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Finlte =mcxncﬂ:m2mnw~ Time Complexity
: 1t D i
Mode | Resolution Ocean Decay Flow Scavengling eveiopment Type Cost Refercnce
Point Scurce Unlimired No Possible No No No Analyrical V., Low Appendix 1V
but not
nucessary
Simple Finite Unlimited Yes Yes No No Ho Analytical V. Low Appendlx 1V
Diffusive
Model
Finite Ocean Unlimited Yes Yes No Yes No Analytical Low Appendix V11
Diffusive
Model wicrh
Scavenging
Plume Unlimiced No Yes Steady(1D) No No Analytical Low
Solutions
Plume Untimited Yes Yes Steady(ID) Neo Yas Small Medium Shepherd (1976)
Solutions in Numerical
Finlte Ocean
Finite Low Yes Yes Steady Yuu Yies Hed bum Ml bunn Shepherd (1983) wr
Simple (Crid Size) (2 or 3D) Slmilar to
Ditference {Limiced) b Fiadeiro & Cralg
{I1974)

Stuchastic Zma_:i Yes Possible Unsteady i Yes Med fum High

{Grid Size) (20) Numerical

Limited
Eddy-resalving igh Yes Possible Unsceady ? You lLarge V. dligh Kefter & Haidvoge!

(Crid Sixe) » {2D) Numerical (1982}

Limited Holloway (1982)
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TABLE I1.

FAR-FIELN MORLELS

(ALl have finilte ocecan

and decay)

Blogeochemical

Timn

Near Field "Realistic

Caordinate

Complexity
CoslL

Relerence

Mode} Resoltuticon Flow Scavenging Development  Solution Ocean' Type SyslLem N
Well-mlxed V. lLow Mo Crudely Yes No Nes Anatytical nla Lowa sl -
box possihle
Finite Ocean ttnlimited No Yes No Yes Nn Analytical Gylindrfeal Tavw Apprnedix V11
Diffusive Orean
Model with
Scavenging B
Basic . Untimited No Mo Faasible No Nn Analytleal Vertical l.ow TAEA 210
One~
dimensional . . — e -
Extended Unlimited No Yes Feasible Ho No Analytical vertical low Apprndix VI
One-
dimenslional
Hyhrid igh (1D} Upwelling Yes Yes No No Small Vertical Low Appendix TX
Vertical and return Numerical
Scavenging
Coarse bhox Low Steady Yes Yes No No Small Isopycnal Lnw NEA, (5WG3)
Numerlcal {f required
P1ume Unlimited Steady Ko Yes Yos No Simall Cartesian Hrd Foum Shepliecd
Solurions In {llori zoneal) Numcrical (1976)
Finite Ocean
Hany boxes Hed{um Steady Yes Yes Grude Hot very Med]um Could be Hedivm Under
Numeeical lsopycnal Development
Finite Medium Steady Yes Yes Crude Nol very Hedium Isopycnal Hadum Shepherd
Difference (2D) (Arhfrrary) Numerical {1981 N
Finlte Medium Steady Feasible Feasible Crude Fair Hedium Gartrsian Hedlum Slmilar tn
Dilference (D) n Humerleal {roled hn Fradelyn &
{(Tdealised) Ihopyinat}) Gralg (191
“Realistic 3D Itigh Steady Could do Yos Yes Fair lLarge Cartesian High After Rryan,
n Humerical Semtner and
Var Lnity
Wnrkers
Fddy V. Mgh linstoady Could da Yes Yes Nnt wery V. targe GarlLeslan V. lllgh Rehinsnn et
Resolving GCH n Numrrical al. (19217,

Seminer and
Mintz (1977);
Schmlrz andd
Tolland {1982)
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FIG, A.I-1. Isocontours for concentrations of total suspended matter in Atlantic waters
measured by the Woods Hole and Lamont-Doherty groups (from Brewer et al., 197¢).
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FIG. A.I-2a. The mass flux (mg m © d 1)
material collected at four stations by p
PARFLUX Mark II sediment trap with 1.5 m
opening. V, East Hawaii Abyssal Plain;

Q, 85hm Abyssal Plain; O, Demerara Abyssal
Plain; A, Panama Basin (Honmjo et al., 1982).
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ORGANIC CARBON FLUX
oPaL  FLUX . BQ\EN\QD&.

mg/m %/ doy 01 234 56 7 89 10111213
0 10 20 0 40 0 s N A D S A B
(. T T T .
O stnm a» 1
\\ 8
) HHIMW
3
g z
z %
2h— m @
S §
NI g 2
T L I g
y° g z
0 JARES
b11| TN
Y
SO
r g5 E HAWAN AP
~F HAWAIL AP \N._..\.N... | T T S S W E| 11
L 1 !
FIG. A.I-2¢c. The fluz of opal (mg m ° d ') FIG. A, I-24. The flux of organic carbon
at the four stattons. OSymbols follow (my m™% d" %) at the four atakionn, Symbolo

follow FIG. A.I-2a. Numbers on the right
side of data points represent C:N ratio
(by atoms).
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TADLE A.I.I. LIST OF IMPORTANT GEOCHEMICAL PROCESSES

TNTUT INTERNAL PROCESS REMOYAL
Radio- Binlo- .
active pical Radia-
Atmoa— Battem produc- Uptake/ Jcaven— Sedi- Atmos~ active Consump-
phere Biver release tlon Release ging ment  phere  decay tion
u.:_ * *
& 4
* o [} d -
* a *
* * o
228, umozu - " .
m.Op. zo..w. Cd ¥ * ¥
5r, aomn *og b * - +90
Se(IV) a * * *
51, ummn *32 L * * * *32
In, Ge, Cr(VI),Ba,Ni * * * *
Se(¥V1) o ¥ b * *
Be, .____.__Oaa *7.10 * * * *10 * *7
ey, 21%s * *210 » > *+210
Mn * ° * *
Cu * + * * * *
uuo.ubc—uc " o N . N
234,228,230,232 < *234,228 . *230, *228,
Th 232 a 230" n 232 274
:wnu W o * * *

* Process important in controlling distribution.

© Process occurs for specified clement but Is of rclatively minoc {mportance.
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FIG. A.II-1. Three-dimensional representation of vertical zonation in the deep sea.

“¥.B. The different zones cannot be rigidly separated one from the other. (Potential multi-directional

pathuways of biological flux are indicated by the arrows at the right of the diagram.)



TABLE A.1I-T.

MARINE LIFE

A DESCRIPTIVE CLASSIFICATION OF THE MARINE ENVIRONMENT. (Again, depth ranges must be regarded as
approximate and the zones cannot be rigidly separated. cf. Fipure A.II-1.)
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Appendix 1T

fronts, the effects originate from much deeper to sustain around the
sub—antarctic, for instance, vast stocks of krill which are a potentially
exploitable resource. Here, too, the effect of low temperatures
extending unusually far up the slope may raise the upper limit of the
vertical range of bottom—-living organisms. There is no evidence of large
scale outcropping of abyssal organisms, however, in near-surface waters.
In addition, localized zonation in the horizontal field of the open ocean
occurs when meso-scale eddies are spawned off western boundary currents,
for example. In such cases midwater organisms are transported often
beyond their normal range.

Apart from the oceanic fisheries for tuna and marlin, mentioned
earlier, well over 90 of the world catch of marine fish originates from
the shallow continental seas. While this includes coastal upwelling
resources, such stocks are nevertheless beyond the direct influence of
abyssal circulation. Widespread exploitation of additional pelagic
oceanic resources is unlikely on the basis of the generally low density
of any potential quarry. Likely sustainable yields of demersal oceanic
stocks are small relative to those on the continental margin. For
example, consider the area of the North Atlantic (about 4 x 1013 n2)
with a total benthic input of about 10 g biomass n~2 a~l, This is
4 x 108 ¢ a1 and, on the basis that only a quarter of this is
available and unutilized by the benthos and it is separated by 2 trophic
levels from any exploitable resource, the natural production could only
be expected to be about 1 million t a~! with a sustainable yield of,
say, 250,000 t a~l. Even the world ocean total sustainable yield of
deep ocean detritally maintained fish is therefore probably no more than
a few million tons per year.

The most likely food chains resulting in the exposure of the human
population will therefore arise in coastal waters, where the vast
majority of marine food products are harvested, and for which
considerable reliance would therefore have to be placed on model
predictions of coastal water contaminant concentrations. In these cases
the application of concentration factor data would be appropriate.
Unfortunately, direct comparisons of different model predictions are not
yet available, but it can readily be envisaged that for example, for a
highly soluble radionuclide, such as 99Tc, direct food chain transfer
is unlikely to produce a higher concentration in a predatory fish caught
in surface coastal waters than that attained, by direct adsorption, by
coastal water algae because of the latter's ability to concentrate this
nuclide (Pentreath et al., 1980). The relative importance of various
pathways will clearly be governed by the combinations of type of food
eaten by man (fish, shellfish, algae), the gquantities of each which are
eaten, and the affinities of each type of food stuff for the substance of
concern. It is therefore worth recalling that all macrophytic algae live
in waters of < 150 m depth, {and algae frequently have the highest
concentration factors for many elements), that the majority of shellfish
{(molluscs and crustaceans) liable to be consumed at a sustained rate will
also be taken from ccastal waters, and that neither of these two
foodstuffs will be linked by a predator/prey food chain to the deep
ocean., The only food chain pathway of concern, therefore, is that which
results in the consumption of fish. Fish are eaten in the greatest
quantities but tend to have the lowest concentration factors for most
elements and other potential contaminants -— with the notable exceptions
of Cs and Hq. This is partly the result of the fact that a large
fraction of their body weight consists of muscle. The general importance
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of relating organ concentrations to those of whole-body, and to food
eaten, has been discussed elsewhere. (Pentreath, 1977} but is a factor
which should be taken into account. In view of the above, the inference
is that food chains resulting in the exposure of human population, along
critical pathways -- for dose-limit calculations —- are most likely to
arise in coastal waters. A biological need in "modelling™ this is the
procurement of better concentration factor data applicable to marine
species being consumed from coastal water fisheries.,



Appendix III

QUANTITATIVE ESTIMATES OF VARIOUS BIOLOGICAL PROCESSES

Biological mechanisms have often been suggested for both the rapid or
intense localized transport and the large-scale bulk transport of
substances from a deep-sea dump site back to man or his food chain, In
this section several biological processes are examined in order to
provide a basis for deciding when and/or how they must be included in
models for estimating dumping hazards. The mass of organisms in sediment
and water relative to their surroundings as discussed in Section 3.3 of
the main text is very small. For a 1000 m water column and underlying
sediment, the total biomass could amount to 3 g m~Z compared with
103 t m'i of water. The greater part of any contaminant will
therefore reside in the water unless concentration factors exceed
3 x 108. It is for this reason that in comparison to physical ones,
biological transport mechanisms are usually unimportant for large time
and space scales but may need to be carefully analysed when considering
certain critical paths or local problems. Of course, ultimately
biological processes control the amount of substances entering man's food
chain but usually this will occur after the substance has been
transported great distances from the dump site.

1. CALCULATIONS OF MAXIMUM BIQLOGICAL TRANSPORT

1.1. Transport by swimming fish

Consider an abyssal fish population which accumulates a
contaminant, and transports it by swimming. An assumed standing stock of
0.3 g m~2, concentrated within 10 m_of the sea-bed, yields a ratio of
biomass : water occupied of 3 x 10-8 (weight/weight). Thus even if the
fish swim a hundred times faster than the water moves (1 m s~1 compared
with 1 e¢m s~1, for instance) the amount of contaminant transported by
fish is less than that tramsported by water, unless the concentration
factor for the contaminant exceeds 3 x 10°. Even with this
concentration most of the contaminant would remain in the fish, and not
be released to the environment.

1.2. Potential vertical exchange based on carbon budgets

An alternative approach to improve a general estimate of
potential vertical export is to utilize new data on the input of organic
energy to deep ocean ecosystems to obtain approximations of total
possible production. A simplified representation of a benthic boundary
layer foodchain can be constructed to aid in interpreting what parts of
that production would be exported (Figure A.III-1).

The flow of energy {sinking particulate organic carbon, POC} that
maintains life in the deep sea has been measured using particle traps
moored near bottom in both the Atlantic and Pacific Oceans at all but the
greatest depths. These POC measurements include the 4 to 5 km depth
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range that encompasses present or poteantial deep oceaa dump sites
(Convention on the Prevention of Pollution by the Dumping oI Wastes and
Other Matter, 1972). This flux is the input term of the model, and it
ranges in value from several grams carbon m~2 a~l on the upper
continental rise to less than 0.5 g carbon m~2 a~l1 on deep abyssal
plains. A portion of the annual supply (1 - 201) of this is buried as
the sediment accumulates. The remainder is utilized by bacteria, '
meiofauna and macrofauna that live in or on the sediment, and by benthic
and benthopelagic fishes and invertebrates, which live on and above the
gsediment., A group of scavengers completes the food-web between the fish
and the small detrital particles raining slowly to the sea floor. This
identification of five animal groups is based on the size of the
organisms and how they are sampled, not necessarily on their roles in the
ecosystem. The separation does allow some assumptions to be made about
food—-chain relationships and reproductive strategies based on size.
Given this information one can infer how mass may be transferred through
or out of the system; knowledge of reproduction and development allows
assumptions to be made on what groups will export eggs, larvae or
juvenile stages out of the system, )

The input of particulate organic matter (POC) has two fates: burial
or biological consumption. The biological utilization can be divided
into consumption by the various groups of organisms at rates proportional
both to their individual and collective biomass, represented by first
order, linear functions. The organisms consume each other in a manner
related to their sizes, e.g., bacteria are eaten by meiofauna which are
eaten by macrofauna, the latter also consuming the bacteria, etc.; small
organisms generally have relatively higher turmover rates than larger
ones. These rates can also be assumed to be regulated by the proportion
of the biomass in the community comprising each group.

The major fraction of biologically assimilated emergy will be used in
respiratory conversion to CO3. It is generally accepted that at least
50% and more on the order of 90% of the enmergy consumed suffers this
loss, the remainder going to production. Arbitrarily therefore the loss
of COp has been assumed to be 70 to 80 of the input to all five groups
of consumer organisms. What is left will be consumed by a higher trophic
level or be exported as eggs. Although the details of trophic
interactions are poorly known, by rearranging terms it becomes obvious
that input less burial and total CO; production equals the total export
term. )

Input, burial and total respiration by macrofauna, meiofauna and
bacteria are known from a range of depths in a few areas, including the
Northwest Atlantic {Rowe and Gardner, 1979; Hinga et al., 1979). 1In each
of 4 Northwest Atlantic regions at depths of 2,2 to 5.2 km an imbalance
in the carbon budget was observed (Rowe and Gardner, 1979) while Hinga et
al. (1979) observed an imbalance at depths greater than 3500 m, Rowe and
Gardner (1979) found that the imbalance had a magnitude of about 25X of
the input, comparable to the respiration. Other sources of respiration
exist however that were not measured, e.g., larger organisms and an
intermediate benthopelagic trophic level, which means "possible” export
would be somewhat smaller than an amount inferred only by difference
between input less burial and infaunal respiration. The imprecision of
current estimates of supply and loss should, however, be emphasised.

Several important differences can be seen between this model and that
of Robinson and Mullin (1981). The energy is used primarily for
respiration, which the latter authors concede is important. While
Robinson and Mullin considered that all production could be exported, the
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calculations presented here assume that all bacterial procuction is
consumed by meiofauna and macrofauna. Megafauna, which include roaming
and sessile large invertebrates on the sediment surface, are probably
important consumers of all three smaller types of organisms. They are
known to have reproductive stages that would be exported. Using
respiration data of Smith (1978) and biomass data from Haedrich and Rowe
(1977), Rowe (1981) concluded that the total carbon consumption of the
larger organisms relative to the smaller ones was small, but this needs
further evaluation when more comprehensive data become available.

The above model can be used to calculate potential transport in the
western North Atlantic, from the Continental Shelf to the Hatteras
Abyssal Plain. The regressions of POC burial and respiration on
sedimentation of organic carbon (Rowe, 1981) cross the 4 km isobath, the
upper depth limit defined by the London Dumping Convention. At that
depth, the 3 eritical variables can be estimated, the difference being
potential export:

-1 1

= 0,5 g carbon m_za_ + 1 g carbon m-za-
burial respiration

Flux = 2 g carbon m—za 1

+ unmeasured respiration by fishes and intermediate detritovores

+ export
where the unmeasured respiration and export equals 0.5 g carbon m™2 a~1,

This analysis indicates that at most 0.5 g carbon m~2 a~l is available
for export by living organisms per year. Assuming as for Table A.III-I
that 1 g carbon is contained in 24 g wet weight of all organisms, this
corresponds to an annual production of 12 g carbon n=2 a~l of living
organisms. An extreme estimate of average vertical transport of a
contaminant by biclogical matter may be obtained by assuming that all
this biomass is transported to the surface carrying a contaminant
characterized by a concentration factor 7¥. This may be compared with the
net physical transport by a typical average upwelling velocity of
w=10"7 cm s} or 3 m a~l. One obtains

average contaminant transfer by biological matter
average contaminant transfer by physical upwelling
2 =1

YCx 12 gm ~ a — = 4 x 10 -67

Cx3m a_1 x 106 g m

Thus, even for a relatively large concentration factor (y= 103to 104)
the average vertical biological transport will be gmall compared to the
physical transport. This calculation may be compared with that of
Robinson and Mullin (1981) who came to the same conclusion. Instead of
estimating production of biomass from carbon budget considerations,
however, they used the deep-sea biomass and estimates of turnover rates
to estimate production.

Although this analysis implies physical transport of a contaminant is
more important than that by organisms, it should be noted that it only
applies to yearly and basin-wide averages. Concentration of the
biological transport in space or time could serve to make it relatively
more important. One example of such an effect is discussed in the next
section. Biological transport is also of course important when the
organisms are involved in a eritical pathway to man or his food chain no
matter how small a contribution it makes the total transfer of the

contaminant (see Appendix X).

- 96 -



TABLE A.III-I

Appendix III

ESTIMATES OF WET WEIGHT BIOMASS (g m~2) FOR VARIOUS SIZE GROUPS OF
BENTHIC ORGANISMS IN SEDIMENT (TO A FEW cm DEPTH) ON AND ABOVE

. THE BOTTOM AT ABYSSAL DEPTHS >4000 m

Data are from Atlantic and Pacific sites which vary in

levels of primary production.

1 g carbon is assumed to be contained
in 24 g wet weight for all organisms except for bacteria

Biomass Carbon Equivalent
Group (g m™2) (ng carbon m~2) Reference
Bacteria 0.2-0.6 20-60 Watson et al.
1977; Deming,
1981; williams
and Carlucci,
1976

Meiofauna 0.05-0.5 2-20 Thiel, 1975;

(>50 m) Dinet (pers.

comm. )

Macrofauna 0.01-10.0 4-400 Rowe, et al.

( > 250 m) i 1974;

(excl. Haedrich and

foraminifera) Rowe, 1977;

Rice (pers.
comn. )}
Rowe, 1983

Megafauna (epifauna) 0.02-1.0 0.8-40 Haedrich et al.

(> 1 cem 1980;

(nekton) 0.01-0.1 0.4- 4 Wishner, 1980;
Sibuet (pers.
comm. )

Fish (benthic and 0.02-1 1-40 Merrett
benthopelagic) (unpubl. data)
(abyssopelagic .01 0.4 Angel and
integral Baker, 1982

4000-5000 w)
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1.3, Release of reproduction products

In the previous section the average vertical transport by
biological matter was compared to that by average physical transport
processes and found to be small. The question arises, however, as to
whether or not the biological transport might be more important if it was
concentrated in a local area, say the dump site. Oune might suppose, for
example, that a dominant (abundant, several grams m~2) organism with
wide geographic (at least several hundreds of kilometres) distribution,
perhaps including continental slope regions, aggregates yearly to spawn,
One example could be abyssal rattail fishes, although almost nothing is
known of their spawning habits. Another could be the widespread
slope-dwelling eel, Synaphobranchus kaupi, which in the Atlantic spawn in
the Sargasso Sea region. If spawning aggregation occurs in the presence
of maximum concentrations of contaminants, e.g. around the dump site, and
if the maximum concentration in reproductive products is reached quickly,

then the release of buoyant eggs might provide a significant contaminant
transfer mechanism.

If the species in question spawns 1/4 of its body weight and has an
; -2 6 12
average biomass of 1 g m™< over an area of 10° km‘, then the
production (P) of buoyant eggs could be 2.5 x 101l g a~l, The
average concentration of the contaminant in the dump site area for a
diffusive ocean is given by (see Appendix VII)

c - Q (A.III.1)
max

%
™ (K Ky) s

where rg 1s the radius of a distributed source (the dump site) area.
If the area of spawning is greater than the dump site, the appropriate
average concentration can be obtained within a factor of 2 by replacing
rg by the radius over which spawning takes place (see Appendix 1IV).

The total flux (Fg) of the contamirant to the surface by buoyant
eggs, is given by

. -1 -

Fg = vPC . % (A.IT1.2)
where P is the density of the eggs. This total flux when averaged
over the area from which the fish arrive will be small for long-lived
contaminants compared to that caused by physical processes for the same
reasons as given in Section 1.2 of this Appendix.

The flux (A.ITI.2) constitutes a source to the surface water that
itself is dispersed, as is the bottom source, according to (A.III.1l),
The resulting maximum surface concentration would then be

F

= YQP (A.1I1.3)

s .
T3 2 2
mKGRy) g BT KKyt

assuming the surface and bottom diffusivities are equal. For
contaminants whose decay over the rise time for the eggs is small, one
can compare (A.III.3) with the concentration C = Q(AV)"l for the

C =
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average concentration in the far field., The ratio A of Cg to C 1is

vy APV

A= 2 5 (A.111.4)
Pe” &yRy"s
Taking P as above, V = 1017 m3, KV = 10-4 mzs-l, KH = 102 mzs_l, Py = 1
and the area of the dump site to be 104 kmz, one obtains
A=3ryx 1070 (A.TIL.5)

where the units of A _are s~1. For a long-lived element such as
plutonium ( A9 x 1013 g=1), A is small as long as Y 1is less than
10°. For shorter-lived elements, however, this will not be the case
and the conceantration arising from buoyant eggs could be significant in
comparison to that arising from average physical processes. This is of
course not surprising since for short-lived contaminants the short
transit time for the proposed biological flux allows some of the
contaminant to reach the surface before it decays. The calculation as
performed is also for the continuous release of buoyant products. A
pulsed release over a short period would give higher concentrations
temporarily. '

whether such a biological process would ever be significant depends
more on the value of the flux Fg and whether or not a critical pathway
is involved than on the relative transports of the contaminant due to
different processes. In this context one should note that for both
short— and long-lived material the concentration in living organisms near
the source will always be greater than at the surface.

2, FERTILIZATION EFFECTS

Standing stock and biomass of the deep—sea fauna decrease
exponentially with depth and it is presumed that this is caused by
limited food supplies. If a carcass of a dead fish is put on the sea
floor scavengers accumulate around it and consume it, often very
quickly. If wood is introduced it rapidly becomes infested with boring
molluscs. The waste matter from the borers supports a detritus-eating
community in close proximity to the wood as well. Such observations
suggest that the introduction of organic matter into the deep sea could
significantly increase standing stocks. Experiments to test the rate of
succession of deep-sea communities and how they respond to such alien
inputs are inconclusive so far, but attention should be paid to some
situations where the biological transport processes could be altered by
the introduction of alien organic supplies.

In general solid wastes that would be deposited in dump sites would
not contain enough organic matter to present such a problem. Some
important exceptions, however, might occur. Areas of contaminated soils
that are removed can contain many different components, including all
kinds of organic detritus and flora, including trees, shrubs, etc.
Placing such materials in dump sites could appreciably fertilize a
deep-sea area, altering species diversity and abundance of organisms.
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Attention should be paid to how non-radiocactive waste components will
alter biological pathways. Organic wastes which could inc¢lude
experimental animals, and other laboratory materials, may need
segregation from other materials whose entrance into a foodchain must be
minimized,

3. THE ARTIFICIAL REEF EFFECT

A possible consequence of deep sea dumping is the formation of an
artificial reef effect. Structures placed on the bottom on shallow, flat
continental shelves improve fishing by attracting modile carnivores and
scavengers, by serving as protective refuge for a variety of species. If
this Mattraction" occurs at deep-sea dump sites, it could increase the
potential biological accumulation of a substance by increasing total
biomass exposed to radionuclide release. The presumptions about the
rates of deep-sea biological transfer may not be applicable in such
cases. Total biomass might increase and species composition could be
altered to be composed primarily of adhering species living directly on
and attached to the waste canisters. How this occurs will depend on the
environment at the location and the physical configuration of the waste
containers (barrels, submarine hulls, etc.). This will put organisms in
direct, close contact with the substance being released.

When reefs are constructed in shallow water to improve fishing it is
questionable whether or not they actually increase total productivity
from photosynthesis up through the food-chain associated with the
structure. They could be just concentrating f£ish, The argument that
total production increases is usually based om the effects that the added
structure has on flow and turbulence around it. Mixing 1s increased, as
is hard surface area, and both contribute to higher planktonic and
attached algal production.

In the deep sea where no photosynthesis is possible, there seems to
be no possibility that higher total production will occur unless altered
flow fields asccentuate deposition of organic detritus. Attached filter
feeders are often common in the deep-sea where predictable currents and
hard substrates are available. These include principally hydroids,
bryozoans, stalked barnacles, glass sponges and crinoids. These, as well
as mobile animals such as brittle stars, starfish and urchins, would be
expected to be attracted to a dump, in the same way a5 occurs on a
shallow-water artificial reef. Carnivorous and scavenging fishes, in
this case the rattails, brotulids, rays, etc., will probably be attracted
to the increased food supply.

The question of how much this will contribute to biological
concentration and to transfer of substances probably depends on the
degree to which the dump differs in biomass and production from the
surrounding deep-sea. Most bottom water is low in suspended particulate
organic matter, with concentrations on the order of 5 - 20 pg carbon L1,
Total suspended matter (TSM) is often increased just above the bottom due
to resuspension and this will include POC, but the concentration of POC
will be low, reflecting the bottom rather than settling pelagic organic
debris. Because this energy supply (POC) is universally so low in the
deep-sea, it seems highly unlikely that any concentrating factors related
to flow field, erosion and deposition around a structure will appreciably
increase biomass and production.
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Even though the net production over a broad area would remain the
same, increases in biomass and production in localized areas as well as a
change in species composition might be expected. This should be no
particular cause for alarm. This alteration should be documented with
the idea in mind that new pathways might be introduced that would not
have been found in a predumping site assessment.

A further ramification is that, because of the short time and space
scales involved, any phyesical, geochemical and biological transport
models that might be required for the extreme near-field would have to
evolve as a dump site fills up with debris. Bottom roughness,
turbulence, erosion and deposition, and the biota will all change with
the addition of more and more material. How these change will primarily
depend on waste form and dumping strategies, as well as the potential for
change in the environment.

4. CALCULATION OF THE HORIZONTAL AREA REQUIRED TO SUPPORT DEEP-SEA FISH
PRODUCTION

In assessing the impact of a contaminant via a fishery, it is useful
to have an estimate of the area of sea floor capable of supporting a
fishery of any given magnitude. The biomass per unit area of organisms
in the deep sea is much lower, perhaps by a factor of a thousand, than
that on the continental shelves (see Appendix II). Although the absclute
values of production are not yet known, it is reasonable to assume that
these are correspondingly small, especially since rates of growth and
respiration are also believed to be much lower than ia shallow water.
Thus, the area of deep-sea floor required to support a fishery will be
very much greater than that in shallow water. This area can be estimated
more specifically from a knowledge of the input of organic matter to the
deep-sea, from comparison with an estimate of the biomass generally
believed to be required to support a continental shelf fishery and from
some ecological generalizations based on the known estimates of deep-sea
fish stock size and respiration rates.

As a reference calculation one may estimate the area required to
support & minimum credible fishery, sustaining a yield of only one fish
weighing 600 g per day (200 kg a~l). Such a yield might (allowing for
weight lost during filleting, etc.) be consumed by only one enthusiastic
consumer (eating 300 g d-1) or a small group of more moderate consumers
(30 people x 10 g d"1). A common rule of thumb in fisheries is that
the sustainable yield from a pristine bicmass (B} is roughly
0.25 x M x B, where M is natural mortality and 0.25 is an empirical
constant. A value of M = 0.1 a~! would be considered low in shelf
fisheries, but may be appropriate for the deep sea where turnover rates
are lower. The pristine biomass required to sustain the given annual
yield may thus be taken to be about 40 times the yield, or 8000 kg a~l,

As noted in Section 1.2 of this Appendix, the major source of food
for deep—sea communities is particulate organic detritus. The
potentially exploitable fishes are not detritovores, but predators, so at
least one trophic level must exist between the organic detrital supply
and such a fish population (Figure A.III-1). An assumption (based omn
shallow water fishes) that the fish population consumes about 1% of its
weight per day implies a consumption of 80 kg a-1, Taking the energy
conversion efficiency of the intervening trophic level to be 10X, the
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detrital food supply required is 800 kg d-1 or about 300,000 kg a~l1,

It has been estimated in Section 1.2 that of the energy flux to the deep
sea only about 20 is available for production, that is, most of it is
either utilized by the benthos or is accumulated on the bottom in a
presumably refractory form. The amount available for production would be
no more than 2.0 g o2 a1 of fresh organic matter or about

0.1 g carbon m2 a1, Comparison of this supply with a Tequired

300,000 kg a~l ingestion suggests that on the order of 1.5 x 108 m2

is needed to support the limited fishery (200 kg a~l),

Growth rates and respiration rates per unit of biomass are believed
to be much lower in the deep sea than in shallow water, and therefore the
above estimate based on shallow species may not be very accurate. An
alternative approach for estimating the ingestion rate for the population
would be to base it on measures of respiration and then extrapclate that
to total consumption based on possible trophic efficiency of the
population. Respiration of the rattail Coryphaenoides armatus, using
data from the North West Atlantic as an example, is in the order of
3 ml 0y kg1 n-1 (Smith, 1978). Taking a reasonably high value of
0.5 g m ! (Table A.III-1)) for the fish biomass at greater than
4000 m depth, respiration would amount to:

1.-1

(3.0 ml 02 kg b ) (0.5 g .

) & 13m0, 22 a7t

This may be directly converted to give a respiration of
.006 g carbon w2 a~l, 1t is thought that production of biomass by
deep-sea fish lies between 5 and 20 per cent of respiration. Of this one
might guess that no more than one-half is available as sustainable yield
(although the emperical relationship based on shelf fisheries given above
uses one-quarter}. Using these estimates one obtains the sustainable
yield of fish to be .00015 - ,0006 g carbon m~2 a~l or
.0036 — 0014 g w2 a~l of yet weight. Thus, the total area required
to sustain the limited fishery of 200 kg a"l, is found to be
1.4 - 5.6 x 107 m2, an area slightly less than estimated above,

Both the above estimates rely on assumptions about the nature of
potential deep-sea fisheries., The first extrapolates to the deep-sea
empirical formulae for sustainable yield and consumption obtained for
surface fisheries and uses the still uncertain estimates of the flux of
organic matter to the deep sea. The second uses equally uncertain
estimates of the respiration and biomass of deep-sea fish and requires
assumptions to be made regarding the ratios between respiration,
production and sustginable yield. WNone of the steps of the two
calculations are, however, inconsistent with what is known of the
deep-sea ecosystem. The calculations also are for an equilibrium
fisheries in a particular location and are not appropriate for estimating
the initial yield from a given area or the yield from a moving fishery
exploiting virgin stocks. The question of enhanced fisheries in a dump
site has been addressed elsewhere in this Appendix.
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A SIMPLE FIRITE OCEAN DIFFUSIVE MODIL

1f a tracer with decay rate X\ is released at a rate Q into an ocean
of volume V, with no removal at its boundaries, the average concentration
will approach Q(AV)"I after a time which is long compared with A=l
Departures from this average (especially near the source), and the time
development of the final steady state, may be calculated from a full
three-dimensional model incorporating diffusion, advection, and any other
relevant processes.

As an aid to the interpretation of the results from such a
three-dimensional model (Shepherd, 1976), a simple analytical, steady,
one—d imensional diffusion model was proposed by Shepherd and incorporated
into Document IAEA-210 as Appendix III., In particular, this model gave
the bottom concentration relative to the well—mixgd average as a function
of D/A , where D is the ocean depth and 8 =(Ky/A)? is the
characteristic length scale of vertical inhomogeneity, with Ry being
the vertical diffusivity. For D >>A, Shepherd showed that the relative
bottom concentration tends to D/A , with relative concentrations greater
than one over a depth of order Aln(D/A), whereas for D<< A the relative
concentration tends to 1 everywhere.

The purpose of this appendix is to make the simple extension of
Shepherd's model to the three-dimensional case, in order to draw
attention to the much higher near-source concentrations than predicted by
the one-dimensional model.

If Ky, Ky are the (constant) horizontal and vertical
diffusivities, the equation for the scaled concentration C is

2
K 4 (L) -2 T=0 (A.IV.1)
o 2
dr
e 2,2 2.5 . s
where r = [(K/KH) (x"+y7) + (K/Kv)z ] is the radial distance, from the

source at r = 0, in a scaled ocean and the diffusivity K is arbitrary.

The boundary conditions on the scaled concentration,'8‘= C KHKV%/K3f2
are
-2 rrK dE?dr = ) at r=0 (A.IV.2)

and zero normal flux across any boundary. To permit a simple solution of
(A.IV.1) that depends on the spatial coordinates only through r, we
pretend that in terms of the scaled coordinate r the ocean is
hemispherical and of radius R, and will argue later that our main result
is independent of this absurd assumption. The second boundary condition
on C is then:

dCydr = 0~ -at r =R - (A.IV.3)

- 103 -



Aggendix v

The solution of (A.IV.1) subject to (A.IV.2) and (A.IV.3) is then

N Q T 1- € tanh ¢ . T

= - —_—— - LIV.DE
C T RE [cosh A Y T tanhe sinh A 1 (a )
where, as before, A= (th)% and we define €= R/A. Relative to the
"well-mixed" concentration C, = Q(2 7R3 A/3)71, we have

fﬁco = 53(3rﬂa)_1 [cosh(r/A) + (1- etanhe )(e-tanhe )Flsinh(r/A)] (A.IV.5)

For e >>1 {i.e. for the decay time A~! much less than the oceanic
mixing time RZ/K), we have

Tre, o CrayTre (/80 (A.IV.6)
or T ~ Q(21rKr)—1e-(r/A ) (A.IV.7)

This is the distribution for a source in an infinite half-space; unlike
the one-dimensional situation the concentration has a singularity at the
origin. We note also that outside the near—source singularity the
e-folding scale for the concentration is A = (R/A)%. The concentration
falls off less rapidly at r =A, than would be estimated from exp{-At)
with t = rZ/K the time to diffuse to distance r. This can be

interpreted as an increase of gradient, and hence of diffusion, due to
the decay. -

In dimensional terms (A.IV.7) may be written as

c =/Ek3l2KHﬂ1 KV—I/Z _ Q(ZW)_l[(KHKv)(x2+y2) . KH222]—1/2

1,2 1;2} (A.IV.8)

x exp{—[ A KH-I (x2+y2)+ ?\Kv z" |

The distribution for e<< 1(i.e. long decay time compared with the
oceanic mixing time) is of rather more interest. In the one-dimensional

problem the relative concentration tends to 1 everywhere, but in three
dimensions

C/Com1 + e3(3r/a )1 (A.1IV.9) )

Thus the relative conceuntration is close to one except within a source
region. In fact (A.IV.9) may be written

AN
S = QA D1 + Q2 rkD)"1 (A.1V.10)
A
where the scaled volume V =_21rR3/3. In dimensional terms this is

c=qowm 1+ Q(Zﬁ)_l[(KHKV)(x2+y2)+KH2z2]—1/2 (A.IV.11)
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These are clearly general results, independent of the shape of the ocean,
showing a source distribution superposed on top of a uniform
distribution. We note that the amount of contaminant associated with the
source solution is of the order of Q times the mixing time which is, by
assumption, much less than the required inventory of Q times the decay
time A”L.

Equations {A.IV.10) and (A.IV.11) show a source region within which
the concentration is significantly greater than in the far field. If we
define the source region by the concentration contour C = 2 x the far
field, or average, thenm it is ellipsoidal with horizontal scale
KV(2W)—1(KHKvY-% and vertical scale hV(Zﬂ)_lKﬁ-l' For plutonium with
A =9 -13 -1 . 3

= x 10 s =, if we take an ocean of radius 3 x 107 km, and depth
4 km, and assume K, ~ 102 m2 s_l and K, = 10_& m2 5—1, we obtain
horizontal and vertical scales of 150 km and 150 m.

The point ‘source solution in (A.IV.11) could be used to estimate the
near field concentration, though in the extreme near field, i.e. within
the benthic boundary layer, one would use the higher value of Ky that
would be appropriate.

In the presence of a mean flow with speed U, lateral diffusion will
dominate advection out to a scale of order KH/U, and the source-like
solution above will be valid within this distance of the source. For
typical values of Ky and U this distance is of order 10-100 km.

In a time-dependent model the near-source concentration field will be
established quickly for a switched-on source, and maintain its values
over the much longer time taken for the rest of the ocean to reach
equilibrium concentration. The time scale for the near-field solution to
changes in source strength is in fact just the time taken to mix across
the near-field region, that is, the {length scale)2/K. This is of
order 1 year both laterally and vertically.

The shortcomings of this model hardly need listing, but it does show
that a one-dimensional model can be misleading, and can be replaced by an
equally simple three-dimensional model.

- 105 -



Appendix V

PARAMETRIZATION OF BOUNDARY SCAVENGING PROCESSES

As stated in Appendix IV, a substance, whose only removal mechanism
is radioactive decay at rate A , when released at a rate Q into an ocean
of volume V reaches a steady state concentration of Q(AV)~!., However,
other wechanisms such as scavenging by particles, diffusion into the
bottom, and burial may remove the substance. 1In this section the
parametrization of such removal processes is discussed. The details of
their effect on the interior distribution of the substance is discussed
elsewhere,.

Much can be learned by examining in detail the possible partition of
a substance between the water phase, particles in the water column, and
the sediments, if time is given to reach a steady state situation and the
concentration of a substance associated with particles and sediments is
in equilibrium with the water concentration.

First let us consider sorption by suspended particles and biota.
Typically_the average level of suspended particulate matter is
10 ug kg“l (£~1078). Thus for KD¢:108, the concentration per
unit volume of a substance carried on particulate matter, C , 15 less
than in the water phase, C; and except for highly reactive elements very
much less. However, as is noted in Appendices VI and IX, the flux of a
substance by falling particles may be of first order importance.

The load of a substance associated with suspended particles may also
be compared to the thickness of an equivalent layer of sediment. Indeed
using the values given above, the total particulate load in an ocean of
4,000 m is only equal to a layer of sediment of 0.004 m thick.
Similarly, ome may note that a typical standing crop of biomass of
1 g m2 would hold the same quantity of a substance as 10~% Y/Kp cm
of sediment. This is less than 1 em even for a high concentration factor
(7~10%) and low Kp(~1). The amount of a substance carried by either
suspended particulates or biota will therefore be negligible compared
with that on bottom sediments or the water column and cannot
significantly affect the ultimate budget (mass distribution) of a
substance in this context.

Now let us consider the amount of a substance that may be contained
in the sediments by three different processes.

(1) A superficial layer of sediments (depth h) that is rapidly
turned over and mixed (e.g. by bioturbation), can hold as much
of a substance, taking into account the sorptive capacity of the
sediments, as a layer of water of depth h* = h(1-f'+f'Kp),
where f' is the fraction of the volume occupied by sediment.
Thus, if the water is also well mixed and in equilibrium with
the sediments, the effective ocean volume is increased from V to
V(1+h*/H) and the specific concentration is reduced to
(AV(1+h*/KB)]~1l., If the ocean is not well wixed, the effect is
qualitatively the same but quantitatively different,

(2) If there. is net accumulation of sediments, the substance will be
removed from contact with the water column by newly arriving
sediment., This process will be referred to as burial. Since it
decays away in an average time of 1/A, the thickness of
sediment that remains contaminated is given by wg/A and it will
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contain as much of the substance as a layer of water of thickness
ws((l-f‘}+f'KD)/l where wg is the net accumulation rate of
sediments. For reactive sediments this is approximately
wgf'kp/ A . One should note that f'wg may differ by a factor d<1
from the flux of particulate matter to the bottom, P fwp 1, if

the organic component dissolves on reaching the bottom. Two
possibilities then occur. Firstly, as the organic matter
dissolves, the substance it carries can be retained and bound to
the remaining sediments, effectively increasing the sedimentary
value of Kp for its water column value; or, secondly, the
substance can be released to the pore water, 4 possibility
included in the model of Appendix IX.

(3) A substance may also be carried into the underlying sediments by
pore-water diffusion. Since it also decays there this leads to
an exponentialli—declining profile in the sediments with a scale
length (Rpgg/A)% where Kgfg is the effective pore-water
diffusion coefficient for a reactive substance. To a first
approximation, tﬁis may be taken as Ky,/Kp. Where Kow is
the pore-water diffusivity allowing for porosity and
tortuosity. Thus the effective sediment thickness for diffusive
removal is hgjff = (pr/kKD)% .

The nature of these effective sediment thicknesses is illustrated
graphically in Figure A.V-1l. The well-mixed layer and the ocean itself
are represented by straight horizontal lines corresponding to constant
thicknesses (with respect to variatioms of half-life). Their relative
position depends primarily on the value of the distribution coefficient,
Kp. The thickness for net sediment accumulation increases in
proportion to the radicactive half-life, and is therefore always the
largest at very long half-life. That for the pore-water diffusion
process is a parabola, since it is proportiomal to (1/A ¥ .

The relative position of the lines depends not only en X but on the
values of Kp, Kpw, Wgs 0 f', and various other envirenmental
variables. 1If all the latter were known there would of course only be
one curve which would pretty much follow the curve in Figure A.V-1l that
is dominant (gives the largest effective sediment thickness) for each
value of A . This curve could be obtained by solving the appropriate
sedimentary equations including all the processes simultaneously. In
this case for short-lived substances, one would probably also want to
allow the possibility of a finite diffusivity (rather than infinite) in
the bioturbated layer. This would give a result of the same form as for
the pore-water diffusion case but with Keg¢ being replaced by the much
larger diffusivity, Kp, descriptive of overturning of the layer by
biota. This addition is indicated by the dashed curve in Figure A.V-1l.

For parametrizing the effects of boundary scavenging processes, it is
useful to use deposition velocities, defined as Vq = F/C, where F is
the flux of a substance into the sediments and C is the concentration in
the water at the interface, If there is no source at the interface, ¥
will be continuous across it. On the water side of the interface F
should include both the contributions to the flux by physical processes
(e.g. mixing) in the water phase and by sinking particles. The
deposition velocity has fairly general applicability for describing
removal processes at boundaries by a wide range of physical and chemical
processes. Problems arise however if the sediments and water are not in

I3

equilibrium, a possibility discussed in Appendix IX.
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The effects of boundary scavenging processes may also be expressed in
terms of removal rates; that is, contributions to Agff defined by
¢ = Q(leffV)_l. These may be compared to the removal by radioactive
decay in the water column alone at & rate A,

In order to illustrate the utility of Vg4 and A.f§, consider
individually the three removal processes treated above in the discussion
of effective sediment thickness. Although a more accurate treatment of
the problem is again to treat all mechanisms simultaneously, it will be
seen that this is not necessary for the purpose of identifying which
processes are dominant for a substance with a particular half-life and
reactivity,

(1) As given above the effect of a rapidly well-mixed superficial
sediment layer is to increase the ocean volume by a factor (1+h*/H), so
that

-1 -1

cQ ~ = (vxeff) = [vl(1+h*/H)]_l (A.V.1)

and

Mpix = Meggm AT (h* A )/H (A.V.2)

where Apgjy 15 the removal rate for the well-mixed layer of sediment.
Since the flux into the sediment is given by the removal per unit area,
the deposition velocity is simply

= . = hk A = 1-f'+£' (A.V.3)
vd mmix h h( l%)m

(2) For burial, the deposition velocity is simply determined by the net
surface flux of a substance, that is

vy = ws(l—f'+f'KD)

The characteristic removal rate constant for this process is

— = - t t -
lsed = vd/H ws(l £r+f KD)/H (A.V.5)

(3) The balance between diffusion and decay in the underlying sediments
causes an exponentially-declining concentration profile, Cg, where

Cs(z) = CS(O) exp(-8z) (A.v.6)
and 8 = l/Keff'

The flux at the interface is given by F = —Keffdcs/dz, evaluated at z = 0.
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The deposition velocity is then
Vd = F/C = K.D erffA' (A.V.7)

Or, as before, taking Keff = Kpyu/Kp

Va = Y XpKpu A (A.V.8)

and the effective removal rate constant

"diff = vD/H = ‘/ KDpr A/ H (A.V.9)

These results are summarized in the Table A.V-1,

As mentioned above these formulae are only strictly true if a single
removal mechanism is effective*. One important adjustment to the formula
arises for short-lived substances which may not diffuse across the
well-mixed layer before decaying., This is, their half-life is shorter
than the mixing time for the layer. 1In this case, it is appropriate to
use the diffusive-decay analysis given above but with Kggf replaced by
Ky, the diffusivity of the bioturbated layer. Account of this effect
can be taken by replacing h in the mixed-layer column by (Rp/A )%
whenever this is less than h. Burial and diffusion and decay in the
underlying sediments may be neglected in this case.

* If both diffusion into the sediments, characterized by a diffusi-
vity Kegf, and burial are important, the situation is also easily
treated as long as cone carefully allows for the moving sediment-water
interface. Then the effective sediment thickness, §~ 1, is given by

- _gt ' 2 _§t ] 2 —F _f ? % _f£?
B = [—ws(l £'+f KD)+{WS(1 £'+£ K.D) +4M<eff(1 £'Y(1-£'+f K.D)} ]/(ZKeff(l £'))
and

Vg = w (- RO (1-£7)8

The limit A=0, yields the burial results given above, while wg = 0
yields tnose for diffusive-decay as long as one takes (1~f")Kegf = K
and one notes that the more complete analysis given here replaces Xp
by 1-f'+f'Kp. The solution takes the burial or diffusive-decay limits
as the parameter ¢ , defined by e= wg (1-f'+f'KD)/1hKeff (1-£'), 1is
greater or less than one respectively. The case of burial combined
with stirring equally of water and sediment as described by the

diffusivity Ky in the bioturbated layer can similarly be treated by
letting (1-f'")Kg¢f = (1-f'+£'Kp)Kp.

Pw
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TABLE A.V~1
EFFECTS OF BOUKDARY SCAVENGING PROCESSES

Mixed Layer

Burial

Diff. & Decay

Va

h(1-£'+£'Kp)A

wg(1-£'+£f'Kp)

VERpXpy A

Contrib. to
A

(1-£'+£'Kp)hA/H

wg (1= '+£'Kp)/H

1/xnxp,,,x /M

eff
Eff. Sed. h(l-f'+f'KD)/K.D ws(l-f'+f'1cD)/mKD ‘/pr/(kxn)
Thickness

Let us now estimate for a range of reactivities and radioactive

half-lives which removal process should be most important.

For this

purpose the ratio is given for the remeval by a process as compared to

the removal by radiocactive decay in the water column assuming the bottom

concentration is equal to the average water column concentration (that is

If this is not the case the

ratio given in the tables is not easily interpreted but the removal

process giving the largest ratio will still be dominant.
The ratios are given in Tables A.V-IIa-c for each process for short

that A ¢f as defined is appropriate).

(30 a), medium— (1,000 a), and lomg- (30,000 a) lived substances.
other parameters are taken to be h = 5 cm, H =

The

5 km, wg = 1 cm ka_l,

£f! = 1/28 Ky =1 cm? s'l, Kpw = 1076 cm? s-l, and
Kp = 107 em? 57! throughout. When the effective length
(Kb/l)% is less than h, the diffusive limit is used for the well mixed
layer.
TABLE A.V-IIa
RATIOS FOR REMOVAL PROCESSES
(Short-lived (A= 102 s71, A -1 =30 a))
Removal
Process

Contaminan

Type Mixed Layer Burial Diff./ Decay

Soluble

Kp = 1 6x1076 7x10-8 6x10>

Moderate

Kp = 1000 3x10-3 3x1072 2x10~3

Reactive

Kp = 106 3 3x1072 6x10-2

Highly

Reactive

Kp =~ 109 3x103 30 2
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TABLE A.V-IIb
RATIOS FOR REMOVAL PROCESSES

(Medium-lived ( A= 3 x 10711 s71, x ~1 = 1000 a))

Removal

Process
Contaminan
Type Mixed Layer Burial Diff./Decay
Soluble 1072 2x10-6 4x10~4
Moderate 5x10~3 10-3 10~2
Reactive 5 1 G.4
Highly 5x10°3 103 10

~ Reactive
TABLE A.V-1Ic
RATIOS FOR REMOVAL PROCESSES
(Long-lived ( A = 10-12 -1 -1 = 30,000 a))

Removal

Process
Contaminant
Type Mixed Layer Burial Diff./Decay
Soluble 10-5 7x1072 2x10~3
Moderate 5%x10~3 3x10-2 6%10~2
Reactive 5 30 2
Highly 5x103 3x104 60
Reactive
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These results may in turn be summarized,
shows the dominant processes and the ratio of the removal rate to decay

in the water column when they are important.

TABLE A.V-II1
DOMINANT PROCESSES

AEEendix Y

as in Table A.V-1II below, which

Radioactive
Lifetime

Contaminan Short-Lived | Medium—Lived Long-Lived

Type Al 30 a2 }al=1,000 a A~l = 30,000 a Stable

Soluble Rad. Decay Rad. Decay Rad. Decay Burial
(=)

Moderate Rad. Decay Rad. Decay Rad. Decay Burial
(=)

Reactive Mixed Layer | Mixed Layer Burial Burial

(3) or Burial (30) (=)
(1-5)
Highly Mixed Layer | Mixed Layer Burial Burial
Reactive (3x103) or Burial (3x10%) (=)
(1-5x103)

From this table it is apparent that for anything other than reactive
substances, radiocactive decay is the dominant removal process on an
ocean-wide scale, unless the contaminant is stable (or very long-lived
indeed) when net sediment accumulation (burial) is cf course the only
removal process. For reactive contaminants (KD2>10 } net sediment
accumulation is generally the dominant process, although mixing into the
surface layer may be dominant for non-retentive contaminants; (that 1is,
those that are remobilized when calcareous or orgamic carrier partlcles
are dissolved), particularly if they are also short-lived.

An interesting feature of this analysis is that diffusiom into
underlying sediments is never a dominant process over this range of
parameter space. This may be understood by referring to Figure A.V-I.
For short-lived substances the mixed-layer process is more effective,
whilst for long-lived contaminants the net sediment accumulation process
is more effective. There is, however, a region where diffusion and decay
is the most important scavenging process as indicated by the dep051t1on
velocity, although it is less effective than radicactive decay in the
water.

For future reference some typ1cal values of deposition velocity have
been calculated. As mentioned before this is a useful parameter for
interfacing the physical dispersion models to the sediments and is

- 113 -



Appendix V

insensitive to the details of the interior distributions oI the
contaminant including the effects of particle scavenzing. The flux
obtained from the deposition velocity must of course be matched to the
full flux by all mechanisms cof the contaminant to the sediment water
boundary.

TABLE A.V-1IV
DOMINANT DEPOSITION VELOCITIES

(em a~1)
Radioactive
Lifetime
Sediment Short-Lived MediumLived Long-Lived
Type 30 a 1,000 a 30,000 a Stable
Soluble Kp=1 1 (Diff/ 0.2 (Diff/ 0.03 (Diff/ 0.001
Decay) Decay) Decay) (Burial)
Moderate Kp=103 |100 (Mixed 2-5 (Diff/ 0.5 - 1 (Diff/ 0.5
Layer) Decay) Decay) | (Burial)
{Mixed (Burial)
Layer)
Reactive Kp=108 | 105 (Mixed | 2x103 (Mixed | 5x102 (Burial) 5x10°
Layer) Layer) {Burial)
Highly 108 (Mixed 2x108% (Mixed | 5x10° (Burial) 5x10°
Reactive KD=109 Layer) Layer) {Burial)

The results presented in this Appendix, including the use of

deposition velocities to parametrize removal mechanisms, have general
applicability but one should note that they assume fast sediment mixing
rates and chemical reaction times compared to other time scales

considered.

need to be treated with caution (see Appendix IX).
It is worth noting that when the basic assumptions regarding the

deposition formalism are valid and for which the major sink of a

In certain particular applications these assumpticons will

substance lies on the bottom the relationship v4C{0) = Q/A must hold
where C{0} is the bottom concentration, A the bottom area, and Q the

total source.

Thus, given the proper formalism for V4 the bottom
concentration (or its average value) can be determined.

It is also clear

that in this case no matter how badly the interior problem is solved, the
bottom concentration will be correct and as such will, of course, be the
total flux to the bottom Q/A.

In addition, it must be remembered that the flux into the sediments,
as given by VdC(OJ, must be equal to the flux from the interior (unless

this is modified by a surface source).

At least for those cases where

burial is an important sink relative to radioactive decay in the water
column, particle scavenging must be included when modelling the interior

concentration field.

IX.
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Appendix VI

VERTICAL ONE-DIMENSIONAL ONE~ AND TWO-LAYER BOUNDARY SCAVENGING MODELS

We envisage a sea-floor release, at a steady rate Q, of a substance
with a finite decay rate A. Without any scavenging the average
concentration in the water must be Q/AV, where V is the volume of the
ocean. If the ocean mixing time is much less than A~l the substance
concentration is actually uniform at a level Q/AV, everywhere except very
close to the source where much higher concentrations can be expected (see
Appendices IV and VII).

If sedimentary scavenging, at the sea floor and in the water column,
is now introduced we might expect that the concentration in the water is
now reduced, perhaps as given by Q/AeffV, Where Aqff, 3s defined in
Appendix V, allows for decay in the sediments as well as the water. In
this section, we examine the detailed effects of boundary scavenging on
the results of one- and two-layer models, using the deposition velocity
parametrization discussion in Appendix V. We also compare, in the
context of a one-layer model, the effects of boundary and interior
scavenging.

1. A ONE-LAYER MODEL WITH BOUNDARY SCAVENGING

A simple one-layer model with bottom sediment scavenging is obtained
as a simple modification of Shepherd's illustrative 1-D model in
IAEA-210. 1If Ky is the vertical diffusivity, z = H the surface, and
z = O the bottom, the boundary condition at z = O is

_ g dC - Q - (A.VI.1)
N = v4C

where A is the area over which the source is distributed and V3 a
deposition velocity as defined in Appendix V.

Solving the diffusion equation deZC/dzz‘— C = 0 with dC/dz = 0 at
the surface z = H and (A.VI.2) as the bottom boundary condition leads
simply to the solution

v -1
_ cosh [(H-2)/A] { d (H/A) }

with A= (Kvll)% and C, = Q(Av)~l, The term { } represents the
modification to the solution in IAEA-210 associated with boundary

removal. It may be expressed altgrnatively asg

. . _ :
{1 R (]%h ) (H/8) } ! (A.VI.3)
tanh (H/5)
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where

Kyh* = vdx.‘l (A.VI.4)

represents the "equivalent water depth" of the scavenging sediment, and
h* is the effective sediment thickness of Appendix V. Equations (A.VI.2)
and (A.VI.3) demonstrate that, in the 1-D case, scavenging at the sea
floor does not alter the shape of the comcentratiomn profile, but reduces
its magnitude. The reduction factor is just what omne might have
expected; for H<< Athe distribution in the water is uniform and the
reduction factor is (L+Vg(ar)~1)~1 = {1+KDh*/H|“1, whereas for

H>>Athe concentration in the water falls off over the scale depth and
the reduction factor is |1+Vd(KKv)"%l = | 1+Kph*/4 1_1. In

each case the reduction factor is just as if one added to the effective

water depth, H or A, the equivalent water depth Kph* of the scavenging
sediment.

2. A TWO-LAYER MODEL WITH BOUNDARY SCAVENGING

A better approximation to the real ocean would be a two~layer model,
with the lower layer representing the benthic boundary layer with a much
higher diffusivity than in the rest of the water column. We thus examine
the model illustrated in Figure A.VI-I.

z=H
K=K €y
270
KV = K2 C2 z = —€H

7777717 AT TI77I7iTriTi7ijiiriiiisiiiiiv/

FIG. A.VI-1. Boundary scavenging 2-layer model

In each layer we must solve the equation

Ky d2¢/dz2-A¢ = 0 (A.VI.5)

with boundary conditions

dc/dz = 0 at z=H (A.VI.6)

~ RpdC/dz = Q/A - V4C at z = -¢H (A.VI.T)
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C and KydC/dz continuous at z = 0 (A.VI. &)
The solution is
H-z %
= ——— ﬂ - » -
C, = a; cosh (51)' 1 (K, /2D (A.V1.9)
= - - ¥
C, = a, cosh (-2/8, +o), b, (Kzfl) (A.VI.10)
with (A.VI.6) already satisfied.
The bottom boundary condition at z = =-cH implies
(1(2/;_\2):;12 sinh (eH/.{‘.z +9) = Q/A - V43, cosh (eH/Az + o) (A.VI.11)

or

a, = (Q/A) [(K,/8,) sinh (¢H/A, +3) + V, cosh (¢H/A, +3)TY (AvILi2)

The matching conditions at z = 0 imply

a, cosh (H/Al) = a, cosh¢ {(A.VI.13)
(Klﬂﬁl) a, sinh (H/ﬁl) = (Kzﬂaz) a, sinh¢ (A.VI.14)
. . tanh¢ = (Klfxz)% tanh (H/ﬁl) (A.VI.15) N

We are particularly interested in the value of aj, and its
sensitivity to the presence of the bottom boundary layer.

a, = (QfA) cosho¢ sech (H/A,) [(K_/A,) sinh (—£E'+¢ )
1 1 272 A 5
u -1
+V, cosh (== +9)]} ' (A.VI.16)
d 62
We first check the case with no bottom boundary layer ( ¢ = 0). This
leads to
(H/8,) vy (H/Al) -1

8) = (3@’ siom /8 [1 * ¥ tamh (Hfﬁl)] (A.VI.17)

as in Equation (A.VI.2). If we now assume eH/Aj;<<l, that is that the
mixing time over the bottom boundary layer is much less than the
half-life of the substance, we have

-1
a, = (Q/A) sech (H/Al) {(Kzllz) [(E%E-+ tanh ¢ ] + Vd[l + %ﬂ tanhd’]}
2 i
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)

(H/&.) eH+K_h*
- 2 Ly {L e E”

(H/al) -1
AMH’ sinh (Hfﬁl) }

tanh (H/al) (A.VI.18)

where we have also assumed EHZA&2%¢<1 {i.e. H/A2 not large) and define h*
as in Equation (A.VI.3).

This solution shows that the only additional effect of a bottom
boundary layer, with a mixing time short compared with the contaminant
half-life, is to add its depth eH to the effective depth Kph* of the
scavenging sediment. The conclusions reached in A.VI.l above have
therefore not changed significantly.

3. A ONE-DIMENSIONAL MODEL WITH INTERIOR AND BOUNDARY SCAVENGING

If the contaminant is also being scavenged in the ocean interior by
particles falling with a velocity, wp, and, 1f the contaminant on the
particles is in equilibrium with that in the water, the governing
equation in the ocean interior is

2
* d C dC

*
Kv ;;5 - A C+ (Vi~w rre 0 {(A.VI.19)

where w is the upwelling velocity and

K: = (1+a)Kv
2 = (140 (A.VI.20)
Vi = -awp
wherein
a= fKD(l—f)_1 (See also Appendix IX.)

In (A.VI.19) diffusion of particles has been included but in reducing the
expressions of Appendix IX, A has been assumed to be small compared with
kp, the backward bulk rate constant. Note also that f<<1 and that
usually fKp<<1 even though scavenging is important.

The bottem boundary condition (A.VI.l) now can be rewritten as

* dC _g _ -
Kv iz ViC + wC A VdC + wC(H) at 2z 0 (A.VI,21)

where the additicnal terms on the left hand side now include the flux of
contaminant to the bottom by particles and away from the bottom by
upwelling. The term wC(H) on the right hand side allows for reinjection
of water from the surface at the bottom (via deep upwelling). Equation
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(A.VI.2}) is thus the equilibrium form of the bottom boundary condition
of the model of Appendix IX in the limit that the thickness of the bottom
boundary layer is very small,

In the absence of a surface source, the surface boundary condition is
similarly given by

w
K, %% +v.C =0 at z = H (A.VI.22)

The solutions of (A.VI.19) are given by

rlz rzz
C=ae +be {(A.VI.23)

where Ty and r2 are the roots of

* 2 * * . *
er ~-wr - A =0 wherein w = w - Vi. (A.VI.24)

They are given by

* WA
=S Dy s &’ —lo

Kv w

The surface boundary condition yields

r ] (A.VI.25)

1,2

r. H * r.H
a (K;rl sV e LI (Kyr, + V,)e 2 - 9 (A.VI.26)

and the bottom boundary condition yields

- {K:rl - (w4 vl a - [K:rz - (w*+vd)1 b (A.VI.27)

- T H r H
-2, W rvd@e P oebe B

Combining (A.VI.26) and (A.VI.27) gives

K T +V r. H
* vV 2 2
b =% (w +Vi) (*—) -1| €

er1+v

(A.VI.28)

* * «* * g )
+ (Krj-w-v,) Kyr, v -V,

( er +V, ) (rz—rl)H
er +V
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A similar (symmetrical in r) and r9) expression for a may be
obtained from (A.VI.26) and the concentration field evaluated from
(A.V1.23). This provides the most general one-dimensional equilibrium
model presented in this report. Its overall validity may be understood
using the analysis of Appendix IX.

The relative role of boundary and interior scavenging may be examined
by considering the situation where there is no upwelling (w=0) and where
the contaminant is confined within a scale height, r~l, much less than
the depth of the ocean. This will be the case if H is greater than
either the vertical scale, K;Vi‘l, associated with a balance between

scavenging and diffusion or the scale,(Kv/;\*)% , associated with decay
and diffusion. The solution is then given by

C = % (vd—viﬂg’;r)“le Tz (A.VI.29)
where -
\f Ay Ay
r=— [ 3+ % (11——T) ]

Ky Vi

Let us first consider the relationship between scavenging in the
interior, as parametrized by Vi, and burial by the sediments as part of
Vq- If the contributions to V4 could be considered as additive, one

could define Vb=Vd—V3“rial, where vy includes the effects of diffusion and

mixing into the bioturbated layer. Consider now the case that Kp >>1 and
burial = ' vos .

f <<1. Then Vd wsf KD’ where KD is the sedimentary KD, and

V., = -w fKD. One may also write -w f' = § w f where 8 < 1 includes the
1 P & b

effect of particulate dissolution (say of the organic fraction). This

may or may not lead to the release of the contaminant to the pore waters.
Since our general understanding is that burial of a reactive

substance will not exceed its rate of arrival to the sediments on

particles, the ratio(Vguriallvi)= (8K /K) = € 1. If the sediments

. ~ burial _, - '
are retentive g~ 1 and Vd . Vi ~ wsf KD/5 .

The factor (Vd-Vi+K;r)‘1 in (A.VI.29) that determines the bottom value

LAY

of C may now be rewritten as ( Vv [ e~ % + % (1+ ____1)%9'1_

b v;2
This clearly indicates the dependence of the bottom concentration,
especially for long-lived reactive substances, on € and thus on the fate
of particulate matter and the contaminant it carries when it enters the
bottom boundary layer. On the other hand the vertical scale height in
the water column, r~1, only depends on V; which describes scavenging
in the ocean interior and is independent of boundary processes.
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THE EFFECTS OF STRONG LOCAL SCAVENGING

As discussed in Section 2.3 and in Appendix IV, there is inevitably a
region of substantially elevated concentration in the vicinity of a
localised ("point™) source. Scavenging processes (of any order greater
than zero) would lead to correspondingly elevated fluxes of contaminant
being removed to the bottom in the vicinity of the source. It is at
first sight possible that sufficient contaminant might be removed that
very little is able to disperse into the remainder of the ocean, and that
the localisation of the scavenging may serve to enhance this effect.

1+ has been shown in Appendix VI, using one-dimensional models, that
it is indeed possible for scavenging to be so strong that the greater
part of a contaminant is removed to the sediments. Such models cannot
however tell us whether the localised elevation of the concentrations are
of any consequence, since they do not allow any representation of them.

In this Appendix we demonstrate that the localised region of high
concentration has no effect on the partitioning of contaminant between
water and sediments - the reduction of ocean inventory due to scavenging
is just what one would estimate from the 1-D models. The extent to which
the inventory of contaminant residing on the sediments in the immediate
vicinity may nevertheless be a large fraction of the total, is also
discussed, using some results of a model of Garrett {1983b).

1. POSSIBLE MODIFICATION OF OCEAN INVENTORY

Consider an ocean in which contaminant is moving around, described by
a flux field F, due to advection, diffusion and sedimentary processes.
Everywhere in the interior of the ocean (i.e. away from any sources), the
divergence of the flux field must be balanced by radiocactive decay, since
contaminant is otherwise conserved. Therefore:

div F - AC = 0 (A.VII.1)

Separating horizontal and vertical components, one has:

v _ (A.V1I.2)

where the suffixes H and V here indicate the horizontal and vertical
components.

Integrating over any horizontal surface of area A spanning the entire
ocean:

d¥

V * " -n—v- -.. ) =
fH Fyda+ A g2 AC 0 _ (A.VIL.3)
A
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where indicates the horizontal average. However, by Green's theorem:

_/va Fyda = _[EH » ndl (AVII.4)

A

which is the integral around the perimeter of the horizontal flux normal
to the boundary. Since (in the absence of deposition on the sides) this
normal flux of contaminant is zero everywhere (no transport in or out of
the sides), the right hand side is identically zero.

The interior processes are therefore correctly summarised by the
vertical flux balance equation for the horizontally averaged
concentration:

vV - AC = 0 (AVII.5)

which is exactly the equation treated by the one-dimensional models of
Appendix VI provided that the vertical diffusivity is horizontally
uniform.

Similarly, at the bottom boundary, the total depositional flux is

{(using the deposition velocity parametrization) in the absence of
sources, just:

fFV(O)da = fvd ¢c(0xda (A.VII.6)

A A

Taking V4 constant over the surface (which does not affect the
essence of the problem), this reduces to:

FV(O) = vy c(0) (A.VI1.7)

Thus the bottom boundary condition can also be written entirely in
terms of vertical fluxes of horizontally averaged quantities.

These results mean that the oceanic inventory of a contaminant (but
not of course its horizontal distribution) can be deduced from a
one-dimensional treatment of average quantities, so that the results for
the reduction of ocean inventory due to scavenging derived in Appendix VI
are in fact valid more generally than might have been expected.

Since the actual horizontal distributions of concentrations are of no
consequence (provided the average remains the same) this means that the
enhancement of scavenging over and above that which would be estimated
from a one-dimensional model cannot in fact occur.

This conclusion remains true whether the interior transport is
primarily advective, diffusive or particulate, and provided the removal
processes are zeroth or first—-order, even if they are reversible. It
would fail however if the removal process were of fractional order, or of
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order greater than one, or if there is substantial horizontal variability
of the deposition velocity, vertical diffusivity or upwelling speed.

2, A SIMPLE THREE-DIMENSIONAL MODEL WITH BOUNDARY SCAVENGING

Neglecting interior scavenging for the moment, the concentration
field C in a purely diffusive ocean satisfies the equation

2 2 2 "
KH VH C+KV 9°c/ oz — AC =10 (A.VII.8)

The boundary condition on the flat sea floor at z=0 is

- Kv ac/ dz = Qf(r)-—VdC (A.VII.9)

for a distributed source that is assumed to be radially symmetric about

the origin and of total stremgth Q if J-Zer(r)dr 1.

For a cylindrical ocean of radius R, with dC/dr =0 on Tt =R, a
Fourier~Bessel solution of (A.VII.8) may be obtained (Garrett, 1983b).
For zero (or small) values of V4 the solution resembles that described
in Appendix IV: a local source-like behaviour superimposed on a
larger-scale concentration field which is uniform over the ocean for
long-lived contaminants, and in general has a horizontal average equal to
that obtained from a one-dimensional model. The new question is whether
a finite Vg can remove a contaminant before it diffuses out to the
sides and top of the ocean, and so greatly modify the contaminant
concentration in the far field from what it would be without scavenging.
This may be investigated by examining the solutiom of (A.VII.8) and
(A.VII.9) for an infinite ocean. For a top-hat source that is a source
defined by f£(r)=1 for r<rg and £(r)=0 for r >rg, the solution is

-1 -%
Q(rrs) (KHKV) c ,

o]
1l

(o]
13

f[a+(k2+k§)%]"1J1(k)Jo(kr' )exp[-(k2+k§)’5z' ldk (A.VII.10)
4]

where ko = ( lri/KH)%,¢r= Vdrs(KHKv)‘%, ! = r/rs, z' = (KHIKV)% (z/rs).

The normalizing factor Q(rrg)~1 (KHKV)% in (A.VII.10) is just the
point-source solution from Appendix IV evaluated at a horizontal distance
yr, from the origin; it expresses the averaging effect of a finite
source region. In fact, for a source region small compared to the
lateral diffusion/decay scale (ky<< 1) as it will usually be, and for
o <<l as it will bg for deposition velocities less than about 30 m a~l
given rg = 100 km, Ky = 102 m? s~1 and Ky = 1074 w2 571, we find that
C'2 1 close to the source and that the singularity in Appendix IV may be
replaced by the value of the point source solution at r = %rg.
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FIG., A.VII-1.

Approximate formulae for the normalized concencration from the

solution (A.VII.10) of the boundary scavenging problem, in the regions close
to the origin, 1 <<p <<do”! and o) < <p.
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FIG, A.VII-2. Approximate formulae for the normalized concentration from the
solution (A.VII.13} of the interior scavengin_c{ problem with x, = 0, in the
regitons close to the origin, 1 < <p << 207! agnd 2071 <<op.
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The formula (A.VII.10) may be evaluated numerically, but the results
are best comprehended through various approximate formulae for C¢' which
are valid in the regions 1 << p<<o~l and e-lccp , with
o= (r'2+z'2)%. These results, summarized in Figure A.VII-l, are
derived by Garrett (1983a) and have been checked against numerical
integration of (A.VII.10). The existence of the intermediate region
1<<p<<o~l depends, of course on having ¢<<1. In this region, if it
exists, the details of the source are unimportant and scavenging has not
had time to affect the concentration field significantly. Hence the
concentration is identical with that for a point source of a decaying
contaminant, as discussed in Appendix IV.

For #5>0~1, (or # >>1 if ¢ >>1), the concentration field away from
the bottom is that of a dipole (with extra terms to allow for decay), as
would be given by a point source above a perfectly absorbing boundary.

If applied at the bottom (z' = 0) the interior formula would give C' = 0;
this however is invalid and Figure A.VII-1 shows the next non-zero
approximation for C'(r',0) in the far field. 1In the vicinity of the
origin finite values of o or k, reduce C’' from the value of 1 which it
takes for ¢ = kg = 0. For ¢>>1 or ke 1, c'~ o=l or kg -1, so

that a reasonable approximation, as shown in Figure A.VII-1, is
C'(0,0)amin [1, ( o+ky)7L].

The important result of this model is the identification of the scale
0-1 beyond which the concentration falls off rapidly. In dimensional
terms this is L -1 vertically and (KHKV)% Vd-l horizontally. Of course
the discussion in Section 1 of this Appendix shows that the horizontally
averaged concentration field in a finite ocean is given by the
one-d imensional solution of Appendix VI, so the main advance here is the
identification of the key horizontal scale (KHKV)% V3 -1 beyond
which the effects of scavenging on the distribution of concentration
become apparent.

3, THE EFFECT OF INTERIOR SCAVENGING

If interior scavenging by sinking particles is included and the only
removal at the bottom is by burial of the sinking sediments, the
governing equations are {(assuming f and fkp < < 1)

2 2 2 -
KH VH C + Kv d°Cc/dz - AC + Vi ac/f oz =10 (A.VII.11)

with boundary condition

K, ac/ dz = QE(r) (A.VII.12)

as for (A.VI.21) with Vg = Vj.

This problem may also be solved for a finite ocean using a
Fourier-Bessel expansion; here we concentrate on the solution for an
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infinite bcean. This is (Garrett, 1983b)

C = Q(rrs)_l(KBKv)_%C'.

® 2 _ 2 .
C'=f[ %( %—+k2+k§)%] lll(k)Jo(kr')Exp{-[%*(gz-*kzi-kz)%]z'}dk (A.VII.13)
1]

) t -k
where kK, r,z, are as before, and ¢ = virs(KHKV) . We see that C' in

this case is just exp{-%02z') times the solution (A.VII.10) for boundary
scavenging, with ¢ in (A.VII.10) replaced by %o, and k, replaced by

o2, 2\l

4 o
Hence the formulae in Figure A.VII-1 may be adapted to the problem for
interior scavenging. In Figure A.VII-2 we show the results for the case
ko = 0 so that the decay rate of the contaminant is zero and the only

removal process is at the bottom. The transition scale is much as when
there is no interior scavenging, but with the extra decay terms

o~ Y0z and e” %00, Thus, interior scavenging enhances removal near
the source. Since V4=V; in this problem, the key result is again the
identification of scales of order (RyKy)%/V4q horizontally and
Ky/Vq vertically within which most of the contaminant is contained.

If we allow for interior scavenging and general boundary removal
processes (that is V; # Vy), we must solve (A.VII.11l) with boundary
condition

ocC
gz

= Qf(r)-VdC

-ViC-Kv

similar to (A.VI.21). A closed form for the solution, similar to
(A.VI1.10) and (A.VII.13), can be written down and its asymptotic
behaviour in different regions investigated. The horizontal transition
scale, beyond which the concentration falls off rapidly, is

(RgKy) ¥ (V4-%v;)~1, showing the combined effects of interior

and boundary scavenging.

In general we may write V4 = e Vj+Vp, where 0<€<] to allow for
dissolution (see Appendix VI). Hence the transition scale is
(KHKV)%[Vb+(E-%)Vi]_1, though the approximation leading to it
breake down if Vy+(€-%)V;<0, as is possible for small Vy and ¢ .
Suitable approximations to the concentration field in this case are under
invegtigation, but the solution of the one-dimensional problem with
interior and boundary scavenging (Appendix VI) can still be used for the
laterally averaged concentration field.

However, as long as Vi, + (€ - ¥}V;> 0, the solutions are similar
in form to exp{- ¥0;z') times the integral inm A.VII.10 with ¢ replaced

by g, (equal to gy * %Gi), and k_replaced by k,(equal to (ki + ==},

- - X _ -%
where o, = virs(xﬂxv) s vb =V~ V., and oy = vbrs(xﬂl(v) .
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Noting that there is no essential difference between the solutions on
and off the bottom, except that for p > 1/gy the term z' reduces to a
lower limit of 1/o, as the bottom is approached, the asymptotic
solutions may be written in three regions, i.e.

c' = (1 + o, *+ k*)-1 : p <1

- -1 . -
¢! —%exp(-—%diz') P~ exp(-k,p); 1<p<o,

=:5exp(-%ciz')(d*+k*)-1(0;1+z')0'3(1 + k*D)exp(—k*p);p>c*"1 (A.VII.14)

These analytic solutions may be evaluatgd without difficulty as required
(remembering that C = Q{m rg)~1 (RygKy)~%C'), and conmstitute the

most general solution for near—fleld concentrations obtained by this
method. The horizontal transition scale is rgy/o, .

4, SUMMARY

We have shown in Appendix VI that most of the contaminant will end up
on the sediments if Vg>>AH or Vg>>(KyA)% for long- and short-lived
contaminants, respectively (Ky > or < AH®)}. In this Appendix it has
been shown that the contaminant is retnlned b{ scavenging nearer to the
source if the scavenging distance (KHKv) Vqa ~ <R, the ocean
radius, {or equivalently KyVq ~l<cH when (KVRZ)(KHH -1
is of order one). For short-lived contaminants the comparison is really
between the scavenging scale (Ky/V4) and the decay scale (Ry/M)E.

The scavenging scale is less when the sedimentary inventory dominates
(Vg >> (Ry A) % ). The situation is summarized in Figure A.VII-3 in
which the ocean is categorized by the two dimensionless parameters
VqH/Ky and (AHZIKV)% representing separately the strength of
scavenging processes and decay relative to vertical mixing.

In region A of Figure A.VII-3 the contaminant is wostly removed onto
local sediments (and following the discussion in Appendix V this is
likely to be due to burial for small values of (AHZ/Ky)¥ and sorption
by the bioturbated layer for large values). In region B the sedimentary
inventory dominates the water inventory, but the contaminant is spread
ccean-wide. In region C the contaminant is spread ocean-wide, but with
the water inventory dominating the sedimentary inventory. The water
inventory also dominates in region D, but the contaminant decays before
it can spread ocean-wide., The transition from one region to another 1is,
of course, more gradual than suggested by Figure A.VII-3, but the
identification of the different types of behaviocur in different regions
of parameter space can be of considerable use.
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FIG. A, VII-3. Regions of parameter space with different
dominant mechanisms of contaminant removal. The contaminant
tg largely associated with: Local sediments in region A,

global sediments in 1region B, the whole ocean in C and the
local ocean in D.
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A TWO-DIMENSIONAL OCEAN DISPERSION MODEL

A two-dimensional (meridional) finite difference model of dispersion
by diffusion and advectiom in an idealised ocean with an arbitrary steady
flow has been described by Shepherd (1983). This uses a simple explicit
numerical scheme, based on a vertically irregular spatial grid, so that
levels in the model can be chosen to ceincide with isopycnal rather than
level surfaces. The current implementation allows only for scavenging at
the ocean bottom, but generalisation to interior scavenging by one or
more particulate species would be straight forward.

Two dimensional models of this type are useful because:

(a) their results are easily comprehended (the concentration
field may be illustrated on a single sheet of paper);
(b) they are capable of representing all the basic processes of

interest, including scavenging, time-dependence, and the
effects of return flow;

(c) a conservative flow-field with any desired properties is
easily specified (and illustrated) using stream functions;
(d) models with useful spatial resolution (e.g. 10 x 8) are small

and fast enough to enable large numbers of cases to be
studied easily and cheaply.

The principal disadvantages are that such models inherently assume
rapid mixing in the dimension not modelled (usually zonal), and subsume
various elements of the oceanic circulation, even of quite large scale
{(e.g. anticyclonic gyres) into elevated mixing coefficients. The results
must therefore be regarded as primarily illustrative, and of quantitative
value only under closely specified conditiomns.

Among the results presented by Shepherd (1983) are some illustrating
the effect of increasing boundary scavenging in a static diffusive
ocean. One set of these results 1s reproduced here in Figures A.VIII-1
to A.VIII-3, showing the concentration fields obtained for a contaminant
with a half-life of 300 a in an ocean with both vertical and horizontal
mixing times of around 3000 a, for deposition velocities of zero, 1000
and 1 x 109 c¢m a~l, Because the source is effectively somewhat above
the bottom in these calculations, the scavenging may be limited by
diffusion to the bottom, and the effective deposition velocities are
roughly zero, 500 and 1000 cm a~l., The figures do however clearly show
the progressive modification of the field, and clearly illustrate some of
the features derived analytically in Appendix VII.
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A HYBRID VERTICAL SCAVENGING MODEL

1. FORMULATION OF THE MODEL

In this section a one—dimensional vertical ocean model including
scavenging is described. Most of the well-known limitations of such
models apply to this one but it nevertheless forms a framework that can
be used to estimate concentration fields of contaminants released from a
bottom source and enables one to ensure that such estimates are to the
first-order compatible with the horizontally-averaged distributions of
various natural substances.

Many one-dimensional geochemical models have been formulated that
include processes such as vertical diffusion, upwelling, particulate
transport and interactions, as well as sources and sinks of various
types. It is unusual however to explicitly consider the regiomns of
downwelling that carry the water necessary to balance that assumed to be
upwelled in the interior. Thus, although such models may reproduce the
profiles of naturally-occurring substances, it is difficult to ensure
that they properly reproduce the fluxes of substances that are recycled
between the surface and deep ocean or predict the evolution of a
transient., In order to avoid some of these problems, the model
formulated below includes a polar downwelling regiom thus making a
"closed—loop" model for the transport of mass and material. The model
also includes explicit representations for both incorporatiom of a
contaminant on biological particles generated at the surface and its
adsorption on sinking particles, as well as an interactive bottom
sedimentary layer. First-order reversible reactions are used throughout.

The basic design of the model is given in Figure A.IX-1.

The velocity £ield. The model uses the simplest velocity field
consistent with the processes included. 1In regions A, D, and E we take
vertical velocity, w, to be horizontally uniform, that is, w = w(z).

This 1s consistent with basic one-~dimensional philosophy. We also ignore
non-uniformity in the y-direction, so that uy+w, = 0 with u = 0 at
x = L. Thus

u = (Lx)w, (A.1X.1)

and the horizontal velocity .across x = 0 is given by

u(x=0) = Lw, (A.1X.2)

The condition of no net mass flux across any level gives:

w' = =(L/f v - (A.IX.3)
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As described in the following sections the model assumes in addition
that there is no entrainment from the interior into Region C allowing
certain simplifications to be made (since then w, = 0 for
0 >z >-H+zy). 1In the region -H+z1 > z > ~H, w(z) must be
specified. 7The simplest way to do this is to allow w to vary linearly
from the necessary zero on the bottom to the interior value at
z = =H+zy.

The basic equations. The substance under consideratiom is assumed to
exist in three different states: (1) dissolved in the water; (2) adsorbed
onto the exterior of particles in the water column; and (3) incorporated
into biclogical matter which rains out of the surface layer dissolving as
it falls to the bottom. All of the organic matter which reaches the
bottom is then assumed to dissolve there. The associated equations are:

_ ) 1
C +(uC) +(wC) = (Kﬂcx)xae(xvcz);kch (h+k1)C+:iC i+QI (A.IX.4)
Cpt+(uCp)x+(prp)z = (KHCpx)x+(KVsz)z+k10-(h+k2)cp (A.IX.5)
C +w C ) =-AC -t (A.IX.6)
Pit P;P;? P; TPy (i=1,N)

where the usual symbols have been used with the addition that w_ 1is the
i
settling velocity of the biological matter and Cp its concentration.
i

Adsorption and desorption have been parametrized as first-order
chemical reaction processes as described in Appendix I. 7 is the time
constant for the dissolution of the biological matter and if more than
one biological species is considered the summation convention (on i) is
to be applied in (A.IX.4). Qg is a local rate of input per unit volume.

In the most general case (A.IX.4 - A.IX.6) would hold throughout
regions (C), (D), and (E) allowing fields with horizontal variations.
However we shall simplify this set to obtain 2 consistent "1" dimensional
model.

Regions D and E (The Interior). Integrating (A.IX.4-6) from x = 0 to
x = L, and neglecting the horizontal diffusive exchange across x = 0 (and
any diffusive flux to the side beoundary sediments at x = L), we obtain:

j— j— 1 J— —
cp—(x+k1)c + o€ (A.IX.7)

Ct—uoco/L+(wC)z = (chz)z+k . b,

2

-

Cpt—uOCPO/L+(wPCp)z = (chpz)z+klc—(h+k2)cp (A.IX.8)

- 133 -



Appendix IX

_ 1+l'r. -
c #w C ) =-( ) (A.1IX.9)
Py PP Py i Pi
t
where the subscript "o" indicates values at x = 0 and """ the

horizontal average.

Neglecting the influence of entrainment from Regton E into the
northern boundary layer, i.e. taking w, = uD/L = ( for —H+z1 < z< 0, and

taking wp and wp to be counstant yields

C +wC = (K,C ) +k cp -( l+k1)c+(1/fi)cp +Q

2 ; X (A.IX.10)
- - _ - = —
Cptwpcpz (chpz)zﬂclc( +k2)cp (A, IX.11)
_ _ 1+ Ar,
C_ +w C = (——3)C (A.TX.12)

P; PP, i Py
t
in Region E.
In Region D, (A.IX.7-9) still hold but this region is supplied at
x = 0 by water from the polar downwelling region. Thus we take Cy = C',
Cp = (0 (see Regions C and F) and obtain from (A.IX.7)
)

cp—( x+k1)c+(1/fi)0p *Q (A.1X.13)

Ct-wzC'+(wC)z = (Ksz)z+k )

2

in Region D.

Equations (A.IX.8) and A.IX.9) reduce to the same forms (A.IX.l1ll) and
(A.IX.12) respectively in D as in E.

{Note that wpz = w = 0 but v, must be # 0 for mass conservation,)
iz :
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Regions C and F (Northern Boundary Region). In these regions, it is
assumed that the only physical process of significance is the advection
by downwelling water and all particulate fluxes are neglected as being
small in comparison. The dissolved phase equation is then

£ +uc + f(w'T)_ = -nC+ 4T (A.1X.14)

which, since if there is no entrainment u, = 0 and fv' = -Lw = constant,

reduces to

C't-(L/f)wC'z = -XC'+Q'y (A.IX.15)

in Region C.

In Region F, it is also assumed that diffusive effects and
particulate interactiouns are unimportant in comparison with advective
effects. Thus, since water is leaving this region, C, = C'.
Remembering that ug, = f w',, one obtains Equation (A.IX.15) for
Region F as well as Region C (although w is not constant).

Regions A and B (Surface Layer). The surface layer, A, which
connects the interior to the northern boundary region is taken to be a
well-mixed layer of thickness 3. All horizontal variatioms are
neglected. The concentrations for the dissolved and particulate phases
in this layer are determined by the fluxes in and out of it as well as by
the interaction between the dissolved and particulate phases. The most
complicated expression is for the dissolved phase and is given by

3 - - - _ —
T (8T = - wC, v w0 o+ Q RyC,(0_)  (A.IX.16)
t t $ *
loss to upwelling surface diffusive
northern from input exchange .
boundary below with
region Region E
N — 1 o — P —
- A + k,) (4C,) + —4C + 5Q
1 1 T P I
T A ip i t
loss by loss to gain from gain from
radioactive| |inorganic dissolving local
decay particles biclogical interior
matter source

ub vy,

i 11
Lo

loss due to ]
biological uptake
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where the subscript 1 indicates the value of the variable in the
well-mixed surface layer, and 0_ is used to indicate that the value to be
used is that just below the surface layer. pi_l is the rate of production
of particulate biological matter and 74 is the time scale for its
dissolution and <Y is the concentration factor for the biological

matter being produced.

The equations for particulate matter are similarly,

a P — —— — sl [ y—
5t (8 CP1) = wpcpl-chpz(O_)+k1(6Cl)—(x+k2)(acpl} (A IX.17)
O (3T y=w T -A3T --1 8T +uird (A.1X.18)
gt P Yo.5p. P, T . p.  Hi%tiv] foar

11 1 11 11 1 11

in Region A.

Where the diffusive flux of organic matter has been neglected relative to
the advective flux in {A.1X.18).

The reader should note that w,., #ji, 7ij, and the proportion of the
volume that is occupied by biological matter are related through an
equation which describes the rate of change of biclogical matter, fj.

For the purposes of what follows however it is sufficient to choose these
parameters in a way which is consistent with the available data.

It is assumed, consistent with the underlying Region C, that
particulate processes are unimportant in Region B. Thus the contaminant
is simply advected through this region as it decays.

The bottom boundary layer. The model as formulated contains a
rapidly mixed (presumably by bioturbation) bottom sedimentary layer in
which first-order geochemical processes take place and some of the
particulate matter reaching the sea floor dissolves releasing the
substance it is carrying. If one lets f' be the fraction of the sediment
volume occupied by particles, C'y the horizontally-averaged
concentration per unit volume of water and C' the corresponding
concentration per unit sediment volume, integrating over the sediment
layer yields for the pore-water concentration:

(1-f' )hC' = hkOE'C' - R(I-£AT' - h(1-£9)kC'  (A.I1X.19)
wt 2 P w 1w
rate of change gain from adioactive loss to
of total amount [particles [;ecay particles
in water
= (- _ _ (- _ —_ENypr _
+ K,C (-H) (1-4 )prp( H) - w (1-f _)C w v icpi( H,)
diffusive |~ gain from [buriai] gain from
flux acros settling - biclogical
sediment out of particles
surface scavenging settling
particles out
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where h is the well-mixed sediment layer thickmess, k%, and kS are the
bulk particle-water first-order rate-constants, wg is the sedipent
accumulation rate, (1- &) is the fraction of scavenging particulate
matter that dissolves releasing the substance it carries to the
pore-water, and H, indicates that the value is to be taken just above
the sediment layer.
All of the biological matter (Cp.) crossing the sediment interface is also
assumed to decompose. We note that it is possible that not all of the
contaminant originally on the particles that dissolve is released to the
water. 1f some of the contaminant remains with the undissolved portionm,
it is possible for equilibrium to be upset in the sediments with more
contaminant being held on the particles than would be determined from our
model. This would result in a decreased diffusive flux of dissolved
contaminant into the water and an increased burial rate on particles.
Though our bottom boundary condition could be modified to accommodate
this (as well as finite dissolution and diffusion rates in the
bioturbated layer and a non-zero diffusive flux to the region below),
this possibility has not been pursued.

The corresponding particulate equation is:

et = Sy eI _nft A B _hEL S0 - - _ - o
f hcpt hkl(l £ )cw hf xcp hf kch Gprp( H+) wsf cp (A.1X.20)

1f f is the fraction of volume occupied by sediment in the water above
and if we assume the basic first-order rate constants in the water and

sediments are equal, it may be shown that the bulk rate constants in the
sediments are given by:

s _ £ 1-f

k= G5 _c—?—)kl

k> =k (A.IX.21)
2 2 L] -

Also wg, the sediment accumulation speed, must be related to the
particulate settling speed, wp, by:

- f'ws = Ofw (A.1X.22)

Finally, it is assumed that the pore water in the boundary layer is in
equilibrium with the overlying water mass, that is,

c(-n) = C| (A.IX.23)

The equations for the various regions given above now form a closed
set, some of the properties of which are discussed below.
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The steady state problem. As discussed earlier, it is instructive to
consider the time-independent solution of the problem formulated above
and to relate solutions to naturally-occurring substances. 1In this case

(A.IX.12) can be solved analytically and the equations in the various
regions reduce to:

1+ Ar.
-~ — . = - i
WCZ = (chz)z+k20p (A +k1)C+(1/ri)Cp'(0)exp (——————)z +QI

, (A.1X.24)
-w T.
1 pi 1
¥olpz = (KyCop),*k C(M k)¢ (A.IX.25)
in Region E;
- — — - - - 1+ )\'ri _
—_ ] = -
w C'+(uC) (KVCz)z+kZCp (l+k1)C+(1/ri)Cp_(0)exp (:;__;T)z +Q;
1 pi 1
{(A.IX.26)
"plpe T (O ) t OO )T, (A.1X.27)
in Region D;
- W/ wC) = -aTlegy (A.IX.28)

in Regions C and F.

For a steady state balance, the concentration on organic material in the
surface layer from (A.IX.18) satisfies

; 876 {A.IX.29)
i i Py

Since however the fraction of the surface layer volume occupied by
organic matter must also be in steady state

-(w_ - i i - (A.IX.30)
Pl Ti N .
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and thus

(ui+ )\fi)Cpi = #ifi?icl (A.IX.31)
1

Equation A.IX.31 shows that there exists an expression of the form
C, i =7¥E'buq~that, even if radioactive decay in the surface layer is
negligible, ¥; = f; vi depends both on the rate of production of
biological particles and their concentration factor for the substance
being considered. In what follows %j will be varied to investigate
the possible influence of biological particles. The values of ¥; used
will ultimately have to be consistent with what is known of the biological
particle flux wy.f; and the concentration factor 7vjy.

We shall also in the following analysis assume that scavenging
particles are in equilibrium with the water in the surface layer, i.e.

k.C = (A+k,)C_ at z =20 (A.IX.32)
1 2°p
Summing (A.IX.16-18) and recognizing that Cp = C(0.)}, we have

+ 6 =% (C+C )wC =-w C_ - AS(C,+C +C_ ) at z =20
Qg 0@ = Kle7Cp ™ Py P; Py 1 p pg

Finally, the approximation has been made that the surface layer is thin,
so that

Q, = GKv(Cz+sz)—prp -wpicpi at z =20 (A.IX.33)

Together with the equations for the surface and bottom boundary
layers equations (A.IX.24-28) form a closed set. The range of oceanic
values for the parameters x , kj ko9, 7Yji, #j, Ky, etc. yield a
number of particular balances between diffusion, advection, particulate
flux, radicactive decay, etc.

2. APPLICATION OF THE MODEL TO THE NORTH PACIFIC

In this section, some features of the model are revealed through its
application to the observed profiles of several natural species from the
North Pacific. These examples illustrate some of its stremgths and some
of its weaknesses.

The examples we have chosen to consider are 230th (interior source,
Ty =7.52 x 10% a, Xp~2 x 107), 226pg (bottom source,

Ty = 1622 a, KD—v103); and 210pb (surface and interior sources,
Ty = 2l.4 a, Kp~8 x 106) from the radioactive decay series of

238y, and the stable elements Hn(KD'~10?), Cu(Kp~ 1.5 x 106),
Ni(Kp =~ 0) and Cd(Kp = 0) all of which have their source at the
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surface. These examples cover a wide range of A azd Kp, as well as
variety of source distributioms.

In the application of a model such as this to a single ocean basin,
one ig, as usuval, immediately faced with the reality that some of its
features are not directly applicable to the basin being considered. Of
primary importance in the Pacific is that although upwelling of deep
water is believed to occur in the basin, the source waters come from
outside and carry with them properties of other basins., Thus, in
applying the model one is relying on its "generic” nature to represent
properties of the basin that have similarities from basin to basin,
Properties that are locally different from the horizontal average are
unlikely to be at all well represented.

Choice of parameters., The ocean is taken to be 5000 m deep with a
northern boundary region that is one-hundredth of the width of the
interior ugwelllng region. The upwelling velocity is taken to be
1.16 x 10~7cm s~1 or 0.01 m d¢~1, giving a downwelling velocity in
the northern region of I m d~l, The solutions are in general
insensitive to the choice of width of the northern region since all that
is important is that the water (and element) is recirculated back to the
bottom region and that its radicactive decay is accounted for.

The bottom boundary region is taken to be 500 m thick. If the
concentration levels change little over the depth of the fluid, this
choice makes little difference. However, if there is significant
variation with depth, then the choice influences the form of the
solutions near the bottom. In particular, we note that, although both C
and C, are continuous across the top of the bottom boundary region,
water from the northern boundary will force concentration levels in the
bottom region towards those at the surface.

The sediment layer is taken to be 10 em thick and 0.3 of its volume
is occupied by particles (i.e. £' = 0.3). Although the shape of the
vertical profiles should be insensitive to these choices, if either
burial or radioactive decay in the sediment layer is a significant loss
term, the absolute concentration levels may be strongly dependent on this
choice. If A= 0, one can easily see this is so since the only removal
mechanism is burial which is strongly dependent on Kp and £'., 1In
general (A # 0), the thicker the boundary layer and the greater the
fraction which is particulate material, the more of a substance that will
be retained there. This effect is of course greatest for large Kp's.
More information is required on both f', and the effective thickness,

h*, of the boundary layer that is in contact with the water above (no
doubt both are actually highly spatially dependent).

The vert1cal dlsper31on coefficient is taken to be 1,16 x 1074 m? s-1
(10 m2 4a-1). Though this is generally accepted as a reasonable estimate,
it should be noted that Ky may vary substantially through the water
column and thus influence the observed vertical profiles when diffusion
is important.

The fraction of the water volume occupied by particles, f, is taken
to be 10“8, a rough estimate. The more important quantity to get right
is the vertical flux of particles, fw,. This has been estimated (see
Figure A,I-2) to be of order 0.5 mg.cm~2 a~l in the North Pacific.

For the ass%med density of particles this gives wp = 4.17 x 104 em a1 or
~ 1,1 m d™*.
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When the vertical flux on particles is large, the solutions will be
sensitive to this choice. However, this appears to be the best estimate
available and as we shall see, gives results consistert with 2307h

profiles where the transport is strongly dominated by the particulate
flux.

The parameters which remain to be specified are:

(1) the geochemical constants ki, Kp, A ;

(2) the sources;

(3) the biological factors ¥j wp; and Tj; and

(4) § , the fraction of scavenging particles that are not decomposed
in the sediments.

While (1) and (2) have been estimated using available information, (3)

and (4) will be varied to find values consistent with the observations.
Table A.IX-1 summarizes the various parameter choices considered.

2.1, Natural radionueclides

230Th (Interior Source). The source of 230Th in the ocean is the

radicactive decay of 234y, At and near GEOSEGS Station 226, Nozaki et
al, (1981) give a uniform source strength of 8.2 x 10713 dpm kg_l 5”1
(averaged over a depth of 5000 m this gives 0.354 dpm n2 d-1). Using a
scavenging model and the available data for both 230ty gnd 23%h,

they determine a value for kj of 1.5 a~l (4.1 x 1073 471) and

for kp, 6.3 a~l (1.7 x 1072 ¢~1). 1In the following kiis taken to have
this value for all elements as is consistent with the idea that kp is
independent of the element under consideration and determined by the
availability of surface sites on particulate matter, kj is determined
from kg = ky/fKp. For 2301h this gives kg = 7.5 a~l. The

difference from the value of 6.3 a~l determined by Nozaki et al. could
be compensated for by a different choice of f. This has not been done
since: (1) the difference appears to be within the uncertainties, and
{(2) even though both f and k; may be in error by a small amount, the
two important qualities, particulate flux and Ky, have been reasonably
estimated so that the particulate flux of the element being considered
will also be reasonably estimated.

The quantities Y j, wp. T{ and & remain to be specified.
Initially we take Y; = 0, i.e. bicological particles do not carry the
element, and vary § between (0 and 1. The results of this are
illustrated in Figure A.IX-2. The agreement with Figure A.I-5 1s very
good.

As expected from the work of Nozaki et al. (1981), the fluid in the
interior is found to be very near equilibrium (kjC = koC,) with
local production being balanced by the divergence of the particulate flux
(nggwpcpz). Also as expected, as the decomposition of
particulates in the sediment layer increases, the bottom concentrations
increase as a result of decreased particulate flux out of the sediments.
When § = 1.0 (no decomposition), the particulate flux into the sediments
from above is exactly balanced by decay and the burial of particulates.
However, water is alsc "buried" and a diffusive flux in the water phase
into the sediments from above must be there to balance it, This is the
reason for the local minimum seen near the bottom when & = 1,0, The
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Concentration {dpm m™3) for a source
strength of 0.354 dpm m~2 d~!

0 0.708 1.416 2.124
f | | | | | ] ]
0
1000
No biolegy, but biology
makes very little difference.
2000 [~ Dotted curves have Ky, = 100 m? d*
in the bottom 500 m.
3000
4000
5000 L I | |

Concentration {units m~3) — unit sourcem~2 d™!

Thorium-230: A=2.562 X 10"* d™!,Kp = 2.0 X 107, interior source.

FIG. A.IX-2. Model and data comparisons for thorium—230
(see text for details).
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inflyence of the recirculation through the northern region on the
concentrations in the bottom 500 m appears to be smell.
Finally, we note that, since Kp is large and

Ah 293202 s x0,1m

Vs 3.7 x 10 %0 s~

burial is the dominant removal mechanism,

The value & = (.75 appears to give the best agreement with the
data. The addition of biological surface uptake makes little difference
to the results because of the low surface concentrations where the
particles are formed.

22635 (Bottom Source). The primary source of 226Ra in the ocean
is the radioactive decay of 230Th in the sediment layer, although a
small surficial input from river inflow also exists (taken here to be
1/10 of the bottom source). Using the results of 230Th, we choose
¢ = 0.75, and ky = 1.5 a~l, Kp is estimated to be 103.

For simplicity, at most two species of organic particles are
considered for this and the other elements considered. Vo is taken as
-1.16 x 10™* m 571 (-10 m d"1) for all cases. Only 7 and T; are varied.
For 226ga only one particle species is considered with a dissolution
time of 500 days. Although this is a restrictive choice, it gives some
idea of the influence of dissolving particles,

The results are shown in Figure A.IX-3. Due to the small KD leOB)

for 226Ra, the scavenging particles play little role. When biological
particles are not included the element is tramsported into the interior
of the fluid by diffusion from both the surface and the bottom and in the
interior, advection and diffusion are balanced primarily by radioactive
decay. .

When biological particles are included, 226Ra is rapidly
transported from the surface into the interior. Some dissolves in the
interior and some reaches the bottom where it dissolves and then diffuses
back into the water column. Although the shape of the concentration
profiles is strongly affected by the presence of dissolving particles,
the mean concentration in the water column changes little as the primary
sink remains radiocactive decay and Kp is sufficiently small that the
sediments play only a secondary role. That is,

- ' '
(Ah ws)f KD hf KD 006

Y ~ g ~ ]

210pb _ (Surface and Interior Sources). The major source of 210pp
in the ocean is the radiocactive decay of 226Ra although there is
significant surface input. Due to the small Kp of 22PRa the relative
contribution from the sediments is less than 0.01 of the contribution
from above. Thus, using the above calculated distribution of 226Ra one "
obtains a depth dependent internal source for 226Ra as illustrated in
Figure A.IX-4 and a bottom source of 0.006 units m~2, The surface
input is taken to be 0.3 units m~2. At most one type of biological
Eggticle is used and it is taken to have the same properties as for

Ra.
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The model results are shown in Figure A.IX-4. The solid curve marked
by crosses corresponds to Kp = 8 x 10°, no biological uptake in the
surface layer, b = 3 cm, and all other chemical and physical parameters
as determined previously.

The value of 3 cm for h used here recognizes that given the short
half-life of 210pb it will not be well-mixed thrgugh the sediments.

The effective thickness is then given by (Kp/A )% (see Appendix V)
where Ky has been taken as 107 12 p2 §- :

The results show a strong surface maximum and & rapid decrease in
concentration at the bottom. The surface maximum is reduced if surface
uptake into organic particles is included. However, the bottom
concentratlon remains small even if Ky is increased by a factor of 10
(to 100 m2 d~1) in the bottom 500 m (the broken curve). Indeed if
one lets Qgeq be the total source of 210pb to the upper 3 cm of
sediment, then for steady state Qgoq =Ahif'Kp C(-H).

Taking C (-R) = 200 dpm m~3, as estimated by Bacon et al. (1976), this
gives Qgeq ~ 1.3 x 103 dpm w2 a1, Comparing this with the total rate
of supply from 226Ra of about 1.6 x 102 dpm m~2 d-1 from both the surface
and the column sources, it is clear that even the addition of a
significant bottom source could not maintain the estimated sedimentary
inventory of 210ph, Assuming that C(-h) is not grossly in error, it is
apparent that the quantity hf'Kp has been overestimated. An example

of the influence of reducing this quantity (for example, by reducing Kp
in the sediment layer) by a factor of 0.025 is given by the dotted curve
in Figure A.1X-4.

Finally, we note that regardless of assumptions made about the
sediment layer the balance in region E below 1500 m is primarily between
the local source, radiocactive decay and removal on inmorganic particles.
Thus, the local loss due to particulate settling reduces the
concentraticn below what would be observed if the local source were
balanced by radioactive decay alone. This is clearly in agreement with
the observations (see Figure A.I-3b).

2.2. Stable elements

Mn (Surface Source). Surficial input is the main source of manganese
in the ocean. Profiles of this element have a distinct maximum at the
bottom as illustrated in Figure A.I-3b. This feature is caused by the
interior particulate scaveng1ng and transport to the bottom resulting
from the large Kj (~107) of this element. Model results are shown
in Figure A.IX-5. Without biological uptake a strong bottom maximum with
relatively uniform upper ocean values can be produced as long as there is
release of Mn from particulate matter at the bottom ( & small). The same
result can also be obtained with surface biological uptake onto slowly
dissolving particles ( T]~5000 days) and little bottom release from
scavenging particles at the bottom (d=¢1) is included. The near surface
maximum is thought to result from a change in the redox chemistry of
magnesium at the depth of the 0, minimum.

Cu (Surface Source). As for manganese, the major source of copper
in the ocean is through the surface, and again the maximum observed
concentrations exist at the bottom (Figure A.I-3b). Copper profiles
however show a coantinuous variation in concentration from the surface to
the bottom. If surface biological uptake is not included, the model
gives profiles similar to those for manganese with relatively uniform
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interior concentratioms enhanced at the bottom due to the relatively
large Kp (~1.5 x 106). However, the inclusion of a small amount of
biological uptake in the surface layer onto particles with ralease into
the interior at a decay scale of the same order as the depth gives
profiles similar to those observed (Figure A.IX-6).

Ni and cd (Surface Source). Nickel and cadmium also have their major
inputs at the ocean surface and are relatively non-reactive in the water
column (Kp = 0). If these elements were similarly non-reactive in the
sediments, their residence time in the water column would be of order
5 x 168 a. However, Sclater et al. {(1975) have estimated the
residence time for Ni to be of order 10,000 a, which can only be the case
if it is associated with particles in the sediment layer. To account for
this within the context of the present model, an appropriate value of

for the sediment layer (Kg) must be chosen. This may be done

by taking H/(wsf'Kg) ~ 10,000 a or K3 ~ 1.66 x 103, The results shown in
Figure A.IX-7 are for Kg =2 x 10°.

The solid line marked by crosses shows the nearly uniform
distribution that would be obtained in the absence of biological uptake
in the surface layer. However, biological uptake can alter these
profiles to be similar to those observed. The data also show that,
although the profiles of Cd and Ni are similar, there are qualitative
differences between them. In particular, Cd has a subsurface maximum at
a depth of order 1000 m which is not present in the Ni profile.
Comparison with the profiles of nitrate and silicate suggests that
cadmium is more efficiently taken up by the soft parts (with which
nitrate is associated) of organic matter than is nickel and more rapidly
released into the water column thus producing the subsurface pas
concentration maximum. A couple of examples with different amounts of
uptake onto rapidly dissolving particles are shown in Figure A.IX-7 to
illustrate this effect.

The need to rationalize the Gu and Ni profiles in this way
effectively emphasizes how important the details of the interactions,
uptake, and release of various elements is to their distribution. Thus,
simple models with one or two types of particles must often be unable to
represent the transport of a particular substance unless the particulate
interactions are "tuned"” to that substance. The need for real data and
understanding of the geochemistry involved is readily apparent.
Notwithstanding the problems with Cu and Ni, it is worth noting that most
of the features of the elements considered have been reproduced with a
limited number of particle types with fixed properties.

3. APPLICATION TO CONTAMINANTS WITH BOTTOM SOURCES

The results described above show the ability of the model as
formulated to mimic known geochemical processes as well as the
distributions of naturally-occurring substances. However, especially
when biological particles are involved, it has been shown that it is only
capable of reproducing the details of observations when various
parameters are carefully selected for the particular case at hand. This
is not surprising considering the complexity of the processes that are
being modelled but shows that the utility of the model as a predictor of
the water conmcentration of a particular contaminant is dependent on the
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role played by particles and one's knowledge of their proper
parametrization,

The model as presented includes sedimentary and water column
processes not found in models in the literature or presented in other
appendices of this report. In keeping with the general approach of this
report that the simplest models consistent with the information available
should be used, it will often not be appropriate to use the full model
for a particular contaminant release scenario. The model does however
provide a framework for examining the importance of certain processes and
for determining which must be eventually included., In the following,
some general results are presented for the case of a bottom source. One
aspect that is examined in some detail is the validity of the assumption
made elsewhere that contaminant concentration of the particulate phase is
in equilibrium with the water phase.

Condition for equilibrium. Let us first investigate the
possibility of simplifying our system of equations by taking

Ep = ag (A.IX.34)

where o _is a constant. One can note that from (A.IX.25) and (A.IX.27),
if C and Cp vary sufficiently slowly with depth,

cp o [klf( A +k2)]c (A.IX.35)

More specifically, if H*¥ is the length scale of variations in C and C

p’
(A.IX.35) is satisfied if
¥ ! and Xy < < 1 (A.1X.36)
( vk, H* (Mkz)n*z

Taking wp = -lm a1 and Ky = 10 m2 d~1, the ratio of the
first expression in (A.IX.36) to the second expression, (]wp| H*) /Ky,
is much greater than one unless H* ¢ 10 m. 1In this case however (unless
the substance decayed on a time-scale of 10 days invalidating equilibrium
directly) there would be a balance near the bottom between diffusion in
the water phase and advection on the particulate phase, so that

KV( A +k2)
H* ~ @ —— (A.1X.37)
1w k
P 1
Noting that for reasonmable particle densities C,<< C for all but the
most reactive elements, one obtains from (A.IX.§5) that
k)/{ A+ky) <<l and thus that the ratio twp | H*/Ky is greater
than one even for small H*. Thus, the condition for equilibrium
{(A.IX.36) reduces-to

P < < p* (A.IX.38)
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This condition can be rewritten as

(w C_ )¢ << Xy (A.IX.39)
PP,

and may be interpreted as stating that the particles must adjust to
equilibrium in & time that is short compared to the time taken for
particles to fall through a significant change in Cp-

Vertical scales. Assuming for the woment that equilibrium is
satisfied the vertical scales C, and C will be determined. Later the
results are checked against (A.IX.38) to see if this assumption is valid
and a specific condition for equilibrium is given (A.IX.54) for a
sustained bottom release. -

Neglecting biological uptake at the surface (Eb.(O) = 0) and interior
sources, the addition of (A.IX.11) to (A.IX.10) or tA.1X.13) yields
(assuming equilibrium and a steady state)

[Kv(1+wl)Ez-(w+crwp)E]z— A(1+<¥)E+sz' =0 (A.IX.40)
.
where a = - = - kg) (A.IX.41)

in both regions D and E.

Since any substance that reaches the surface in significant
quantities will undergo negligible decay during its fast passage through
the northern boundary layer, C' =~ C€(0) and (A.IX.40) may be approximated
by

*— *— *— —
K, WwC-ACS= —wzC(O) (A.1X.42)
* * *
where K_ = Kv(1+a ), w = (wtaw ), and A = A(l+a)+w (A.IX.43)
v P z

The solutions of (A.IX.42) in either region D or E (where w, is
constant)} are given by

T = (w/ 2 ¥)C(0)4C (A.IX.44)

where ¢ satisfies

Ko, K W
ch wC=-AC=0 {(A.IX.45)
ZzZZ z . .
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Substituting

€= aexplga) (A.IX.46)

into (A.IX.45), yields

* * *
K 82w ~2" = o (A.IX.47)
for the local vertical scale, 6‘1, of C.

For w constant (region E), (A.IX.46) is an exact solution of (A.IX.42)
whereas, for w not constant (region D), (A.IX.47) merely gives an
estimate of the scale of variations in C. _ _

Noting that for a bottom release C(-H)> C(0) > (wy/ A *)YC(0) so
that C > 0, one sees that the scale of variation in C, given by

* = Y2 = -1
B =¢/c_ = ((—)c@ +0) > B (A.IX.48)
z A
From (A.IX.47), one obtains
B= e ey 2% By (A.1X.49)

In general, both of these roots will be required to construct a solution
to the problem. However, for a bottom release with rapid decay away from

the bottom, @B must have a negative sign and the following limits are
immediately apparent.

¢ RN LNV TAIPY 20k A") ¥ (A.1X.50)
(decay balancing diffusion)
gt K:f'w* if W< < —2(1(: Wk (A.1X.51)
(particulate transport balancing diffusion)
B~ - L'/ iE W > 2K, A*y (A.IX.52)

{upwelling balancing decay)

Equilibrium (continued). At this point it is useful to combine
(A.IX.38) and (A.IX.49) to obtain a sufficient condition for equilibrium
for the case of a bottom release. The condition is simply

w_ 181

_p P
(7\+k2) < <1 {A.1X.53)
where
8 = {(w+awp)'—[(w+uwé)2+4Kv(l(1+a)+wz)(1+a)]%}f21(v(l+n)
o {(wwp)-[(w+awp)2+4xv(x+wz)]%}/zxv (A.1X.54)
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If (A.IX.53) is not satisfied throughout the water column, equilibrium is
not everywhere a valid approximation. When this is the case the
concentration levels calculated assuming equilibrium may be seriously 1in
error and the situation will warrant careful consideration.

Concentration levels. Given an estimate of the decay scale, g-1,
a simple formula for the approximate bottom concentration can be
determined. Noting that input must be balanced by burial and radioactive
decay, omne obtains

[ «]
Q= (a h+ws)[f'E'p+(1'f' TAREYN .[H (E+Ep)dz (A.IX.55)

If A<< ko (s0 that equilibriuva gives cp = KpCy, and E% = fKpC)
and if g can be reasonably approximated by a constamt over the depth
for which C has a significant value, then

4]
Q = (?Lh+w3)[f'KD+(l-f')]E(-H)+1 -/;lexp[-ﬁ(zm)}dz (1+fKD)E(-H)
~ ;( A h+ws) [f'](D+(1—f')]+ Al[1-exp(-8 H)]/B% C(-B) (A.IX.56)

In the limit, SH <<1

C(-H) = % {(x h+ws)[f'KD+l-f']+7& Hi- Q (A.IX.57)

If gH>> 1 (actually > 2)

C(-H) = % (A h+ws)[f'KD+1-—f']+7\/E'2 "15 (A.1X.58)

When A= 0, (A.,IX.57) and (A.IX.58) are identical and as accurate as the
assumption of equilibrium in the sediment layer allows.

Sample model results: As an illustration of the ideas discussed
above, the full model equations have been integrated using the same
parameters as defined earlier in ite application to North Pacific
geochemical data. A unit bottom source {1 unit m~2 1) has been used
with varying A and Kp. The results are illustrated in Figure A.IX-8.
The contour intervals are given in units m ~.

First consider the limit A = 0. In this case the vertical nature
of the concentration field depends strongly on whether the net tramsport
(w*) is dominated by upwelling of the water phase and thus positive, or
by the downward flux of the particulate phase and thus negative. Given
the parameters used,'w* is negative or positive above z = -H+z)
depending on whether Kp is greater or less than 105, Thus, for
Kp < 106, w* > 0 in the interior and since diffusion and
advection both carry the contaminant upward a relatively uniform interior
concentration results. For Kp = 107, w* = 0 in the interior and
the only flux there is by diffusion. Since this flux must be constant,

- 155 -



Appendix IX

L] Q -
X puv ¥ fo uozzounf v SV  UOLFDIFUIOUOD FUDFBUOD fQ SANOFUOY

(f WOLL08 IHL IV

oMy

dd (SR +Y)
g8 66 . ‘{20
a9 =y -y
iy oL B ) ;TQ
2o L (27 66 ’
do i 8 ' " 1901
2o £ g 1
o0 4 e 180/
20 v BL 0
- z-0l
e
P 01X {»-O
\
\
zoixe 19O
OIX2 |
ST oL
(2 (NOL1108)WwO00g
R, [0
e e e e e e
e £
\Uf\ - 2 1»-0
e OiX2 4
/7 lso
\ / L0IXe %
/ OIXZ |
. d L . . , .vgxﬂ.?g
D 01 O $01 g0l 401 OF O O o0l
ay (p wWOOSYH

B-XI'V

*ord

1z-Oi
0-0_ XN/VIII.[IIIIIlII..lI.

— . ———— —

1e.0l

14.04

>
a
- g-0l
a-0l
2.0
w-O_XN!i O_
P b m—————_—, [
\\ummaﬂnllzll.il]llllill:llull
(48 OIXZ .0l
:_ 201 X2
¢OIX2
_= s oixz |0
Oi g0l 01 g0i Ol L0l O 0 0 Ol
Oy (v 30VIUNS

{rP)X

- 156 -



Appendix IX

C, is constant for z > ~H+zj and the concentration decreases

linearly toward the surface but significant levels of the contaminant are
maintained throughout the water column. For Kp > 106, w* ¢ 0 and

since the particulate flux dominates upwelling everywhere the
concentration field decreases away from the bottom. One can note however
that for Kp > 106 the equilibrium condition (A.IX.63) may not be
gatisfied (see Figure A.IX-8f) and thus(A.IX.49)gives only a crude
estimate of B. However, since the only sink is the sediments, (A.IX.58)
still gives a reasonable estimate of C(-H). 1Indeed for A =0, burial in
the sediments is the only removal mechanism in the model, (A.1X.55),
(A.IX.57), and (A.IX.58) all reduce to the same simple exact expression
for all Kp's, namely

C (-h) = {ws(l - f' + f'KD)}-lQ

The concentration values for A = 0 are not shown in Figure A.IX-8 but
for large Kp's (greater than 103) they are essentially equal to those
for the smallest A values given. For smaller Xp's the concentration
field is essentially uniform and equal to the bottom value which may be
obtained from the formula given above. It is worth noting that even for
small Kp's, burial in the sediments limits water concentrations in this
model.

For A = 0, (A.IX.49-52) can be used to estimate the vertical change
in C and the above discussion can be extended to include the effects of
decay., The major changes are simply a decrease in the total inventory
and an increase in the decline in C away from the bottom.

Figure A.IX-8 also shows the accuracy of the equilibrium assumptioen,
Only the bottom is shown since this is where the concentration gradients
are greatest and disequilibrium is most likely to occur. One can see
that, as is to be expected, equilibrium holds except for the most
reactive cases (Kp large). Ome should note however that as is shown by
(A.1X.39), any reduction in kj, while keeping kj/ky = fKp
constant will increase the range of A and Kp over which equilibrium
does not hold. As mentioned earlier disequilibrium does not necessarily
cause large errors in the water phase concentration field or the
inventory of a contaminant obtained from a model assuming equilibrium.
Indeed, since at least for long-lived contaminants the sedimentary
concentration must be that necessary to balance the input by burial, the
bottom water phase concentration must be almost independent of the degree
of equilibrium. Changes in the inventory thus will arise only from
changes in the vertical scale in the water column and from less than
equilibrium concentrations on the sinking particles. In general, the
effects of disequilibrium will require careful investigation and,
especially for short-lived contaminants, may be dependent on the details
of the sedimentary transfer mechanisms and geochemical reactionms.

4. CONCLUSION

The model given above provides a self-consistent formulation of some.
of the physical and geochemical processes that must be considered when
estimating the vertical concentration field of a contaminant and has the
advantage of being able to reproduce some aspects of the distribution of
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naturally-occurring substances. It can also be easily extended or
modified to include more complicated and/or differeat tramsport of
mechanisms., This could be particularly important regarding the
sedimentary layer where the model shows the importance for reactive
substances of accurately representing geochemical processes.

It is also clear however that many of the processes included are
poorly understood and that some of the parameters that are needed have
not been experimentally determined. Thus, a model of this complexity is
in many ways a research tool with which to test new ideas or hypotheses
or to check the importance of processes not included in simpler models.
This model or others of a similar nature that could easily be formulated

should only be used keeping the above considerations and limitations in
mind.
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ESTIMATION OF CONCENTRATIONS IN FOOD CHAINS

The calculation of the concentration field of a contamimant in the
marine environment need include specific consideration of traunsport by
biological processes only if these are significant compared with parallel
physical and chemical processes. The hazards to man and other organisms
may nevertheless arise because of exposure via pathways (e.g. food
chaing) which, whilst trivial in mass transport terms, create a specific
linkage between a region of high concentration and a living organism
somewhere else., The estimation of contaminant concentratioms in such
pathways, and therefore the hazards they create, demands careful
consideration, particularly since marine food chains are often long
(5 trophic levels) compared with terrestrial ones (3 trophiec levels).

A concentration factor approach is adequate for living organisms
which are more or less stationary and remain in one area where
contaminant concentrations may be homogeneous. This assumes that the
contaminants concentration in the organism is proportional to that in the
water in the vicinity in which it lives, so that if the water
concentration doubles, so (eventually) will the concentratiom in the
organism. It does not matter whether the contaminant actually reaches
the organism indirectly (e.g. via sediment or plant material) or not, so
long as there is a one~to-one correspondence in concentrations over some
appropriate averaging time. The exact mechanisms need not be studied
provided field data for the actual concentration factor can be obtained.
Such stationary biota may thus be treated as part of the marine
environment, since the contaminant concentrations in them may be directly
estimated using an appropriate concentration factor from the local water
concentration.

This simple method does not apply to organisms which undertake major
migrations across regions of high concentration gradient {e.g. in the
vertical, perhaps). Their contaminant concentration cannot be simply
related to the water concentration in the region where they are likely to
be found (and eatem), since they may have been feeding elsewhere where
the concentration is quite different. It could also be related to the
average concentration experienced during the migratory movement, if they
are absorbing contaminant directly from the water. More detailed
consideration of the mechanisms involved is therefore required in this
case,

Studies of concentration factors have shown that concentration of
certain contaminants increase with increasing steps in the food chain
although in many cases the opposite effect occurs. There have been many
attempts to construct food chain models which show this effect - for
example that of Williams (1972) for steady state, non-linear food webs;
three and four compartmental models (Conover and Francis, 1973); the use
of gamma and log-normal distributions (Eberhardt and Gilbert, 1973);
equilibrium models for diverse food chains (Thomann, 1981); and models
specifically designed to estimate the transfer of radionuclides from the
deep sea disposal of waste to man (Doi et al., 1980).
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1. CONCENTRATION BY ORGANISMS

At the other extreme from such detailed approaches are studies of
the transfer of radionuclides or contaminants which undergo degradation
or change from one link in the food chain., Simple expressions may be
used to represent these transfers (Pentreath, 1983).

Consider an organism of weight W feeding, at a fractional rate f of
its body weight per unit time, on food containing a contaminant at
concentration Cg. Its ingestion rate 1 of contaminant (quantity per
unit time) is therefore

I = fWC¢ (A.X.1)

and if it only retains in its body a fraction r of what it ingests, its
effective intake rate is

I = rfWCg (A.X.2)

Suppose that it also eliminates, by excretion or other losses, a
fraction k of its body burden Q of contaminant per unit time. Intake
must balance elimination at steady state, so that equilibrium body burden
Qgg is given by

kQgg = TfWCs (A.X.3)

In the special case where a contaminant is accumulated without
elimination, k may be replaced by the reciprocal of the mean life-time of
the organism. In this modified form equation (A.X.3) would then simply
state that the ultimate body burden is the accumulation of all
contaminants taken in during the lifetime.

The whole-body concentration in the organism is Qg4/W, so the
concentration of contaminant in the organism, relative to that in its
foed (the up—chain transfer factor) denoted by g, is

Q_ /W r£WC
g = —=28 - £ . xf (A.X.0)

The ratio ¢ = rf/k, encapsulates all the essential factors which
determine upchain concentration of contaminants. It has been derived
here in its simplest form for a stable contaminant but various features
specific for different types of contaminant may be incorporated (e.g.
radicactive decay by modifying the elimination rate by adding the
radioactive decay constant, and therefore replacing K by K+ A . The
essential features remain unchanged by such elaborations, which are
discussed by Pentreath (1983). One particularly important modification
is to allow for direct input from water, which may be the most
significant pathway of uptake for certain substances, so that the local
concentration factor method discussed above can be applled.

Since r, the .fraction retained, cannot exceed one, it is clear that
the transfer factor only exceeds one if the fractional feeding rate
exceeds the fractional elimination rate. This may of course cccur and
there is therefore no a priori reason to suppose that transfer factors
are greater or less than one. Successive concentration of contaminants
as they move up food chains is not a universal rule. Many cases of
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decreasing concentrations have been observed. In any case, an absolute
upper limit to the whole body transfer factor is given by the total
retention {(zero elimination) case, when { reduces to the number of times
that an organism consumes its final body weight in its lifefime. This is
not generally a very large number (between 3 and 30, perhaps), although
for birds and mammals it is typically 100.

Contaminants are usually found concentrated in particular organs, so
that the transfer factor for that organ (related to average food
concentration) will be higher by a factor g/w, where g is the fraction of
the body burden contained in the orgamn, and w is the fraction that that
organ represents of whole body weight. This does not affect the
conclusion above, however, unless predators feed selectively on
particular organs. Most marine predators in fact ingest whole bodies, so
that the elevated organ concentrations are relevant only at the final
stage, where consumption by man is often of particular organs or
tissues. These are of course quite likely to be organs (e.g. muscle) in
which concentrations are depressed relative to the whole body level,
rather than those in which they are elevated. Another situation arises
with the high concentrations of a contaminant in eggs that may lead to
exceptionally high levels in fry and larva - a form of inherited
bivaccumulation. In general this will be diluted with growth.

2. MULTIPLE LINK FOOD CHAINS

The computation of concentration in a food-stuff may therefore
proceed in several stages:

(1) Compute conceutration in local (sedentary) food using an
appropriate concentration factor and the water or sediment
concentration,

(2) Compute concentrations up the food chain {possibly several
links) using whole-body transfer coefficients.

(3) Compute concentration in final foodstuff using appropriate
(maybe single-tissue) concentration elevation factor.

In many cases the intermediate step (2) is unmnecessary. Where
required, the calculations may either increase or decrease
concentrations, and where they do increase them, the factor involved is
unlikely to be more than a few orders of magnitude at most. In general
the principal concentration will occur at steps (1) and {3), which are no
different than those for single link food chains. Generally speaking,
therefore, there is no fundamental reason to suppose that multiplied
linked (long) food chains will lead to higher exposures than short ones.
The reverse may very likely be true. The principal importance of long
food chains may rather be that they provide a direct link with an
otherwise inaccessible region of high concentration.

The calculation outlined above also assumes that the original food in
a region of high concentration forms the entire diet of the animals
feeding on it, that they in turn comprise the exclusive diet of the next
animals in the chain, and so on. This is of course unrealistic. At each
stage the animals are likely to range more Or less widely, and the
contaminated part of their diet is diluted with less highly contaminated
food from elsewhere. There are two ways to allow for this. Firstly one
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could estimate the probability of eating contaminated food at each stage
and multiply the transfer factor of equation (A.X.4) by this probability
(Pentreath, 1883). Alternatively, one may estimate the average
concentration in the food eaten at each stage. In either case some
knowledge of the feeding range of the animals is required.

These calculations apply only when intake of contaminant is entirely
via food. 1In cases where intake via water ingested, or by direct
absorption through the skin, across gills, etc. occurs, an appropriate
concentration factor relative to the average water concentration
experienced by an organism can be estimated, either from field
observations or from similar calculations to those above. For fat
soluble compounds specifically a solution equilibrium between body fat
and surrounding water may provide a mechanism for excretion as well as
accumulation.,

For contaminant transfer models in general it should also be noted
that, although some allowance is sometimes made for degradation - such as
isotopic decay - allowance is not usually made for transformation, such
as inorganic to organic forms of mercury. Even fairly sophisticated
models of methylmercury transfer through aquatic foed chains (e.g. those
by Fagerstrom and Asell, 1973; Fagerstrom, Asell and Jernelov, 1974)
assume that no conversion of one form to another takes place. The
relative merits of the different approaches made to modelling the upper
end of the food chain for radionuclide transfer has been briefly
discussed in a review by Pentreath (1977).

The probability of food chain transfers which link the deep sea
organisms to food consumed by humans, is low but since such exposure may
occur it may be useful to calculate limiting cases. The most likely food
chains leading to high exposure in practice are likely to arise in
coastal waters, where by far the vast majority of marine food products
are harvested. Considerable reliance would therefore have to be placed
on model predictions of coastal water contaminant concentrations, In
these cases concentration factor data are available and could be used.
Unfortunately direct comparisons of different model predictions with
actual data are not yet available. It can readily be envisaged, however,
that for a highly soluble radionuclide such as 99Tc, direct food chain
transfer is unlikely to produce a higher concentration in a predator fish
caught in surface coastal waters than the concentration attained, by
direct adsorption, by coastal water algae because of the latter's ability
to concentrate this nuclide (Pentreath et al., 1981). The relative
importance of hypothetical eritical pathways will clearly be governed by
the combinations of type of food eaten by man {(fish, shellfish, algae),
the quantities of each eatemn, and the affinities of each type of
foodstuff for the contaminant. It is therefore worth recalling that all
algae live in waters of < 100 m depth, (and algae frequently have the
highest concentration factors for many elements), that the majority of
shellfish (molluscs and crustaceans) liable to be consumed at a sustained
rate will also be taken from coastal waters, and that neither of these
two foodstuffs will be linked by a predator/prey food chain to the deep
ocean. The presence of macrophyte {seagrass) debris in the deep sea
(Wolff, 1976) indicates that some (downward) transport between
continental shelf and abyssal regions does cccur, but the mass involved
is quantitatively insignificant.

The orly food chain pathway of real concern, therefore, is that which
results in the consumption of fish. Fish are eaten in quantities but
tend to have low concentration factors for most elements and other
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AEEendix X

potential contaminants ~ with the notable exceptions of Cs and Hg. This
is partly the result of the fact that a large fraction of their body
weight consists of muscle. The general importance of relating organ
concentrations to those of wholebody, and to food eaten, has been
discussed above (see also Pentreath, 1977) but it is a factor which
should be taken into account. In view of the above, the inference is
that food chains resulting in the exposure of critical groups, along
critical pathways - are most likely to arise in coastal waters. The
greatest biological need in 'modelling' this aspect of dumping is the
procurement of better concentration factor data applicable to all marine
species already being consumed from coastal water fisheries.
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GLOSSARY

This list provides guidance on a selection of technical terms and on
some everyday words which are used in a specialized sense in the report.

ADSORPT ION/DESORPTION

ANOXIC
ANTHROPOGENIC
AUTHIGENIC

(of a mineral)

AUTOCHEMOTROPHIC

BENTHIC
BIOGENIC

BIOMASS

BIOTA

BIOTURBATION

BOUNDARY SCAVENGING

COPROPRAGOUS

CORIOLIS EFFECT

DEMER SAL
DETRITIVOROUS

DIAPYCNAL (PROCESS)

The process of attachment onto and release frem
particle surfaces

Devoid of free oxygen

Mammade

Formed by sedimentary processes as a
crystallographic unit at the place of its
pccurrence

Pertaining to the synthesis of organic
compounds from inorganic substance without need
of sunlight

Living on or in the sea-bed

Originating from biological processes

Total weight of organisms inhabiting a defined
area

The living things of a region

Disturbance of the surface sediments of the
sea-bed caused by animal activity

Localization of the scavenging process at the
oceanic margins such as the sea floor,
pronounced bathymetric features like oceanic
ridges or, particularly, the nearshore
shelf-slope regime

Feeding on excrement

The deflection relative to the earth's surface
of any object moving above the earth, caused by
the coriolis force;. an object moving
horizontally is deflected to the right in the
northern hemisphere, to the left in the
southern.

Living on or near the sea-bed

Feeding on organic debris

Pertaining to the transfer across isopycnal
surfaces
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