can be sampled simply and éasil? without special’
equipmenﬁ would fhus be desirable.

Assuming however that the patch is indeed rglocated, it should be
re-marked with floats (unless the original ones have remained sufficiently
cloée), and the témpe;ature being tracked should be adjusted, since the
patch will most likely have departed_somewha; from the ériginal temperature
horizon.

‘Assuming that the expefimént is progressing satisfactorily, it would
at this point be pos;ible td begin a "piggy-back" proceduré, by making
another.release (at a different dépth) whilst surveying the‘original one.’-
This would ultimately yield more information for the money expended, since
in the later stages, when the patches are ocean-wide and the main costs
are ship-time fér large-scale sampling surveys, more thaﬁ oﬁe patch could
be sampled simultaneously. Possibly three relea;es could be superimposed
in this way. A tentative schedule for this strategy is outlined in

Table 3. Logistics are discussed in more detail in ‘section 3.4.

2.3) Interference with other work
There are those who would criticize purposeful He3 ihjection
because they would hamper efforts to use as a tracer of the He3 generated by
the decay of bomb-produced tritium. While we admit that careful consideration
must be given this problem, we offer several reasons why this need not be the case.
| 3 . . 3 3
}) 1If the He injection is made in a region where the He and H

distributions have been.Well mapped and if these distributions show smooth

gradients in the vertical and along isopycnals, then the superposition of a
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well défineananomaly oh’this backéroﬁnd will ndt'destroy‘its value. 1If
He3jtimeltrendé are desired, either the anoﬁaly can be subtractea.o: a
sufficient'ahoﬁnt of tiﬁe allowed tO'e;apse until disperséi and outcrop
loss has made the anomaly negligible. |

2) It is possible . that the consideration that the long-term perturbaf
tion of the He3 field by the injection may be-negligible will pla;e-uppef
limits on the amount of He3 added.

3) Many people feared that the sﬁperimbosition of bomb14C on the
natural 14C distributioﬁ’wouid void mﬁch of the wvalue éf the former.

In hindsight'we see that tﬁe positive aspects of ;he bomb l4Cvfar out-
weigh any disadvantageé.

Nevertﬁeless, before any deliberate tracer scheme is agreed upon we
will seek to obtain the approval and hope also to obtain the participa-
tion of those people engaged in HB—He3 measurement program; in the écean.

2.4) Summary of Objectives

We conclude this section with a summary of the objectives
of the experiment, 'in approximate»order-of priority. They are to determine
(a) the rate of diapycnal thickening as a function of ﬁiﬁe (and hence
the nature and rate of diapycnal mixing);
{b} the magnitude of movement relative to isopycnal surfaces.
(c) the rate of lateral growth (and hence the nature and rate
of lageral mixing). | |
-(d) the rate of lateral. movement.
In stating these objectives we hayé‘used'the term 'isopycnal
surface'Aloosely. It is mostLiikely that -the
relevant surface is in fact a neutral sufface (ivers 197 ). The.deﬁer—

mination of such surfaces is discussed in section 4.3.
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0 3) Feasibility: Possible Tracers

3.1) General Considerations.

We»determined in section 2.1 that we need to inject
éufficient tracer that it reméins easily méésurable even when diluﬁed
into a volume of aboutllEl4 m3 of water. We adopt és a sténdard of
comparison the requirement that this concentration be ten times the
detection limit* for the tracer. Ultimately, of course, more or less
traéer than‘suggested by ﬁhis calculatién might be uéed. 'We shall
find however that this alone is sufficient to ;ule oﬁf most af the con-
ceivable tracers. |

‘It would also be desirable if the tracer were

a) nOn-hazérdoué

b) cheap

c) easy to sample and store

d) analysable on bpard ship (in less than one day)

e) conservative (i.e., not degraded-in, or removed from

sea-water) except for predictablé decay.

The requirement for properties'(é) and (b) is obvious. Property (c) would
-be pérticularly desiréble if a widespfead search for aAéatch'had to be
undertgken, and.it:would also bermit maximum information return.-as in--
étitutions and nations not directly involved in the experimeﬁt might be

persuaded to collect samples, particularly in the late stages of the experiment.

* Footnote: we here use "detection limit" to mean the minimum
detectable difference of concentration from background.
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'éfopéfty (d) is highly dééiréble:: without itAaisampl;ng sugveyAWOula
have to be.ConductedA“biind", and the prqbability of'losing thevpatch
would be enormously increased.' Préperty (e) is required in order that thé
tracer shogid accdraéelfltrack waﬁer movements. Only approximate con-
servation is however necessary, as much would be learned gven from a
somewhat non-conservative tracer, provided it lasted for at least one
year.

| We now discuss the properties of various possibie tracers according

to these criteria. The conclusions are summarised in Table 4,
3.2 Tritium

Tritium is one of the least toxic radionuclides, aﬁ isotope
of hYdrogen, and therefore highly consefvativeA(as HTO) in water (apart
from its predictable.radioéCtive decay). It can be detected rapidly at
modérate cogcentratiohs (say 300 pCi/l = 100 T;U.) by simpie distillation
and liquid scintillation counting, and most sensitiveiy (but only slowly)
by allowing growth of its daughter (He-3) which is detected by masé—
sprectometry. The detection limit is About 0.1 T;U. (0.3 péi/l), so that
300,000 Ci would bé required. No unusual sampling methods are required,
and 100 ml samples are sufficient. The cost of so muéh tritium is difficult
to determine. Through regular chénnels it would be about $1 ﬁiilion,
but alternative sources of supply might be found for a large quantity.
.Tritium thus satisfies properties (c) through (e), and possibly also (b).

It is not entirely non-hazardous, although it is unquestionably the

least hazardous radionuclide in the marine environment. Approximately
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:2,000 MCi are in the oceans already as a result of nuclear weapons
tests, and do nét constitute anlappreciabie hazard; Natural p;ocesses
produce about 2 MCi each year, giving a natural in§entory of abdu; 30 MCi.
Conservative calculations ipdicate that as much as 100,000 MCi could be
jected each year into the deep sea (IAEA 1978), and 1000 MCi could be
"injected each year even -into éoastal waters without leading to a substantial
health ﬁézérd. 'Quantities éf the order of 0.1 MCi per year-are in practice
discharged into European coastal waters by nuclear fuel'reprocessing plants.
It is reasonable to conclude thét the release of 0.3 MCi in the deep ocean
would lead to a negligible‘bealth hazard, 'once it héd.been safely releésed.
Detailed estimate of indi&idual and collective doses and detriment are
4given in Appendix A. The transport and actual release of such a quantity
of tritiuﬁ would of course require stringent safety‘precéutions, since the
maximum permissible annual intake of tritium is about 3 mCi (for a member
of the general public); This should not present any serious problem, how-
ever, as tritium is an extremely weak B-emitter, and therefore leads to
no external radiation hazard. Ité:emissiqn i$ in fact insufficiently
energetic even to penetrate the skin, and the only hazard arises as a
resulﬁ of ingestion ér inhalation.

Nevertheless,'the release of radicactivity to the oceans is an
emotive matter, ahd a ‘'scientific assessment of the hazérds is unfortunately
hardly relevant. "A propoSél to make releasés of the size contemplated
would undbubtedly léad to uproar- in certain quarter;, and would require
careful justification. Although the resulting arguments might in the long
run be educational and beneficial for the world in general, it is tempting to
conclude that if it is possible to avoid the hassle by using a non-radioactive
‘material, it would be sensible to do so. The political‘and legal position is

however discussed in a little more detail in Appendix A,
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3.3)  Helium-3
Helium-3 ig the less abunaant (0.00013%) stable iéotope:‘
of helium. it occurs At slightly élevated qbncéntrations in the oceang
" because it is the daughter‘product of'decayiné tritium (whether natural
or radiogehicﬁ see Jehkins and Clarke 1976)7 and because it is exhaled
during geothermai Processes at ghe ﬁidocéan_ridges {Lupton and Craig 1975);
It is ﬁeasured by gas extractioh and mass spectrometry (Clarke et al., 1969,
Jenkins et al., 1972); The detection limit is about 0.3% &( He) which
correSpondé to 3E—20 g/g, since the natural 4He concentration is about
4E-5 ml/1l, or 7E-12 g/g (kiley and Skirrow). The quantity of £racer needed
is therefore only 30 g (about 250 gaseous litres at STP). Since the solubility
of helium is aboiutt 8 ml/1 (1lE-3 g/h) at 1 atmosphere éressure, this quantity
could be dissolved iﬁ about 600 1 of water at 50 atﬁospheres'(corresponding
to 500 m depth), and correspondingly less water would be needed at greater depths.
Helium-3 is available without difficulty in gram quantities, is completely
non-toxic, and is absolutely conservative in subsurfacé water.
Only small samples (V100 m;) are required, and storage requires care
but no undue difficulty. There seems to be no reason why a helium-3
mass spectrometer should not be made to work dn board ship, (Jenkins, per.
comm.),.and the cost of 30 g of He-3 would be around $100,000. The cost
of the sea-going mass spectrometer would probably be around $400,000

for a fully installed and operable system.
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It appears that helium-ﬁ satisfies éll.thé requirements for the’
tracer most satisfactorily.
3.4) . Rhodamine-B
Rhodaﬁine—B.is a fluorescent.dye.routinely used in shallow
water dispersion studies (see e.g. RHENO). It has also been used in tﬁe
onl? deep releases known to us (Ewart & Bendiner 1974)i It is measured
by fluérometry, and'has'the great advantage that sub—surface, in-situ and
real-time measurements can be made. - Tﬁe detection limif is however only -
about 1 ppb  (lE-9 g/g). Qur‘experiment would therefope requife 1 million
toﬁs of Rhodamiﬁe.tb be released, which is obviously impéssible. We conclude
that Rhodamine and simiiat substances are unsuitable for this experiment.
3.5) Deuterium
Deuterium is the léss common stable isotope of hydrogen

(abundance 0.015%), available as D,O (heavy water). It is non-toxic and

2
at first sight might provide a non-radioactive substitute for tritium.
It can be detected by mass spectrometry at éoncentration anomalies of
about 0.1% (8D). Unfortunately, ﬁowever, most of the atoms in the ocean
are hydrogen( so that this corresponds to a mass cénfrontation of about
1E-7 g/g. On wogld therefore need 100 millién tons of heavy water for
the experiment, which is obviously impossible.
3.6 Freons

Freons (fluorocarbons) have recently been investigated as

tracers in the oceans. They can be measured by gas chromatography using an



electron éapturedeteétor with a de;ection limit of about lOppb:

Some 10 million tons wdﬁld bé'needed for this experiment whiéh is
impossible. We cbmmen£ that their interest as oéeanic tracersAarises
not so much because 6f.the sehsitivity of aetection,ias because of the
lafge quantities (million tonnes) which have been released during the.

last 30 years.

3.7 Caesium -~ 137

Caesium=-137 is a B/Ylemitting radionuclide, chemically
somewhat analogous to sodium. It is not éerfeétly bonservative in
sea-water, since it is adsorbed onto particulate mafe;ial (NAS. 1971)
but pérticulate concentrations and settling veloéities in the‘deep ocean
are»sufficiently small that’the activity would only be scrubbed out of
the patch on a timescale of about 100 years, so that this would not:
entirely invalidate its use.

It can be measured at levels of about 2 pci/m3, using chemical
extraction and beta-counting techniques (Eowen et al., 19 ;A Kupferman .-
and Livingsﬁone 1979). so that.about 2000 Ci would need to be rgleased.

It is produced in large quantities as a waste product of the nuclear power
éycle, and its specific activity is gbout 100 Ci/g, so that if it could

be obtained carrier-free only about 20g_of a caesium salt need be injected
into (say) 1 m3 of sea water, giving a 0.02 g/kg density charge, which
could easily be compensated for. .

However, Cs-137 is approximately 10,000 times more radiotoxic in
the marine environment than tritium (allowable intakes are about 100 times

smaller and it concentrates by a factor of 100 or so in many foodstuffs).
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Thus the haz;rds associated Qith a caésium release would (although still
small) be about around 100 times greater than for tritium (even though the
curie quantity is much less). Such alquantiti.of Cs~137 would élso génerate
substantial external radiationldose rates and therefore require shielding and
special haﬁdling procedures during transport and release.
Since much larger (v100 litre) samples are required, and the analysis
. is more difficult, it ‘appears that Cs-137 (or similar B/Y emitting radio-
nuclides) would havé no advantages over tritium for a large scale release.
This might n§t be true for a small scale‘experiment, where ‘it qould be
detécﬁed in situ using submerged scintillatioh_counters, at concentrations’
of abou£ 100 pCi/1 (D.F. Jefferies and E. Reynolds, Pers. comﬁ.)..
3f8 _Discussiop |
We have identified‘only three tracers for which the expefiment
proposed is-feasible. These are tritium, helium-3, and caesium-137. The
latter_haé ho advantages over tritium and will not be considered further.
Both tritium and helium-3 fuifill satisfactorily all ourAcriteria Qf
suitability. We select helium-3 in preferencé to tritium because:
(é) it is non-radiocactive, and would a?oid the political, administrative
and public relétions'problems which would surely-arise over the
_release_of a large quantity of tritium.
(b) it can be stored and handied without special safety precautions.
(c) the release mechanism etc., -may be tesﬁed and observed in action
as often as desired usiﬁg cheap helium-4 instead of expensive helium-3.
(d) ItAmay be measured rapidly, with the highest precision, on board ship.
Nevertheless we stress that we believe that the hazérds aésociated with the

release of up to 1 MCi of tritium would be acceptable small (see Appendix B),
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énd recomménd'that‘it.be rétained asAan altérnatiVe.shoﬁld hglium43 .:
'.ultimétely prove té'be,unsuitable fdr sdme'unfOreséen reasqn.:‘Tritium
wéuld have a éossible advantage in that belium-3 meaSureménts éoﬁld also
‘be maaé on the same samples. 'Sincevhelium-3 (its daughter) would be lost
to the atmospheré when ;he patch intersected the surface, whereas tritium
wéuld not, some additional information would thereby be gained about gas
exchange with the atmosphere, and rates of mixing near the surface. We do
not considef this possibility sufficiently important to outweigh the
other advantages of helium-3.

The enormous advantage of helium-3 (or tritium, measured as heliuﬁ—B)
for this experiment érises from tﬁe conjunction of four factors, namely

(a) the low. abundance of(heliﬁm—B comparéd with helium;4

(b) thé low solubility 55 helium in water

(¢) the ability to achieve one million-fold concentration enhancement

by simple gas extraction.

(d) the ease and sensitivity of mass spectrometric detection for

low mass number.
Factors (a) and (b) tégether lead to a low background, and thus contribute
to the low detection limit. This is further enhanced by factors (e) and
(d), which woﬁld apply only for a rare gas of low mass number. There are
no other rare gases of low masg number with low abundance stablevisotopes.

i

We conclude that helium-3 is uniquely suitable for this experiment.
Since the sensitivity obtainable corresponds to the detection of only about
one hundred thousand atoms, we also conclude that it is most unlikely that

any other tracer could be detected more sensitively.
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4) Experimental Method

4.1) Location of Release

Inlorder to minimise the difficulty of keeping track of"
the patch, it Qoﬁld be sensible to carry out the experiment iﬁ a region
where deep currents are not unusually energetic. As pointed out‘in section
2.2, it'wouid also be of. some technical convenience if the T/S relationship
were fairly tight, with temperature th; main determinant of density
(although this might conceivably mean that the diapycnal mixing rates
could be atypical; In the first instance it would also
be prudent to avoid the equatorial region'at latitudes lower than ;5°, and
the pola; regioﬁs at lat;tﬁdes greater than 50° (these interésting regions
could perhaps be étudied byilater'experiments, if the first is successful).
There woﬁld be no point in going further than necessary from the U.S. coast,
and in order to facilitate collaboratioﬁ by other nations the Atlanti¢ would
be preferable to the Pacific. These considerations together suggest that
the experiment should be carried out in the N. Aﬁlantic somewhere between

latitudes 20°N and 40°N, and longitudes 30°W and 60°W. We proéose that

- the optimum location for the experiment should be discussed by a meeting

of interested océahographers before a decision is reached.

The depth of the release (or releasés) should be sufficient to
avoid the near surface regions (down to a few hundred metres) which would
not be typicai of the interior of the oceans, and. from which loss of helium=-3
to the'atmosphére would be likely. The region below about 2000 m
occupied by the lower N. Atlantic Deep Water in the western Atlantic

should also be avoided, to prevent interference with work already




- in prdgréSS on the movement éfzrédiogenib heliﬁm ;n the#é regioﬁs.}
WithinAthese iimits:we can iaentify three depths thch would.be of parfi—_
éular-intérest: | |
(a) about 500 m: this w§uld be fairly representative of the oceanic

thermoclipe, would afford the possibility of e;éntually studying the

interaction of the patch with the surfaée if it mpved sufficiently

far north or west'(aﬁd remained‘obsérvable), and would enable sta;ions

to‘bé occupied and samples toAbe taken fairly rapidly. 700 m might in

fact be a good choice, as it has been extensively used for SOFAR float
work, and is ideal for suéh work (Rossby, pers. comm.).

(55 agout 1000 m: this is approximately the depth of the.base of

the main thermocline.

{c) about 1500 m: this is about the depth of the upper Nor£h Atlantic

Deep.Water, and would be reasonably characterisfic of the deeper, less

highly.stratified ocean.

Releases aﬁ these depths would be sufficiently far separated.vertically'
that they would not be expected to interfere with one another for several
yvears, by which time tracer concentrations would probably have fallen below
measurable levels.

As'suggested‘in section 2.2 it should be possible to make releases
at these depths in "piggy-back" fashion, getting three times the amount of

" information for less than twice the cost {see sections 4.5 and 5). We
' suggest however that the optimum depths for the release or releases be

also discussed by interested scientists before a decision is taken.
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4.2 Method of release

Most of'what has been said so far applies with equél force
whether the release is envisaged as ; pulse (completed with a day or less,
pefhaps) or as quasi-contiﬂuous, extending over a month or more. The
~method of release would obviously differ completely, however.

Either method of release has advantages and disadvantages. A pulse
release is conceptually simpler,and would use less ship time. It is also
pfobably easier to arrange that a pulse release is confined to a very
narrow range of density surfaces (the practical aspects are diséussed
beloQ). The interpretation of ﬁhe results of a pulse release is probably‘
als§ more straightforward,-using the methods familiar from shallow-water
research (see e.g., Okubo). The disadvantagé is that mixing processes in
ﬁhe deep ocean are probably somewhat episodic, and Murbhy's Law makes it

" likely that a single release would be made under atypical conditions. One
might, for example, happen to make the reiease just as the local internal

waves decided to break, or as the largest eddy of the year came by. Thus

at least the initial behavior of the patch could not be guaranteed to be typical.
However, as the lateral scale of the pétch will probably increase fapidly,
within a few weeké it would be averaging over a considerable parﬁ of the spatial
spectrum, so that this problem is probably not too severe so far as the
long-term results are concerned. A related practical difficulty is that

the initial eddy field may shear the patch into two or more almost separate
pieces, which in spite of ﬁhe increasing latéral scale never really coalesce
again. This happened, for ekample, in the 1964 RHENO experiment in the

North Sea (ICES ). This possibility must simply be accepted as a fact of life.
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A-quésiécontinuous feleése would pértiaiiy overcome this problem,
by éddiﬁg an élement of'ﬁimé averaging'to‘#he expefiment. Thié would

-éerioﬁsly compliéate theliﬁterpretation of the reSqlts,'héwever, because
the mean currents and eddy fiéid wouid draw out the release into a
tortﬁous snake-like pattern, perhaps ten tiﬁesvas long és Qide,‘and one
would always'need to know which part of the snake one was iookinq at in
order to estimate how'much'it hgd grown. InAthe long term laterél.spread—
ing would reduce the problem, but‘by then the two types of reiease would
become similar in any case.

‘We rather favor a pulsé release'beéause of its conceptual'and practical
simplicity, but suggest that this question should be a further subject for
diséussion before a decision is taken. We discuss tbe préctical aspects
of boﬁh types of release below.

(a) Pulse release

‘For a pulse release, whethef of tritium or helium—B, we assume
that one starts with the tracer already dissolved in about 1 m3 of sea-
water (possibly artificial) of the appropriate density. This is necessary
because otherwisé‘its density would be so far different that it would rise or
sink as a blob, spreading onto a range of density surfaces as it did so.
Also if one were to release gaseous helium it would inevitablf form bubbles,
which would rise, dissolving as they did so, and fail to produce the desired
"spike" injection. |

There are two ways in which the initial lm3 of tagged water could be
obtained. Firstly, by taking real or .artificial sea-water of the correct
-salinity, and dissolviﬁg the tracer in it either in the‘laboratory or on

\

‘board ship, within a suitable container the container would then be lowered
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to the desired depth,‘allowed to réééh émbient temperaﬁure;'ahd réleaséd.
The disadvaﬁtage af this metho& is that theArelease container wéuld have to
be rather carefully cénstructed. In‘the_case of tritium.it wouid have to be -
designed to avoid leékagé of tritium and consequent radiological hazard.
In the case of hglium—3 it would have to be pressurized in order .to prevent
helium (dissolved under 50 atmospheres or more) fromAescaéing into the atmosphere.
In both cases the container would nevertheless have to be caéable of allowing
the tagged water to escape without bindrance at the ap?ropriaté time. This
.wouid posé considerable engineering problems.

fhe sécondAalternative is tO.diSSSLVé the tracer in situ. In this
case the container servés only to trap‘émbient‘waﬁer long enough . ﬁo
diésoLVe the tracer. .It need not 5eApressurized §r provide a high degree
of containment, and its design should be fairly straightforward. This
method could not be used unless the dissolution of the tracer does ngot
change the density significantly (otherwise the tracer would "fall" - up
or down - out of the container‘rather than spreading laterally as desired).
It would therefore be unsuitable for tritium unless ﬁhis can be obtained
as virtually carrier—ﬁree tritiatéd water. For helium, however, the
dissolution-almosﬁ certainly could bé~carried out in situ, and Qe.reéommend
this‘és the most suitable method.

The réte of dissolution of helium in water is likely to be limited by

diffusion through the liquid boundary layer at the helium/water interface.
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Pistén‘yelocities of a feQ métre/day,afe_commonly ob#érved'ét‘thelsea
éurfacé under fairl?_tdrbuient-conditions (Broeckér and Peﬁg
To saturate lm3 af water through a suffaéé contactvarea'of‘(say) 1000 cm2
éould therefére take several'aays, even with substantiél agitation. |
Welconclude that a special bubblgr mechanism wouid néed to be designed
tb ensure dissolution wiﬁhin (say) one day. This:coﬁld of course easily
‘be testéd in the laboratory using helium-4. A preliminary design is
discussed in Appendix B..

If in situ dissolution of helium is used the density change of
lm3 of water should be insignificant. 30g (10 mole) of heliuﬁ—3 atoms
are added. They will occupy épproximateiy the same volume as 10 mole
(180 g) of water molecules, so the density will be decreased by a factor
(iEG+30)/(1EG+180) corresponding to  a change from Co =.27.00 to Co = 26.85,
for example. Such a change is unlikely to cause violent vertical motion
of the initial "blob". It corresponds to a buoyancy force of 150 g.w.t.
on a mass of 1EGg, and therefore to an acceieration (neglecting viscous
drag) of 0.15 cmz/sec. It would therefore take at least 36 sec for the
blob to rise one metre, by which time it would probably have at least
doubled in volume (and thereby ;educed its densify contrast). Drag forces
would reduce the extent of vertical movement. However, to minimise such
vertical displacement, (and consequent diapycnal mixing) it would be .
prudent ﬁo raise the container to the depth where its new density would be
in equilibrium, using data from simultaneous STD measurements. This dis-
placement might amount to about one hundred metres at five hundred metres

depth. Alternatively, and preferably;, about 150 g of salt could be added.
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In an? case great care must be_takéh‘to.ensure thaEAﬁhe tagged wate:
ha§ the same density as that into which it is to'be feleased;:

Using EE.EEEE aissolution it should be possible fo design a simple
Acontainer_with‘doors whiéh would spring open when éﬁAelectrically or
mechanically triggéred latch ié released (an explosi&e release would be
undesirable because_of the héat and turbulence genérated). A preliminary
design 1is suggested in Appendix B. ;Such a device should of course be
subjected té'sﬁringent "sQimming pdol" tests using colored dye dﬁring the
development of a final design. -

(b) Continuous release

'For a continuous rélease the dissolution of the tracer presents
no particular problem, since one may simply‘inject tfitiéted.or helium-
saturated water at a metered rate.A The latter could be obtained.by slowly
pumping ambient water through a helium reservoir, using a low-power sub-
mersible pump éuch aé that developed by Weiss for the MANOP program) .
There would héwever be substantial difficulty in ensuring that the tracer
is released into the same density‘surface (within + 50 cm, say). 'Any
tethered release system would move rela;ive to density surfaces becéuse of
(a) ship motion (b) internal waves (c) variable cﬁrrents tilting the mooring.
Problem (a) could be overcome usiﬁg a bottom mooring, but problems (b). and
(c) cannot. We suggest that it would be preferable to work directly from
a ship, usiﬁg an injector which is coﬁtrolled so that tracer is released

only when the temperature (or possibly density, using a computer/STD system)
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lies between suitable naffow limits. ihié might wérk reasoﬁably

Wei; at 500m where the temperature limi;s might be«b.OOS °c apart, but
may noﬁ 5e-feasible At 2000m, where they would qeed to be léss-than
0.001 °C aparﬁ. The'reséonse time of the thermometer, as Qéll as its
precision, is of course important, particulérly if one is dealiﬂé with
rapid movements produced by ship motion. Since fairly low—ffequency
variations iﬁ‘the depths'of isotherms/isépycnals'is also to be expected,
- some manuél‘orvautomatic control of the release depth wéuld also be
necéséary. Ideally, perhaps, a temperature-seeking servo-controlled
winch should be used. Whatever procedure is adopted there is no doubt
that i£ would be technically more difficult to carry out a continuous
release onto a single density surface. The difficulties are probably

not insuperable, however, and should not be permitted to disallow a

continuous release if this were thought to be a more desirable experiment.
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4.3) Tracking the patch

We have'already deterﬁined in section-2.2 that it will

be essential to mark‘the patch, whefhgr from a pulse or continuous release,
with neutrally buoyaht floats in ordér to have some remote iﬁdication of
its whereabouts. Unless this can be done successfully the chance of find-
ing the patch again, even éfter a year, is rather small. As discussed
ih seétion 2.2, actively-ballasted temperature-seeking floats would be
most suitable. We suggest that pérhaps 6 SOFAR floats should be used‘w;th.
eéch rélease; together with about 12 of the deep-éea drifters whose develop-
ment is presently being plénned_at the University of Rhode Island (Rossby,
pers. comm.).. These cheap devices would surface after a predetermined time,
and emit radio signals receivable by sateilité. This would give the best
available indication of the location of the patch immediately prior to a
survey cruise. The SOFAR floats yield additional information about how the
patch reached this position, and its dynamical environment.(existence of
eddies etc.). We also propose that aboﬁt 12 Swallow floats (which reséond
locally to a ship on station) be used to provide real-time information 6h
the location and motion of the patch.. This would be extremeiy~valuable to
a chief scientist attempting to plan and execute a sampling survey of a
moving and defo;ming target. If floats prove to provide sufficiently gbod
information of patch location,.it'would also be possible to use the locations
of such a number of floats to define the local frame of reference in which
the survey is carried out.

If a pulse release is used, the release should be made closé'to‘the
middle of the cluster of floats. If a continuous release is used, floats
should be released regularly, perhaps one each day, so that an

outline of the "snake" is obtained.
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The‘suecess of faildre‘of'the experiment will depend cruéially on
the ability to relocéte the patch.- i£ wouidrbe post aesirable to carry out
a preiiminary gxperiﬁent to determinelwhéther or not the floats do saﬁisfactorily
track the patéh.' This should cOmbine the simultaneous release of neutraily
buoyant floats, fluoreécent'dye (éo that £hé opération'of the release
mechénism can be observed, possibly from a manﬁed submersible) and a small.
quantity of helium;B,‘so that the efficaéy of the sampling and survey technigues
may be tested. In this Qay the entire procedurelmay be checked out before
a large release is made. Such anAexperiment would be most worthwhile in its
“own right, as it would provide thee first direct indication of the extent
to which neutrally buoyant floats behave as ﬁrully’Lagrangian ﬁracers.

In order to determine'tﬁe expected depth of the patch, and thus also
to determine movement relevant to neutral surfaces, it wi;l be necessary
to- calculate the depth of the:neutral surface on which is patch is presumed

to lie. A-Fortran program to
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follow neutral surfaces on a station by station basis has been written

as part of this study, and is appended at Appendix D. It has been
tested on the GEOSECS W. Atlantic Section, and the results for several
surfaces are illustrated in a paper being prepared by one of us'(J. Shepherd).

4.4) Method of samplinq

It will not be an entirely straightforward matter to
sample effectively a patch which may possibly be no more than a few metres
thick, and will almost certainly be somewhat lumpy in structure. We

believe. that the vertical location can probably be determined quite

accurately by identifyiné the depth of the appropriate density surface

from an initiéllSTD cast. ?he best possible datavon the horizontal
extension of the éatéh woﬁld then be obtained from vertically,integratéd 
samples over an appropriate depth range spanning the expected depth.

These should be obtained by pulling a cdntinuously running sampler through
the patch-at a coﬁstant rate. The sampler could be pgmped, or operated

by sucking through a controlled leak into an evacuated bottle, or a spring-

‘operated piston sampler. Such a system would need to be developed and tested.

‘This technique, dsing stacks of vertically intégrating samplers
(say ten, dne abdve‘the other, so arranged that the sampies obtained do
not quite overlap in depth) would also be the most effective way of locat-
ing the patch in depth to_the nearest 10m or so. Thereafter one would use
a combination of conventional bottle samples (for maximum spatial
resolution) and‘vertically integrated samples depending on the structure
and development of the patch actually encountered.

We note again, however, that samples must (probably) be taken on

and arbund a particular density surface (rather than a particular depth)



~and ﬁhat.this wou;d érobably-be most re;iably LOQated using,pemperaturg
heasufeménts; Aong must'thereféfe expect to ha&e an STD éttachea_;é the
sampling device ﬁhroughout anyisampling‘qperations,‘ananote that a

. temperature-controlled winch would be a valuable asset.

P;eliminéry enquiries. indicate that such a device is feasible, and
would probébly involve the modification of a D.C.velectrically driven winch
by thé addition of a suitable temperature sensor and controi unit (Markee
Machinery Co., pers. comm.). Substantial development'and testipg would
however, be necessary to determine the efficacf'of the device, and the maximum
frequency of fluctuations it could be expected to handie.

4.5 - Logiétics

If the sampling'system is attached to the STD cable, thén
lowering to (say) 1000m sampling and raising the system again need only:
take about one hour. Samples could be outéassed and analysed whilst steam-
ing to the next station. During the initial survey, (see tables 2.3 and
2.2) when thé patch will prdbabiy be less than 30 km across (but moving at
up to 1 km/hr) steaming time will be short, and one might hope to work
about 8 stations per day. This would allow a 5x5 grid (probably the minimum
to delineate the patch effectively) to be worked every 3 days, and a 10x10
grid in 10 days. One would attempt to carry out perhaps two 5x5 surveys,
and one final 10x10 survey, during the initial phase.

During the second (3-4 month) survey, when the patch is perhaps 100 km
across, steaming time would be more significant, but the time aevelopement
would be slow, so that one might attempt to work only one lelSAgrid. During
one-year and subsequent surveys steaming time would be the limiting factor
(say 100 km or 3 hours between stations), and one would probably work no
: moré than 4 or 5 stations per day, and hénce put down a single 10x10 grid
during one leg. - The sampling schedule outlined here is not intended to be definitive,

only to give some idea of the general procedure and numbers of stations involved.
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Should the "piggy-baék"'arrangemgﬁt of successive releases mentioned
in section 2.2 be édopted, iﬁitial surveys after the first copld be con-
tracted (one would hopefully have established by then whether of not floats
were satisfactory indicators. of patch position). Qne might combine a singlg
5x5 initial survey with a 10x10 second survey of the previous patch. The

schedule for various legs might be similar to that shown below.

Leg 1: Preparatory hydrography,) '
Float preparation ) - 3 days
Release preparation ) .

Float Cluster Release ) -

Tracer Release #1 ) 1 déy‘

ad-hoc survey - ‘ 3“days'
First 5x5 survey - 3 days
Second 5x5 survey 3 déys
10x10 survey ’ " 10 days

Steaming (to and from port) 6 days
' 29 days



ﬁeg 2 &3 -.iOxlO survey oﬁ Patch #1 ' _ ‘. 10 days
Preparatory work. ' : } . 3:d§ys,
Float & Tracer Release #2 : | 1 day
Ad hoc survey _ 3 days
. 5x5 survey of Patcht#z ' | 3 days
Steaming - ; 8 days
: : - .28 days
Leg 4 et
| lelO survey of Patch' _ ‘ | A 20 days
Steaming _ ' . _lo0 days
30 days

A substantial allowance for éteaming time is made because the
.port of departure would probably have to be decided before the

location of the patch was known.
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4.6 Ancillary Experiments

Tﬁe'inférmation 6n rates of lateral and diapycnal mixing
obtained will be vastly more useful if they are accompained by concurreﬁt
measurements of other oceanographic processes which may be related. We
have in mind particularly , observations of temperature/salinity micro-
structure, and of the interna; wave figld. The detailed geometry of the
isopycnal surfaces is also of intereét, énd would be determined naturally'
during the course of sampling surveys. Current measurements will also
be available from float tracking. It wbqld probably not be worthwhileA
to mount speéial ancillary exéeriments on each survey leg, but they should
éertaiﬁly be carried out on at least one leg (possibly in @onjﬁncﬁion
with the one-year survey), using another ship if necessary. Some observa-
tions from moored current meters might also be worthwhile at this stage,
in order to study the high-frequency end of the current/turbulence spectrum

which is not accessible to measurement by floats.



5.): Costs
We here‘make fentatiVe estimétés of the costs of the.éxﬁerimeﬁt

éé we enVisagebit.‘ These are intended only for general guidancé; since
detéiled costs cannot be estimated.until firm‘proposais.are preparéd.
Théy are expressed in 1979 dollars, and will also need to be corrected
to allow for iﬁflation. We have also made estimates for two experiments:
firstly, a basic experiment involving a single release, and secondly, an
extended experiment involving three releases at different depths, carried
out in "piggy-baék" fashion (see section 2.2).. We have broken down the
vcosts to show that part associated with the development ahd construction
of new equipmeﬁ§[ and élso identified separately the costs associated
 with the pilot éxpériment. These costs would fall during the development
‘phase'(perhaps two years)'dflthe experiment. The remainder would fall
during the third and possibly the fourth year.

These tentative cost estimates are detailed in Table 5. The basié
experiment is likely to cost several million dollars, and the exteﬁded
experiment about 50% more. IThe largest iteﬁ in both cases is sﬁip's timé

for sampling surveys, as would be expected.



Table 5: COSTS

Development

Design & Construction of release system

Design & construction of sampling system
Temperature-controlled winch modifications

Shipboard helium-3 system
Salaries

Pilot Experiment

Tracer

12 sSwallow floats

12 Deep-sea drifters

6 SOFAR floats
Float-tracking equipment, charges, etc.
Ship-time (one leg) ’
Salaries (scientific & support staff)
Travel, shipping, expendables, etc.

Basic Experiment

Tracer

12 Swallow Floats)
6 SOFAR Floats )
12 Deep-sea drifters

Ship-time (4 legs)

Salaries _

Travel, shipping expendables, etc.

Total Cost for Basic Expt.

Extra Cost for Extended Experimeﬁt

Tracer (2 extra shots)

24 Swallow floats

12 SOFAR floats

24 Deep-sea drifters

Ship-time (3 extra legs)

Salaries

Travel, Shipping, Expendables, etc.

Total Cost for Extended EXxpt.

from pilot experiment

41,

$K
150
30
50
400
100
$ 730K

~ negligible
- 60
20
100
30
150
100
20

$§ 480 K

100
0

20

600

400
100 .
$ 1220 K
$ 2430 K

200
120
200
40
450
200
100
$ 1310 K

$ 3740 K



6.) ‘Conclusions and Recommendations

i) The'deliberate feleaée of a suffibienﬁ quantity'of a tracer
'in:the deep ocean to‘remain measurébie after ;t has spread over a substantial
fraction of the ocean is feagible.

2) . The most suitable tracer would be (stable) ﬁéliﬁm—B, with
(radioactive) tritium as a bossible but unlikely alternative.

35 About 30g of helium-3 at é cost of about $100K woula be réquired.

for each releése.

4)  There would be no hazard associated with such a release of

helium-3.

5) Altérnatively, about 300,000 Ci of tritium.at a cost of
about $1M would be required, and some sﬁall hazard would be involved.

6) = It would be fea;ible to release helium-3 (or tritium)'
either as a pulse, with an initial volume of- about lm3, or continuously
over a period of a month or more.

7) A écientific meeting should be convened to discuss the
relative advantages of a pulsed or continuous release, and the most suitable
location for the release, together with all other aspects of this experiment.
This report should serve as a basis for discussion.

8) It would be necessary to mgrk the "patch" with.a mixture of

locally responding and SOFAR (or pop-up) floats, and these should preferably
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“be actively-bailested temperatufe;seekipg tfpeé.

9) . Shipboard aha;ysis of‘tracer samﬁles will beialmostleesehtial
to avoid losing the patch. :This should 5e possiblevfor helium—B even et |
very low concentrations. A specially designed and censtructed,helium-B machine would
be needed to carry out many aﬂalyses,as fast as. possible. |

10) Vertically-integrated samples would be an essential complement
to regular bottle samples, and a suitable éampling system weuld eeed to be
designed and built.

li) The patch is likeiy to be about 30 km.across after 1 month,
100 km across after é-months and several hundred km aeroes after . one year.
Its tﬂickness mighe.increaee.eo'no ﬁorelthan a few metres’dufing ene year,
but might a;so increase to several.hundred metres."The'princiéal goals
of the experiment shouldAbe to determine:

(a) the rate and exteht of thickening.

'(b)vthe rate of diapycnal displacement;

(c) the rate of lateral growth.

(d) the rate of lateral displacement, vis-a=-vis floats.

.12) We tentetively suggest that the best location for the
ex?erimeht would be the central North Atlantic; between 20°N and 40°N, and
between 30°W and 60°W. - Suitable depths for the release would be SQOm,
1000m and 1500m, in order of preference.

13) 1If a pulse release is used, in situ dissolution of the tracer

- would be preferable. With heliem—3 it would be essential to simultaneously

dissolve some salt to maintain neutral buoyancy.
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“14) If a cOntinﬁbué releasé‘ié used, greét caré Qili'bé necéséary
to ensure thét,tfacer is.released on;y into:water wi£h deﬁsities in tﬁe
appropriate narrow r;nge, and this may be a tricky édgineering problem.

| 15) With sufficiently rapid shipboérd saﬁple analygis (three

per hour) it should Se‘possible to work lOOtstations in ten.days on early
suiveys, or twenty days on later cruises. This should permit the patch

to be reasonabley well delingated by single=leg surveys during the first year.
Thereafter (if ﬁhe patéh is still observabie)‘multi—ship or multi-leg surveys
would  be required.

'16) U? to three releases would probably be incorporated in a
"piggy-back" scﬁeme, in which surveys af‘one patch are combined with the‘
release of énothgr'aﬁ'a different depth. This would ultimately yield threé

times the information for  less than twice the cost.



Table 1

The Spread of a Patch under Fickian Diffusion

Lateral Diameter (km) ) Vertical Thickness (n)
Diffusivity A o Diffusivity

Time 1E6 3E6 iE7 3E7 1E8 ‘ 0.1 0.3 1 3 10
sec . B i )
8.6E4 1 day 8 14 - 26 45 80 , 3 ' 5 8 14 26
6.0E5‘ 1 week 22 38 69 120 220  A 7 12 22 - 38 . . 69
'2.6E6 1 month 46 79 . 144 250 456 14 25 46  79 : l44»
7.9E6 3 months 79 137 . 251 435 790 T 25 - 44 79 137 K 251
3.2E7 1 year 159 277 506 876 1590 | 51 88 159 277 506 -
les | 3 years 283 490 :894 1549 2830 - 89 155 . 283 490 894

Sh



Table 2

The Spread of a Patch under Okubo-Pritchard Diffusion

Lateral diameter (km) : Vertical Thickness (n)

Diffusion parameter (cm/sec) Diffusion Parameter (cm/secxlES)

Time
sec 0.1 0.2 0.5 1 2 0.2 0.5 1 2 5
8.6E4 1 day 0.17 0.3 0.9 1.7 3.4 .  o.01 ~0.02 0.03: " 0.09
6.0E5. week 1.2 2.4 6.0 12 24 0.02  0.06 0.12  0.24 0.60
2.6E6 month 5 10 26 52 . 100 0.1 0.3 0.5 . i.o | 2.6
7.9E6 3 months 16 32 79 158 316 0.3 0.8 1.6 - 3.2 o 8.
' 3.2E7 year 64 128 320 640 1280 1.3 3.2 . 6.4 | 13 32
1.0E8 _years 200 400 1000 2000 4oooA ] - 10 20 40 © 100
* Note:

We have virtually no idea what values of diffusion parameter would be appropriate
for vertical mixing of this form. The values here are ranged around 1lE-5 cm/sec,

) o " . . 2 '
which would be roughly equivalent to a vertical diffusivity of 1 cm /sec at a length

-

scale of 1 km.

917”'_ '
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. Table Tentative Schedule
Time’ Patch 1 Patch 2 Patch 3
500m 1000m : 2000m
Leg 1 Release &
~2Zero to initials - -
1 month survey (30 km)
Leg 2 Survey 2- Release &
4 months (100 km) initial -
‘ survey
Leg 3 ) A
8 months -- Survey 2 ‘ Release & initial
‘ survey
Leg 4. -
1 year Survey 3 Survey 3 Survey 2
(300 km)
Leg 5
2 years- Survey 4 Survey 4 Survey 3

3 years onward

Further Surveys?



Table 4

Summary of Tracex Properties

‘Tracer Method of Det.” pet." Limit Quantity Requ'd Initial Water Vol. Toxicity Cost Sampling Shipboard Analysis
Tritium ‘He-3 ingrowth 0.1TU(0.3pCi/1 300,000 Ci 1 m3 clight 31 M Simple Yes (at high conc.)
Helium-3 Mass Spect. 0.3% 6He-3 = 3
: 3E-20 g/g 309 <Im™ (@ 50 atm) Nore 330 K Simple Yes
. . . * ’ * i

Rhodamine B - Fluorometry 1 ppb. 1.000000 tons Enormous Slight Enormous Simple Yes
Deuterium . Mass Spect. 0.1%8D = 1E-6g/g  1EB tons (D,0)  Enormous Nore Enormous Simple No
Cs-137 Concentration/ . 3 3

gamma spectrom. 2 pCi/m 2000 Ci v oim Slight 56 M Large vol. No
Freons Gas chromato- .
’ .graphy 10 ppb 10 M tons Enormous w? Enormous -- Perhaps
*Note: Enormous means anything in excess of 1 million mJ, or $100 million.
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Appendix &

The Hazards Associated with the Release of Tritium

Al) General, Legal and Political Considerations

In this Appendix we make fough estimates of the ppssible radio-
logical hazards associateé with the release of tritium ﬁo the sea; using
essentially the methods recommended in the context of radioactive wastes
by the IAEA (1960). First however, it is worthwhile to sketch the legal
and political framework within which éuch a releasg w§uld have to be
contemplated.

There are at present no ipterpational conventions goverﬁing the
release of radiéactivity for scientific purposes. There are however two
conventions thch.are almost relevant. These aré the ianden,Convention
whiéh prohibits the dumping of high-level radiéactive waste at‘sea, and

N .
the Convention, not yvet in existence, which will presumably one day result
from the  U.N. Law of the Sea Conference..

The London Convention is net strictly relevant because it relates
only to "dumping" bf wastes, and a planned scientific release is certainly
not "dumping”" within the meéning of the Convention. Nevertheless, it makes
absolutely no difference from the point of view of radiological hazard
whether the radioactive material is unwanted waste, or has been specially
manufactured.at~§reat cost. We believe that it would be essential to comply
with the spirit Qf~the Convention, even though the letter of the law might
not apply. In this case this would mean preparing an assessment of the
hazards associated with the release, and submitting this to the competent

national authority (the EPA) for approval. We sketch such an assessment



in the remainder of this Appendix, and belieQelthat there is no
technical reason why a release shouid'no; be ép?roved. The U.S.
government has however adopted a éoliéy fefraining frém,radioactive
wasfe aisposal at sea, and whether it would be prepared to countenance
a release for écientific purposes is not knawn.
The deliberations of the UN Law of the Sea Conference have not so far
resulted in a convention. Should one be agreed upon-in theAnear future, its
implications would have to be considered.

a2) Maximum dose to an individual

We now proceed to eétimate_the radiological hazards pertaining
to'a release of tritiﬁm.. We have taken‘general guidance from the‘methods
used by the IAEA in assessing the hézards associated with waste disposal
in the deép sea (IAEA 1978a, 1978b) and note that their estimate
of*the~maximum-permissible.release~rate of tritium to an ocean the size
of the N. Atlantic is 100,000 M Ci/year.

The relevant radiological limits for individual dose are the HRP
dose limits for & member of the general public, and from these are derived
(iAEA, 19 ) maximum permissible annual intakes. For tritium ingestion the
figure is 2.6 mCi (per year), and we work with this figure (although
various amendments have been suggested subsequently, none has yet been
officially adopted). .

Suppose R curies of tritium disperse in the course of the first year

- across an area A (in subsequent years it will have spread further, diluting
~“the activity and reducing the maximum individual dose). We shall calculate

. the dose associated with consumption of contaminated fish: IAEA experience

suggests that doses through other less-well-establishéd pathways would be



similar). Even if the activity were confingd to a la&er a féw metres
thick, the;fish would not-be. They would sémple‘the activity avefaged

over . a depth (d) of not less than 100 m, éay. ‘'The release would be aﬁ'a

depth of 500m or more (whére there is ;n fact little fishing, especially in
the region proposed). To obtain an upper .limit for this dose calculation

we shall assume that the activity rises by some magical and unépecified
process to the.surface. The ;oncentration of activity in sea-water (assumed
at the gurface) woulé‘thus be R/Ad. That in fish wou;d be the same (tritium
does not concentrate in biological materials), if they stayed in the same
place long enough to build upbequilibrium concentration. The annual intake

of someone ‘eating a quantity Q of fish per year wouldlthen be QR/Ad.

Taking A = 1E16 émz (i.e. 1000 km x 1000 km), 4 = 1E4 cm (100m), Rc = 300000 Ci,
and Q = 1ES g/yr (corresponding to. 300 g/day, a tolerably high consumption
rate), we find that-the maximum intake would be 3E-10Ci. Ewven three such
releases would therefore lead to only about one millionth part of the maximum
permi;ted, at most. The dose-involved would be less than 0.001 mrem, which is

utterly insignificant, by any standard at all.

a3) Collective dose and détriment

Using similar assumptions we can estimate roughly an upper limit
for the éollective dose involved, iﬁtegrated over the entire world‘
population and all time. Suppose the rate of fish catch from the area
involved is a gquantity F per unit area per year. Then the total gquantity
of contaminated fish consumedv(by somebody or other) is AF. Since the con- ' i
centratio is R/Ad, the total activity ingested each year is RF/d, which is

independent of A, the area of spreading. This will therefore be the same



each year, except'that it reduces because of radioactive decay. The total

activity ihgestgd'over all time is thus RFT/d,‘wﬁere T is'the mean lifetime '
of tritium (1.4 x the half-life.or abohﬁ 17 years). ‘A sensible nuﬁbef for

F is 1E-4 g/cm2yr (for coastal waters), SO'thé toﬁal a;tivit? is 3ES5x1lE-4x
17/1E4 éi, or 0.05Ci. This is 20 times the MPAI, and thus corresponds to
20x0.5 rem, or a collective dose of 10 manrem, at mosﬁ. We note that only

a tiny fractioﬁ of the‘activity‘release is ever ingested by man: most decays

away in the sea. A collective dose of 10 man rem is not large. It is

the quantity which would be received by two people receiving the maximum

permissible occupational exposure for one year;' The probability that
anyone‘would.die as a result of ingesting tritium released from the

experiment may be roughly assessed as less than 1 in 1000 (UNSGEAR 19 ).

K4) Discussion

The  simple calculations above do not purport to be a complete
assessment: of the hazards associated wifh a release of tritium. They do
serve as an example-of'the type of calculation which would be necessary in
a complete hazard assessment, and of how such an assessment might be
approached. There are of course other pathways to be considered, but
experience suggests that these are»unlikelf to be dramatically more important.
We believe that they show that if tritium were after all chosen as the
tracer:for this experiment it would be pos%ible to establish beyond

reasonable doubt that the hazards would be acceptably small.
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.

..

This sysﬁem clearly could and should bé tested.ih the laboratofy ﬁsing
helium=-4 (pfeferably at varioﬁs prgssures); The recircglation pumé wéuld
.probablyAnéed to have a_cépacity of abéutl30 litre/min, and develop é
pressure difference of aboutAl atmosphere ét the ambient pressure of the

- release, but this should be determined experimentally. ~We have carried out
some preiiminary laboratory tests which demonstrated that such a devise can
inaeed be made to work.

B'-2) Release

With the in situ dissolution methodAthe chamber need not with-

stand ahy substantial pfeésure differential, as all operations can be
carried out under ambient pressure, and its construction is therefore
simpiified. The main requirement is to eject the contents of the chamber
as clearly as possible, and then to remove. the chamber with minimum
disturbance of the resultant patch.

Bearing in mind that the release will probably be made into water
moving with a current of several cm/sec, we suggest the following arrange-
ment. The chamber sﬁould be squaré in plan, and be equipped with a pair of
vanes (one above and one below, so as to avoid iﬁterference with the
paﬁch once ejected) so that it orients itself with the current. The chamber
should be equipped with two pairs of épring—acfuated doors, one pair on the
upstream face,  and one on the downstream face.. Thé release may then be
effected by'opening the upstream doors inward, and the downstream doors out-
ward (not necessarily very fast) as illustrated in Fig. C-2. This should
start the contents movihg out in the downstream direction, and the ejection
will be completea as the current sweeps‘through the interior of the chamber.
.This must therefore be designed to present minimum obstruction to the current

when the doors are open. Finally, to permit withdrawal with minimum



Appendik B

Preliminary Design for Helium-3 dissolution and Release Chamber

B-1) Dissolution

We require a bubble system which will produce a bubble surface

area in excess of 1000 cm2 (corresponding to
in diamete;'at any one time) and substantial
“boundary layer resistance). Since‘it cannot
bubbles would dissolve during the‘firét pass
system will be requiréd. fhe general layout

in Fig. C-1l.

about 10 thousand bubbles 3mm
turbulence (to minimise

be guaranteed that all the 
through the system, a recirculating

of such a system is indicated

It is S0 cm high, and 140 cm square. Helium is blown by a recirculating

pump through a distribution plate which forms the base of the chamber. 1In

" this are drilled about' 20 thousand holes .spaced on 1 cm centres.

The: roof of the chamber is pitched, and leads up to a central outlet through

which undissolved gas is returned to the pump. Provision must be made for

(a). venting the chamber during descent to allow pressure equalisation.

(b) flushing with ambient water at the release  depth (perhaps using the

recirculation pump.

(c) closing the vent before injecting helium,.

(d) injection of concentrated salt solution for buoyancy compensation.

.(e) injection of gaseous helium-3 from a pressurised cylinder.

(£) pressure eaualization using a scaled bladder during injection and

dissoution (sealed to prevent premature

(g) recirculation of helium-3 until all

release of helium-3 tagged water).

is dissolved.

(h) release of the contents to the exterior (see next section).
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disturbance, the whole system (included perhaps an associated STD) should be
equipped with conical fairings above and below, as illustrated in Figure C-3.

The doors should presumably close onto synthétic rubber gaskets to
ensure'a good seal. If the front doors are spring-loaded to open, but held
closed by a catch which can. be released on command, they could in turn hold
the rear doors closed by means of struts under tension (see Fig. C-2).

This design is only a tentative proposal. The efficacy of prototypes
should certainly be tested using colored dyes in shallow water, with visual

observations by divers.





