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ABSTRACT

APPLICATIONS OF PB-210/RA-226 AND P0-210/PB-2IO DISEQUILIBRIA
~ IN THE STUDY OF MARINE GEOCHEMICAL PROCESSES

by

Michael Putnam Bécon

- Submittéd to the Department of Earth and Planetary Sciences on

" November 25, 1975, in partial fulfillment of the requirements for the
- degree of'Doctor‘of.Philosophy. : '

" The distribution of Pb-210 and Po-210 in dissolved .(<0.4 micron)
and particulate (>0.4 micron) phases has been measured at ten stations
in the tropical and eastern North Atlantic and at two stations in the
Pacific. Both radionuclides occur principally in the dissolved phase.
Unsupported Pb-210 activities, maintained by flux from the atmosphere,
are present in the surface mixed layer and penetrate into the thermo-
cline to depths of about 500 m. Dissolved Po-210 is ordinarily present

‘in the mixed layer at less than equilibrium concentrations, suggesting

rapid biological removal of this nuclide. Particulate matter is
enriched in Po-210, with Po-210/Pb-210 activity ratios greater than

1.0, similar to those reported for phytoplankton. Box-model calculations
" yield a 2-y residence time for Pb-210 and a 0.6-y residence time for

Po-210 in the mixed layer. These residence times are considerably
Tonger. than the time calculated for turnover of particles in the mixed
layer (about 0.1 y). At depths of 100-300 m, Po-210 maxima occur and

© unsupported Po-210 is frequently present. Calculations indicate that

at least 50% of the Po-210 removed from the mixed layer is re-cycled
within the thermocline. Similar calculations for Pb-210 suggest much
Tower re-cycling efficiencies. R

" Comparison of the Pb-210 distribution with the reported distribu-
tion of Ra-226 at nearby GEOSECS, stations has confirmed the widespread
existence of a Pb-210/Ra-226 disequilibrium in the deep sea. Vertical
profiles of particulate Pb-210 were used to -test the hypothesis that
Pb-210 is removed from deep water by in situ scavenging. With the
exception of one profile taken near the Mid-Atlantic Ridge, significant .
vertical gradients in particulate Pb-210 concentration were not observed,
and it is necessary to invoke exceptionally high particle sinking
velocities (>10 m/d) to account for the inferred Pb-210 flux. It is
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proposed that an additional sink for Pb-210 in the deep sea must be
sought. Estimates of the dissolved Pb-210/Ra-226 activity ratio at
depths greater than 1,000 m range from 0.2 to 0.8 and reveal a system-
atic increase, in both vertical and horizontal directions, with
increasing distance from the sea floor. This observation implies

rapid scavenging of Pb-210 at the sediment-water interface and is
consistent with a horizontal eddy diffusivity of 3-6 x 107 cm?/s. The
more reactive element Po, on the other hand, shows evidence of rapid
in situ scavenging. In filtered sea water, Po-210 is deficient, on the
average, by ca. 10% relative to Pb-210; a corresponding enrichment is
found in the particulate phase. Total inventories of Pb-210 and Po-210
over the entire water column, however, show no significant departure
from secular equilibrium, and reliable estimates of particle sinking
rates cannot be made.

Thesis Supervisor: Derek W. Spencer

Title: Senior Scientist, Department of Chemistry,
Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts
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CHAPTER I
INTRODUCTION

‘The distribution of a substance in the ocean is influenced by the

mechanisms of its introduction and removal, by water motions and by the

extent of its inoorporation and transport in particulate:phaSes.
Measurements offboth natural and artificial radionuc]ides.offer some
onique 1nsights into these processes. This thesis describes the use
of the natural Fadiotracers Pb-210 (t 1/2 = 22.2 y) and Po-210 (t 1/2 =
i38.4 d),_nhich‘are members of the natural uranjumedecay series

(Figure 1.1), in evaluating aspects of the supply; transport and removal
of these elements in the ocean. The choice of these particu]ar radio-

nuclides was based on earlier reports in the literature which indicated

| that the1r ha]f lives are Tong enough for measurab]e rad1oact1ve
: d1sequ111br1a to be ma1nta1ned by processes operating in the oceans,
'but short enough that their activities in sea water can be measured

K w1th reasonab]e ease. A second advantage' which these tracers have in

common with severa] other members of the natural decay series, is that
they are supplied to the oceans pr1nc1pa11y by in situ decay of their
parent nuc11des (an exception being Pb-210 in Lhe wizxed layer, most of

wh1ch is formed in the- atmosphere), and their rates of supply can thus

~be accurately determlned

N 0n1y two modes of supp1y of Pb-210 to the oceans need to be

considered' deposition from the atmosphere and production by radio-

L act1ve decay -of Ra- 226 situ. Supply of Pb-210 by rivers is probably
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'un1mportant because Pb-210 is rap1d1y removed from r1ver water
(Go]dberg, 1963) and appears to be trapped eff1c1ent1y in estuarles
‘(L K. Benn1nger, persona] commun1cat1on) The presence of Pb-210 1in
the atmosphere resu]ts from decay of Rn-222, a noble gas wh1ch escapes

- from COntinental surfaces (Israel, 1951), the marine contribution being
.A'insignificant (wilkening and Clements; 1975). There was some early
speculation in the literature that significant quantities of Pb-210 may
have been formed during.periods of nuclear weapons testingi(Jaworowski,‘
1966 Peirson et al., 1966). More reCently, however, measurements of
“Pb-210 in soil and sed1ment samples from the Pacific Prov1ng Grounds
(Beas]ey, 1969) and in stratospheric air samples collected in the
‘-Northern.Hemisphere during early 1963 (Feely and Seitz, 1970) have

_fai1ed to ShOW‘Pb-Z]O concentrations  above those considered to be

o natura] background levels.

Fo]]ow1ng product1on from radon decay, pr1nc1pa11y in the troposphere,

Pb- 210 atoms become rap1d1y attached to aerosol particles (Burton and
Stewart, 1960; Junge, 1963), which, according to the most recent esti-
mates, have a residence time of less than one week (Poetlgt_al., 1972;
Moore et al.;, 1973; Martell and Moore, 1974). 1t is generally presumed
that Pb-210 is delivered to the earth's surface mostly by rain (B]ifford
et al., 1952), but Lambert and Nezam1 (1965) have 1nd1cated that 50% of
ithe total del1very may be in the form of dry fallout.

There are no measurements of Pb-210 deposition rates over the

oceans. Burton-and Stewart (1960) calculated a flux of 0.37 dpm/cm -y
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on the basis of Pb-210 concentrations measured in rain over the United
Kingdom. Israel's (1951) estimate df the global radon emanation rate

- gives a mean rate of Pb-210 delivery of about 0.4 dpm/cmzfy. Lambert

| and Nezami (1965) speculated that Pb-210 delivery rates should depend
strongly on latitude, and they produced a curve simi]ar‘to that for
artificial fallout, with maximum rates of delivery occufring at mid-
latitudes in both hemispheres. Corresponding 1atitud{na1 variations in
the Pb-210 concentration of surface sea water were reported by Tsunogai |
and’Nozaki (1971), but these variations were later-shown to be better
correlated with the distribution of arid land afeas, which are the
strongest sources of atmospheric radon (Nozaki and Tsunogai, 1973).
Longitudinal variations were small, and it was concluded tﬁat atmospherfc
Pb-élo is rapidly transported over the oceans. Turekian et al. (1974),
however, argued that Pb-210 concentrations in surface sea water do not
bear a direct relation to the rate of supply ffom the atmosphere but
dependva1solon the rates of biological production in the surface water.

| It is not possible to assume a precise value for the rate of Pb-210
deposition over the oceans, but it is probably safe to consider limits
of 0.2 and 1.0 dpm/cmz-y for most of the Northern Hemisphere except at
very high latitudes. This range should be compared with the rate of

in situ production of Pb-210 from decay of Ra-226, which is about

1.5 dpm/cmz—y fqr a 4,000-m water column in the North At]antic. An
evaluation of the atmospheric Pb-210 flux-for a particu]&r region of the

North Atlantic will be made in Chapter IV, and the significance of this
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f]ux to the deep -water Pb-210 budget will be cons1dered in Chapter V.
Because of the short residence t1me of tropospher1c aerosols, the
‘v‘rate of Po 210 product1on in the atmosphere is re]at1ve1y small. From
' Po-2]0/Pb-210 activity ratios in air and ra1nwater‘(Burton and Stewart,
~1960; Lambert and‘Nezami, 1965; Poet et al., 1972), it can be seen that
the.Po-21O flux frdmn the atmosphere should be approximate1y 10% of the
PbQZiO flux. It can be shown from the results of other 1nvest1gators, .
‘and it will be further demonstrated in Chapter IV, that the de11very
of Po-210,from the'atmpsphere can be neg]ected in cons1der1ng material
”baianees of this nuclide in the oceans. Moreover, Turekian et al.
(1974):ndstu1ated that Po-rich particles may be released trom the sea
'surfaee,'thus bartially'ba]ancing the downward.f]ux of Po-2]04produced

.:,insthe atmosphere; SUpport'for this hypothesis was given by Lambert

4;'h' et al. (1974), who measured Po-210/Pb-210 activity ratios that

'toccasionally exceeded 1.0 in air samples collected in Antarctica. High
<rattos‘were observed most frequently when the ice shelf was the narroWest,
i,gt,iwhenetheir sampling station was closest to the presumed marine'
souree.' | | |

'The dee of‘Pb-Zio that enters the sea surface was first examined
by Rama et al. (1961), who measured Pb-210 concentrations in surface
sea. water from the northwest Pacific. They took the annual flux of ~
Pb-210 to the sea surface to.be 0.51dpm/cm2 and pointed outAthat this
was much 1arger than theArate of Pb-210 prodUctidn from decay of Ra-226

_in the mixed 1ayer, taken to be 100 m in_thickness. A sinp]e box-model
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calculation led to a.2-yvresidence timé for Pb-210 in the mixed layer.
Similar estimates have been given by subsequent authors (Shannon et al.,
1970; Noéaki ahd Tsunogai, 1973). The longer residencé‘times ca]cu- 
lated by Turekian g;_gl (1974) are probab]y incorrect (Kharkar et al.,
1975). | o

Shannon et al. (1970) measured Pb- 210 and Po-210 in sea water and

‘plankton collected off southwest Africa. Activity ratios Po-210/Pb-210

in surface sea water averaged 0.5, indicating rapid removal of Po-210.

Both phytop1ankton'and, to a larger extent, zoop]ankton,werélenriched in
Po-élo re1at19e to Pb-210. Average concentration factoré (g sea water
equivalent to 1 g wet plankton) for Pb-210 and Po-210 in ph&top]ankton
were 890 and 5400, respectively. For zooplankton the concentration
factors were}870 for Pb-210 and 20,000 for Po-210. A'simi1ar food-chain

magnification of Po-210 concentrations in marine organisms has also been

- noted, with some exceptions, by Beasley g§_gl¥_(unpub1ished manuscript).

‘The greater enrichmént of Po-210 in plankton cdh be used‘to explain the

more rapid tUrnover rate of this nuclide in surface sea water (Shannon
et al., 1970; Turekian et al., 1974). |

Rama et al. (1961) assumed that Pb-210 removed from the surface

" ocean is re-dissolved upon enteking the deep sea. . This supply of

Pb-210 would be relatively small compared to the in situ production by
decay of Ra-226 in the deep water, and they concluded that Pb-210 was
essentially in schlar'equi1ibrium with Ra-226 {n_thesé watérs. More .

recently, however, Craig et al. (1973) discovered a pronounced
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deficiency of Pb-210 1n the deep sea, averaging 50% of the equilibrium
'.va1ue. This condition of radioactive disequilibrium Was:présent in
profiles from'bofh the Atlantic and Pacific and was concluded to be a
‘WOFwaide'pHenomehdn It was suggested that Pb-210 in the deep ocean
is cont1nua11y removed as a result of 1n s1tu scavenging by sinking
 part1c1es, a. concept that had earlier been d1scussed by Go1dberg (1954)

and Krauskopf (1956). App11cat1on of a vertical advection-diffusion

mode] with allowance for radioactive growth and decay, yielded a 54-y .

residence time for Pb-210 in the deep Pacific. A similar value (about |

40 y) resulted from a box-model calculation for the Atlantic. Subse-
“quent ihvestigators"haVeAtonfirmed'the existence of a Pb-210/Ra-226
d1sequ111br1um in the deep ocean (Tsunogai et al., 1974; Applequist,
.1975). | |
' Despfte the importance that has been attached to the role of

: ‘particuTate matter in transporting Pb-210, Po-210 andvcefﬁéjn other
radionuclides fo the sédiments, very few radio-chemical ahalyses of

this material‘have béen reported. As a consequence there exist in the

literature contradictory ihterpretations of residence times calculated:

“on the basis of daughter/parent activity ratios measured in unf11tered
sea water samp]es Bhat et al. (1969) discovered a Th- ?34/U 238
d1sequ111br1um in: surface sea water and used their data to calcu]ate

a Th 234 s1nk1ng ve10c1ty Matsumoto (1975) po1nted out that this

1nterpretat1on was incorrect, because they had assumed all of ‘the Th-234

to be in pa?ficu]ate,form. 'Craig‘gﬁggl, (1973) assumed that only a



=20~
sma]lbfraction>of~the total Pb-210 in sea water is contained in
particulate phases and that their 54-y residenca time for Pb-210 in
the deep water applied to the transfer of Pb-ZiO from solution to the

sinking particles. It was implied that the particles must. sink very

“rapidly. Tsunogai gt_gl_ (1974), on the other hand, obta1ned s1m11ar

data but intefpretéd them in terms of a slow settling ve1ocity of 32 m/y.
These two interpretations are clearly nat compatible, bécaﬁse they
imply very'differentvdistributions of Pb-210 batweeh dissolved and
part1cu1ate phases |

~ Recent measurements by App]equ1st (1975) showed that 1ndeed only
5-10% of the Pb-210 in the deep sea is contained in particles greater
than 0.4-micron diameter, as assumed by Craig‘g;_gl, (1973). The model

of Craig et al. (1973) predicts that particulate Pb-210 activities

" should increase with depth in the water column. App]equist (1975)

.showed that such a distribution does occur at two statidns in the

Pacific'but did not determine the particle sinking velocitiés required
to satisfy the model. Data on dissolved and particulate Pb-210 distri-
butions obtained during this investigation from several stations in the
Atlantic are used in Chapter V to further test the situ scavenging.
hypothe51s |

As1de from the analyses of surface sea water reviewed above the
behavior of Po-210 has remained 1arge1y unexp]ored Dur1ng th1s
investigation Po-210 concentrations in filtered sea water and particuj

late matter were determined in several vertical profiles. These results,
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which are d1scussed 1n Chapters IV and V, have 1ed to s1gn1f1cant

‘ conc]us1ons concern1ng the rates at which some heavy elements may be

re- cyc]ed in the thermoc11ne and scavenged w1th1n the deep sea.




']1ters of sea water through 142-mm diameter, 0.4—m1cron pore-s1ze

_ first to.transfer the samp1es to plastic drums before filtering. Fil-

~collection. Total volumes of water filtered were measured with

. materia]s

Arange,1;5-2JO The samples were then spiked with known amounts of Po 208

: app1y1ng mild suct1on and the filters were folded and sea]ed in p]as-
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CHAPTER 11
EXPERIMENTAL METHODS

A Shipboard procedures‘

' Samp]es collected for this investigation were taken w1th 270-1

sta1n1ess steel Gerard barrels or pa1rs of 30-1 PVC N1sk1n bott]es

' spaced '5-10 meters apart on the wire. Suspended matter was samp]ed by

pumping (Eastern Industr1es Mode] MD-50 magnetic dr1ve pump) 40 to 100

Nuc]epore f1]ters For samples collected with the Gerard barre]s,
f11trat1on was performed by pump1ng directly from the sampler In most

cases when 30- 1 N1sk1n bottles were used on Meteor-32, it was necessary
tration was ordinarily completed within one to three hours following
Hersey -Sparling water meters installed downstream from the f11ter ho]ders
Except- for unavo1dab1e br1ef exposure to bronze parts of the f1ow meters,

the water Samp]es~eontacted only fittings made of variou5'p1ast1c

Twenty 11ter a11quots of f11tered water were drawn into plastic

vesse]s conta1n1ng enough concentrated HC1 to bring the pH within the

(several*dpm) and stab]e Pb (severa] milligrams) tracers and stored for

1ater treatment Excess water was removed from the f11ters by

tic bags.
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B.  Analytical methods
1. Genéral

A1l activity measurements were made by d]phé—épectrometry of the-

~ Po 1sdt6pes (Po-208, 5.11 MeV; Po-210, 5.30 MeV). Samples ‘were

processed with Pb and Po tracers present, and chemical yields were
always monitored. Following an initial separation and counting of Po,
samples were stored for several months during which Po-210 was

re-generated by decay of -Pb-210. Determination of this newly produced

Po-210 gave a measure of the Pb-210 present in the,sample, which allowed

the initial Po-210 measurement to be corrected for radioactive growth or

decay between the time of sampling and the time of Po-210 séparation

_from its parent. An effort was made to minimize this delay in order to

preserve Po-210-Pb-210 activity differences, which decrease by a factor
of two for every Fo-210 half-1ife (138 days).
| 2. Extraction procedure

The procedure for extractfng Pb and Po isotopes from sea water
Qas basgd on a method developed by Boy]eband Edmond (1975). Cobalt
nitrate solution was added as carrier to each acfdifiéd sahpie
(pH 1.5-2.0) in an amount sufficient to mgke the cobalt concentration
0.5 mg/1. A solution of ammonium pyrrolidine dithiocafbamate (APDC) was

then added (50 mg APDC per liter of sambie) to form a mixture of the

Ainsoiuble metal chelates. The resulting chelates precipitate as large

particles due to their high concentration and are readily cd]]écted by

fi]fering the suspension through 0.45-micron Millipore filters after a
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A20-3d m1nute reactien t1me;A Yields nearly always exceeded 90% for both

Pb and Po."There:was,some tendency for the partic1e§-toveiing to the

' sarface‘of the‘reattioﬁ vessel, but the losses were small enough that

' no attempt was made'to recover partic]esllost<in this way. It was found

'cenvenient,to carry out the preeipitations in disposab]eqplastic
Cubi-tatneré (Hedwin Corp.); which are also satisfactory fer short-term
samp]e storage Experience'on Meteor-32 demonstrated that this pro-
cedure is eas11y carried out at sea, the tota] process1ng t1me being

‘ abQut}1-]/2 hours_for a batch of six samples.

3. Samble dtséo]ution |

. Each Millipore fi]ter centaining the sea Water extract wae

. placed in a 50-m1 Teflon beaker and digested on an electric. hotplate |
.w1tha 3:2 mixture ef concentrated HNO3 and 70%»HC104; Total digestion/
“;eVaporation times.were 8-12 hours, and both the filter and organic
.iigand.were readily oxidized. The resulting residue was dissolved in
’A2N HC1. and he]d for subsequent Po separation.

For . treatment of the Nuclepore filters, conta1n1ng the part1cu1ate
'-matter convent1onal dry ash1ng methods were avo1ded because of the

_ .almost certain 1oss of volatile Pb and Po at high temperature (Gorsuch
1959; Figgins, 1961). The po]ycarbonate membrane is res1stant to
d1rect attack by ac1ds, mak1ng wet combust1on d1ff1cu1t but it was

.found that the f11ters could ‘be broken 1nto less res1stant particles by
soak1ng for a few hours at room temperature in concentrated NH3 solu-

‘tion. After gentle evaporation of the ammonia, a clean oxidation could
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usually be ach1eved by acid digestion. Treatment in a 10Q;temperature
-asher using an RF-generated oxygen p1asma was attempted but was found to
offer little advantage. Tracers were added at the start.of the acid
“d1gest1on and a]]owed to equilibrate with the sample for a few hours at
low heat before the higher temperatures requ1red for destruct1on of the
filter were‘app11ed S111ceous residues -were removed by add1t1on of a
: few drops of HF. Occas1ona1 sample losses were. exper1enced due to
. spatter1ng in the final stages of acid d1gest1on, but tracer equilibra-
tion should have occurred by that time. Otherwise tracer recoveries were
neanly quantitative,

: 4. P]ating‘procedure,

Separation of Po and source preparation for alphaéspectrometry
were performed simultaneously by spontaneous deposition on Si]ver‘discs}‘
under cond1t1ons specified by F]ynn (1968), with the exception that
p]at1ng t1mes were increased to four hours to assure quant1tat1ve depo-
sition. A plot of eff1c1ency versus time is given in F1gure I1.1.

Plating efficiency was determined in two ways: .1) by adding a known
quantity of Po-208 tracer and determining the activity depoéited and

2) by replacing the silver disc with a clean one and re-plating for the
same length of time, the plating efficiency being given by

| Efficiency = (1 - CPMZ/QPM]) x 100%,

where CPM; and CPM2 are the count rates yielded, on the same counter,
| during the first and secqnd plating periqu, respectiVe1y. The former :
method utilized prepared solutions, while the.latter employed real

sample material. thé] deposition is seen to require three hours, and
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Figure II.1. Polonium plating efficiency as a functidn of time.
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peridds'pf four hOurS, which were routinely.used; were shown by repeated
tests to yield better than 99% efficiency.A

It is important that neither Bi-210 nor, especiaily, Pb-210 .be
cp—deposited with Po. Recoveries of Pb and Bi added to-p]ating solu-
tions were measured by atomic absorption after plating for four hours,
-iand no loss of either element was detected A further test for the
presence of unwanted Pb- 210 was made by re-counting several of the Po
sample mounts after a period of about one year. First and second counts
are:cpmpdred'in Tab]e II1.1. The activity expected at the time of the
. second count is ca]culated as the result of simple decay. The excess
found is an approXimete measure of the Pb-210 present infthe source
(actua}]y.about 15% 1ower,‘becéuse supported Po¥210 js not fully grown).
3 Calculated amounts of Pb-210 are in a11 cases less than 2% of the amounts
erfginally present in the sample solution at the time of plating. There-
fore, significant errors should not result if counting is performed
wtthin,six months ot plating. In practice such a.de1ay was seldom
exceeded.

After the initial plating, samp]e‘solutions were‘re-acidified and
etored in polyethylene bottles for dt least six months. A second portion
of Po-208 tracer was edded, and the samples were again plated and counted.

5. Counting procedure | )

A]] count1ng was by a]pha spectrometry of the Po 1sotopes w1th
‘silicon surface-barr1er diode detectors (Ortec; Princeton Gamma Tech).

Each detector was-mounted inside a stainless-steel vacuum chamber



-28- o ' .
TABLE 11,1

Test for the presence of Pb=210 in Po sample mounts

7 Po-210 (dpm)— _ \

“Sample At (days) .Count‘1 Count 2 Count 2 Excess -

C-169 408 .56

(observed) (expected)

c-163  ° .390 1.00

. + .05 .17 + .02 Jd4 £ .01 - +.03
c-164 - 408 ©.917: .05 .13 £.01 .12 £ .01 +.01

- €165 .. 408 . .89 + .05 . .10 .01 12 + .01 -.02
C-167 . . 404 - .63 +.04 .07 +.01 .08 +.0] -.01
C-168°. 404 - .49 .03 .07 +.01 _ .06 & .0l +.01

| £.03 .09 +.01 .07 £ .0 +.02

'~Errors‘are calcu]ated on the basis of tounting statistics only.




_ - =29-
(A Gordon, deéigner)'containing a Plexiglas sliding-tray sample holder.
A vacuum suff1c1ent to prevent loss of resolution by a]pha part1c1e
scatter1ng was maintained by continuously pumping with a We1ch Duo-Seal
rotary oil vacuum pump. The detectors had a sensitive area of 300 mme

and a depletion thickness of 100 micron, which is sufficient to stop all

alpha-particles of energy less than 10.MeV. Bias was applied to the

- ‘detectors by Ortec Model 428 voltage supplies, and signals were ampli-

fied with Ortec pre-amplifiers (Models 121 and 124) and'main amplifiers

'_ of various manufacture (Orteo Model 451, Canberra ModeT_1416;B, Tennelec

Model TC202BLR). Following amplification the signals originating in

‘each detector were conducted through a multiplexer-router to a

1024-channe1 pulse-height analyzer, and amplifier gain was adjusted so

that each channel corresponded to an energy band of 15-20 keV. Linearjty

" was established by plotting energy versus channel number for various

radioisotope standards.. This work was begun with two detectors and a

Nuclear Data Mode],ZZOO analyzer. During the course of the study, the

- system was gradoally expanded to include eight detectors, and the ana-

lyzer was replaced with a Northern Scientific Model NS-710.

A typical spectrum is shown in Figure II.2. No spectral inter-

ferences were ever detected, and none would be expected, because the

- plating procedure is high]y selective (Flynn, 1968), and potential

1nterferences are present at much Tower concentrat1ons 1n sea water
Energy reso]ut1on expressed as full peak width at ha]f-max1mum, was

about 50-60 keV. _Separat1on of the two Po peaks was ordinarily good
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but not perfect and a small correction for tailing of the Po-210 peak

1nto the region of the Po 208 peak was necessary.
. Counting times ranged from two to four days per sample.
6. Lead recovery measerement | :
"The amount of added stable Pb tracer remaining in the samp]e

-so1ut1on after the second plat1ng was measured on a Perk1n E]mer Model
' 403 atomic absorption spectrophotometer with an a1r-acety1ene flame
under standard conditions specified by the manufacturer. The sample

matrix was approximated by mixing, in proper proportions, a11 reégehts'
added to samples, -and this matrix was used in‘peeparing a Set of standard
solutions for determining the linear portion of the abéorbance-versus- .
concentration curve. Sample solutions were then diluted with de-ionized
water to a»standard volume that would brieg tﬁe Pb concentration into
the working range. An aliquot of the ofigina] Pb spike Sofufion was
diluted in the same matrix and to the same volume and.used‘as a workihg
standard. Readings were made fn_the absorbance mode, and the standard
"spike solution was run before and after each sample in order to compen-
Sate for instrument drift. The sample matrix solution, with no added Pb;

was run as a blank for zeroing the instrument. Lead recovery was obtained

'direet1y frbm the sample/spike absorbance ratio.

C. Corrections.and*sources of error
1. Samp]e size
Water samples were ord1nar11y we1ghed at the end of each cru1se,

but in some cases sample size was determined at sea by vo]ume.» Weights
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were accurate to within 0.5% and'volumes to within 3%.

In the case of the particu]ate samples, total voiumes filtered were
measured with Hersey Spariing water meters. During Meteor- 32 a ‘good deal
of information was obtained on the performance of these meters by taking
readings before and after each 20-1 water sampie was drawn. Volumes
measured in this manner were then compared with sample weights measured
1ater It was found that all six meters 1n use recorded systematicaily
Tow voiumes by amounts ranging from 3-14%, probabiy because of the low
fiow rates of only i—2 1iters per minute. ReproduCibility for individual
 meters, however, was relatively good,-averaging about 3%. 'Appropriate
corrections have been applied to the analytical resuits'ior.systematic
errors in meter readings.

2. C0unting statistics

For indiv1dua1 counts the statistical counting error for the
‘:Po 208/Po- 210 ‘ratio was estimated as (1/N208 + 1/N210)1/?, where Nogg
E and szo_de51gnate the number of counts under each Po peak. "For water
samples this error was generally in the range 3-5% and for particulate
samples 6-8%.
3. Detector background

» o A1l of the detectors used in this study were purchased new and
h had initiai backgrounds of less than 0.0005 cpm for both Po-208 and
Po-210. The two detectors used at the beginning showed a_rise in
Po-208 background to about 0.002 cpm due to voiatiiization of Po under

vacuum and its collection by the detector (Si11 and Olson, 1970).
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Backgrounds for Po-210 showed smaller rates of increase. Periodic
checks showed no-significant rise above these levels over a period of

two years, nor did the newer detectors show any increase over periods

-of six months or longer. Because a number of the earlier samples were

counted immediately after plating, it is suggested that freshly
deposited Po may be more volatile than Po in samples that have aged
for a few days. For all detectors, in any case, background.corrections'
seldom egceeded 1% of the total sample activity.
4, Spectra].re$o1ution

Because Llie two Po peaks could not bc completely resolved
instrumentally, it was necessary to estimate the degree of overlap by
visual examination of the spectra. This correction was made by assuming
identical peak shepes and by assuming that the tail on the Po-210 peak
does not centribufe sighificant1y to the tail 6n the Po-208 peak. While
it is not be]ieved that significant systematic errors'arise from peak
overlap, random errors associated with the correction can eaéi]y amount
to a few percent and are at least as important as the simple counting
error in limiting aﬁa]ytica] precision. A more desirable tracer for
such analyses would be P0-209 (4.88 MeV), which would inerease the
sample-tracer energy difference by more than a factor of two and allow
complete resolution of the two peaks. Unfortunately no source of Po-209

could be-located for this study.



5. Blank corrections

A summary of blank determinations is given in Table II.Z2.

o Within counting errors, Pb-210 and Po-210 blanks are néar]y equal, as

one would expect. Some of the blanks, therefore, were counted only

once and are reported as Po-210.
A significant source of contamination is present as an isotopic

impurity in the "stable" Pb added as yield monitor, and the value of

AO.O? dpm/mg Pb measured for the specific activity of Pb-210 in reagent-
 grade ‘lead nitrate is in good agreement with measurements reported by

“Weller et al. (1965) for commercial lead. An uncontaminated Pb spike

was obtained from M. Applequist (Scripps Institution of Oceanography)
and was uéed for :all but the Meteor-32 water samples. A]iquots of this
spike, each containing about 30 mg Pb, were ana]yzéd and found to con-

tain no detectable activity. Even smaller amounts than this (3-7 mg)

- were used for spiking samples.

Results given in the first part of Table II.2 indicate levels of
'contamination arising from laboratory procedures only; those in the
setond part of the'table were used to evaluate the probability of ship-

board contamination. ASamp]es C-174 through C=177 consisted vl de-ibnlzed

‘water from the Meteor shipboard laboratory. Comparison of C-174 and

C-175 with C-176 and C-177 indicates that contamination of the water
samples durihg fi]trafion is unlikely. A blank correction of 0.08Adpm
has been applied to all water analyses for which the contaminated spike

was used. Otherwise the correction is 0.03 dpm.
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TABLE II.2A

Laboratory Blank Determinations

Sample Pb-210 (dpm) Po-210 (dﬁm) - -Remarks

2l - 0 £ .02 Y Procedural blanks for water
L samples. "Contaminated" Pb

2 , 05+ .01 spike present (2.3 mg).

3 —-— None detected: ' :

4 --- .02 + .02 Nucleopore filter blanks.

5 o 02 + .01 No Pb spike added.

6 --- 01+ .01 -

7 --- .065 + .008 N

8. --- .066 + .008 Nuclepore filter blanks.
L : _"Contaminated" Pb spike

9 , - -051 = .006 present (2.3 mg).

10 --- .049 + 006 - S

Errors are calculated on the basis of counting statistics only.
Measured specific activity of "contaminated" Pb spike:
' .020 + .001 dpm Po-210/mg Pb




Water
Sample

Cc-174

c-175

- C-176
€177

Filter

P-137
P-138
 P-66
P-67
P-68
P-69

TABLE II.2B
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Shipboard Blank Determinations

Pb-210 (dpm) Po-210 (dpm)
.08 + .01 .08 + .02 7
.08 + .01 10 + .02 -
.08 + .01 .07 + .02
.05 + .01 1+ .02 ]
2+ .02 12 + .01

.023 + .006  .013 + .005

.024 + ,005  .021 t .005

.013 + .004  .018 + .006

.013 + .004  .006 + .002

.010 + .003  .004 + .002,

Remarks

Filtered, de-ionized water
Unfiltered, de-ionized

water

Correspohds to C-174
Corresponds to C-175

Subjected to routine
handling

Errors are calculated on the basis of counting statistics only.
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Samples P-66 through P-70 show that no significant confamination_of
~the filters occurred during routine hand]iﬁg, which consisted of 1o$d1ng
and unloading the filter holders and transferring the fiiters to plastic
bags for storage. The only indication of serious contamination is given
by P-137, for which the measuréd value of.0.1 dpm is as much as 50% of
‘ the total activity measured in some of the 1east'active samples. The
source of this contamination is unknown, and there ére, ﬁnfortunately,
too few data to judge the 11ke11hood of such an occurrence. It should be
noted that the Po-210/Pb-210 rat1o here is st111 c1ose to unity.
.Because most of the particulate samples that were analyzed show a ratio :
greater than 2, a possibie criterion for diagnosing cases of gross con--
tamination would be activity ratios closer to 1. In correcting the
ana]ytica1 data, this last result has been ignored, and a blank correc-
tion of 0.015 dpm has been applied to all of the pafticu]ate'ana]yses.
| In addition to the blank determinations presented 1ﬁ Table II.2,
. occasional samples and blanks were processed Witﬁout the -addition of
tracers in order to check the possibility of'cross—contamination'durfng
1aboratory“proces$ing.‘ The ambunts of Po-208 and stable Pb recovered in
these cases were undetectable. |
6. Errors 1n‘Pb'recovery measurement
Atomic absorption readings were always made in ffip]icate, and
“ errors in determininé'Pb recovery shou]d‘not exceed 2%.
7. Calibration’
A1l of the analytical results reported here were calculated

with reference to two Po-210 standard solutions obtained from the
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'.'USAEC Health and Safety Laboratory (Po-210-003-1; Pp—210-003-V). The
certificates that accompanied these standards reported activities to
thkee significant tigures, but there was no explicit statement‘of
cdnfidence.1imits. Polonium-208 tracer solutidn, which-derived from a
commencial sourCe;Awas obtained from Yale University. Ca]inration of
‘4this tracer was performed'periodically by mixing with the HASL standard
andddetermining-the'extent of isotope di]ution by alpha-spectrometry.
Isot0p1c purity was ver1f1ed by alpha-spectrometry.
A11 dilutions of standard and sp1ke so]ut1ons were made w1th
2N HNO3 conta1n1ng 200 mg Bi/1 as carrier to prevent possible loss of
Po by adsorption on the container walls (S. E. Poet, persona] communi -
‘cat1on). Storage bottles were made of polyethy]ene In two years no
changes were observed in the activity of Po so]utions other than those
'attributab1e to radijoactive decay. |
It is- est1mated that isotope ratio measurements for calibration

were made with an accuracy of 3%. Comparison of two batches of the
HASL Po-210 standard revealed a systematic difference of about 2%.
. Systemat1c errors in the analyses reported here are therefore believed
to be less than 5%.
8. Ernors arising from sample handling

Because this study depends on achieving resolution of tota]
‘ act1v1t1es 1nto d1sso1ved and particulate components, an effort was
made to determine whether transfer from one phase to the other might

"occur as a result of sample handling. The first indication that such
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effects may be significant came when anvattempt was made during Meteor-32
to collect a set of replicate samples for eétab]ishing analytical preci-
sion. For thié purpose aA270—1 sample taken with a stain]ess-stee]
“Gerard barrel tripped at 887 m on Station 23 was used. .Because of time
limitations on station, fi]tfation was not begun until a féw hours after
retrieval and extended over an additional 10-15 hours.  Approximately
equal amounts of séé_watef.wére filtered through each of four Nuclebore
filters, and six 20-1 aliquots of filtered water were collected. The
remainder of the filtered water waé retained in plastic drum§ and 1atef.'
re-filtered. de water samples and two filter samples were.obtained
from this second filtration.

Each of the water samples and filters was analyzed individually,
and the results are given in Table II.3, where samples are listed in the
order in which they were filtered. Although there is no record of the
absolute time elapsed between successive fi]trations, concehfrations of
particu]ate-Pb4210 and Po-210 show increases corre]ated'wifh time.
Correspondihg decreases in the amounts measured in the fi]tered water
are just barely deteétab]e, and there appears to be no systematic change
in either of the totals obtained by summing dissolved and particulate
analyses. iAlthough the increases in individual particulate activities
with time are substantial, it is.important to note that the particulate
Po-210/Pb-210 ratios remain virtually constant.

An effort was made to reproduce these results and obtaih an esti-

mate of the rate of so]utibn-to-partic]eAtransfer in a similar experiment



TABLE I1.3

Analytical Results for Replicate Sémp]es, Meteor-32

b - -
[——dw'pr;t/:]g(])ok—g—j r (dp;n%g(])okg.) \ P0-210/Pb-210
Sample Diss. . FPart. - Tot. Diss. Part. Tot. Diss. . Part. Tot.
* 7.4 .81 7.8 7.4 1.1 8.5 1.0 2.6 1.1
6.6 n 7.0 8.1 9.2 1.2 " 1.3
* 2 8.4 -.33 8.7 8.5 .9 9.4 1.0 2.7 1.1
7.6 " 7.9 7.0 " 7.9 .9 " 1.0
3 6.2 .58 6.8 7.5 1.4 8.9 1.2 2.4 1.3
4 6.3 75 7.0 6.8 1.9 8.7 1.1 2.6 1.2
Mean ——— --- 7.5 --- --- 8.8
Coeff. Var'n, --- --- 9.8% --- --- 6.1%
Second filtration o
5 6.8 .08 .9 5.8 8 6.6
6 5.9 .07 0 5.7 4 6.1

‘Mean counting errors: Diss.

*Duplicate a]iquots of filtered water taken.

_ Diss.
Part.
Part.

Pb-210, 4.0% -

PO'Z]O, 6-3%
Pb-210, 7.7%
Po-210, 12.9%

_OV_
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performed by J. Bishop during R/V Atlantis II Cruise 85. Six 30-1
Niskin bottles, spaced five meters apart on the wire, were tripped at
175-200 m and immediately brought aboard. One bottle was sampled upon
retrieval, and the others were sémpled at 2, 4, 8, 16 and 32 hours. A
10-1 sample of unfiltered water was drawn first, and the remaining con-
tents were fhen filtered through 47-mm, 0.4-micron Nuclepore filters.
Only the unfiltered water was saved for analysis.
Analytical results are bresented in Table I1.4. The possibility of
2 depth effect cannot be altogether ruled out, but the results are
-qualitatively in agreement with the earlier findings from Mefeor—32.
Particd]ate activities increase with time, while tbta]s and Po-210/
Pb-210 ratios show little change. Figure II.3 is a plot of particulate
aétivity versus time. The data are rather badly scattered, partly
because of the small volumes (12-17 1) filtered, and are not really
adequate to define a particular functionality. A crudé approximation
of solution-to-particle transfer rates is attempted by making a linear
least-squares fit. The estimated rates are 0.019:+0.008 (dpm/100 kg)/hr
for Pb-210 and 0.013+0.007 (dpm/100 kg)/hr for Po-210. These rates
correspond to increases over the initial particulate actfvity of 5+2%
and 4+2% per hour for Pb-210 and Po-210 respectively. Activities in the
dissolved phase wouid be reduced by about 0.2+0.1% per hour.
Reasons for this apparent transfer are not understood. Because

the observed}rates of change are much higher than those inferred for

in situ conditions, and because little fractionation of Pb-210 and Po-210




TABLE I1.4

Fesults of Delayed Sampling Experiment, AII 85

————Pb-2 O

—P0-210——

-ZV -

_ dpm/100 kg dpm/100. kg Tot. - Tot. :
Time (hr) ~ Tot. Fart. Tot.. Part. Po-210/Pb-210  Po-210/Pb-210
0 8.0 + .6 .52 = ,07 10.2 + .7 .37 + .05 1.3 .7
2 8.6 .6 .22+ .03 8.2+ .6 .19+ .03 1.0 .9
4 8.3+ .6 .38 +,05 8.4 + .6 .27 + .04 1.0 .7
8 7.1 % .6 .86 + .08 9.8 + .7 .69 + .06 1.4 .8
16 8.5 + .6 .60 + .07 9.2 * .7 .39 + .05 1.1 .7
32 8.9+ .7 1.02* .10 7.9 + .6 g2 .11 .9 7
Mean 8.2 n 9.0
Coeff. Var'n. 7.3% 10.0%
Mean counting 5.2% 5.3%

error

Errors are calculated as in Section II.D.1 and

Date:
Position: _
Sampling Deoth:

21 October 1974

39.0°N €9.3°W
175-200 m

Appendix II.B




Particulate Activity ( dpm / 100 kg)
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Figure II.3. Changes with time of the particulate Pb-210.
, and Po-210 concentrations in sea water samples.
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wés obséryed, the transfer would seem to be induced by disfurbance of the
sample. It is pbssib]e that increases in temperature or turbulence might
significéht1y accelerate aggregation of particles smaller than 0.4 micron
or their co]]écfion by larger part%c]es (Stumm and Morgan, 1970). The
fatt that particulate Pb-210 and Po-210 were recovered from water that
héd previously been filtered suggests that particle formation (Sheldon -
et al., 1967), possibly resulting from stimu]étion of bdcfefia] growth,
may be é factor. }These samples were kept in fairly opaque containers
 betweeh'f11trati6ns; so phytoplankton growth is not 1ikely to have been '
important. It should also be noted that particles collected during the
"second fi1trét10n‘were greatly enriched in Po-210 relative to Pb-210. -
This behavior was unlike that of the samples that were only filtered
.ohce, in which no relative enrichment of Po-210 was observéd with time.
If is 11ke1y.that'more than one process is responsible for the observed
changes in the Sampjes. |

A Whatever the causes might be, the immediate concern for the present
study -is the magnitude of the effect. For all of the samples used in
thjs investigation,‘fi]tration was completed in less than three hours
'fojlowing collection. Solution-to-particle transfer during this delay
should not exéeed 20% of the initial particulate activity or 1% of the
-'disso1vedAactivity. Because total activities show no apparent change
vwith_time; it is concluded that no losses to other surfaces occur and

. that total activities are unaffected by ordinary delays in sampling.
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Additional experiments have been pefformed to measure the adsorption
of Po by Nué]epore and Millipore membranes. Filters immersed for two‘
hours in filtered sea water spiked with Po-208 refained negligible amounts
of tracer. In a second experiment Woods Hole surface sea Watervwas
filtered through pairs of filters, in separate hb]ders, arranged in
series. Very low flow rates were éxperienced with this arrangement, and
volumes could not be recordeq due to stalling of the water meter. It
took four hours to filter léss than 10 Tliters through the Nuclepore pair.
Approximately 30-40 liters were filtered through each paierf Millipore -
filters in about 1 hour. Table II.5 compares activitics measured on the
first and second filters. Amounts retained by the second filter were
small (comparable to the analytical blank) but detectable, and may have
resulted from adsorption. It is more likely, however, thaf the effect
results from retention of particles smaller than the nominal pore size
of the filters (Cranston and Buckley, 1972). It is concluded that
adsorption of Po-210 by membrane filters does not produce a significant
bias in thé discrimﬁnation between dissolved and particulate phases. On
the basis of tracer experiments, Applequist (1975) reached a similar
conclusion in the case of Pb-210. Because of uncertainty in the magni-
tude of the effects described in this section, no corrections for them

have been applied to the analytical data;

D. Quality of the data
1. Precision

Due to the presence of other sources of error, the most important
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TABLE II.5

Po-210 Collected on Filters Arranged in Sefiés

——P0-210 (dpm) Second/ Filtration

. Sample First Second First (%) Time
‘ ©© .45u Millipore (A) 1.2 £ .1 .02 + .01 2+1 1 hr.
. .45y Millipore (B) 1.4 £ .1 .01 + .01 11 1 hr.
| .4y Nuclepore = .29 + .03 .03 + .01 10 + 3 4 hrs.
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being.Tack of comp]ete;spectra] resolution, thé preéision'of”the analy-
ses reported here is not as good as e;timates based on simp]e counting
stétistics alone on]d_indicate. This may be seen by -examining the
total aétﬁvity measurements obtained on replicate samples given in.
Tables II.3 and I1.4. 1In eva]uatfng precision,from these sets of
| analyses, it must be assumed that the total activity 1s'independent of
the time delay. It is estimated that a cumu]ative 5% error arises from
causes other than random fluctuations in‘the count rate. Precision of
individual analyses was estimated by the approximate formula ((.05)2 *
((LE.)Z)]/2 x 100%, where C.F. is the statistical counting error of the
Po-208/P0-210 ratio as evaluated in section II.C.2. Additional calcu-
" lations, detailed in Aapendix II.B are required to estimate precision of
the Po-210 analyses.
2. -Intercalibration
Two Pb-210 intercalibration studies have been performed in
| conjunction with M. Applequist and Y. Chung of Scripps Institution of
Oceanography. The S.1.0. measurements employed beta-counting of the
Pb-210 daughter Bi-210 and were based on a Pb-210 sténdard obtained
ffom a private source. Lead recoveries were determingd gréyimetrica]]y.
In the first sét of comparative measurements (Table II.6), sample -
mounts prepared and counted af S.1.0. wefe sent to W.H.0.I., where they
were re-dissolved, spiked with Po-208 tracer, plated and alpha-counted.
The Pb,210 actfvify was calculated on the assumption that Po-210 had
been completely removed during sample purification at S.1.0. With the

possible excéption of the 1183-m sample,: the agreement is fair. The
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TABLE II.6
Resu]té of Particulate Pb-210 Intercalibration

GEOSECS Pacific Station 201.  Particulate
Pb-210 given in dpm/100 kg '

S.I1.0.-W.H.0.I.

Depth 5.1.0.  WLH.O.1 - W.H.0.1. X 1008
12 .18 + .08 .16 + .01 +12.5
389 .31+ .13 .37 + .02 -16.2
786 291 .02 .32+ .02 -9
1183 .38 & .02 51+ .03 -25.5
‘ + .03 +i5.1'

1706 61 + .07 .53



Depth (m)
0
77
128
- 204
254
505
704
802
1002
1504
2054
2304
2605
3004
3502
3805
4107
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TABLE II.7

Results of Dissolved Pb-210 Intercalibration

GEQOSECS Pacific Station 320.

Dissolved

Pb-210 given in dpm/100 kg

S.1.0.

- 8.

8.
9,
9,
10.

8.

8.
10.
13.
17.
17.
7.
16.
16.
15.
16.

Not measured
5+ 1.5%
2 + .8
6 + 1.4
4 +1.4
0+1.5
211' .8
9 +2.2)
8+ .5
6 + .6
0+ .7
7+ .7
0+ .7
2 £ .7
4 + .6
9+ .6
7 6,

S+

"
Large error due

W.

Preliminary
Counting Only

]

10.
17.
20.
19.
18.
19.

Final
Data

(21

17.

7
9
9
9
9.
8
8
9
1
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mean percent difference for all five samples indicates S.I1.0. to be
1ower fhan wa.O.I. by 5+8%.

’-ﬁuring the pacific GEOSECS expedition, a set of rep]icate water
samb]eé was collected at Statioh 320. Analyses by M. Applequist and
Y. Chung of S.I.O. are compared in Table II.7 with those of the dupli-
cate set performed at W.H.0.I. The first seven S.ITO. results are based
on'ﬁre]iminary coUhting only. The 3805-m W.H.0.I. result is highly
uncertain, bécause the sample container had leaked, and only a few liters.
'were avéi]ab]e for anafysis. The W.H.0.I. result at 1504 m appears to

be spuriou§iyf10w. when all of the other results are compared, the
S.I.O: results are again éeen to be lower than the W.H.0.I. values by
- an average amount of 6:2%. When only the final S.I.0. counts are con-
sidered, the discrepancy is 1]£2%.

It is not be]ievedAthat systematic errors arising from the proce-
dures usedlin efther Iaboratory should produce a discrepahcy larger than
a few percent. The most 1ikely cause of the disagreement is in the
different standards used for calibration by the two grodps, and it is

intended that a direct cross-check of standards will be performed.
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Appendix II.A Details of the Analytical Procedure for Pb-210 and Po-210 -

1. Sample hand11ng - shipboard

Cooa.

Acidify Cubi- ta1ner (5 or 6 gallon) with 40 ml concentrated
reagent-grade HC]

Filter as 1arge a vojume of sea water as possible (20-1 mini-

mum). Begin filtration as soon as other sampling is completed.
For this study 0.4-micron Nuclepore filters were used. For

~ future work it is recommended that 0.45-micron Mi]Tipbre

filters be used, because they are more easily oxidized.
Draw about 20 1 filtered sea water into pre-acidified
Cubi-tainers

Sp1ke water samp]es with Po-208 and activity-free lead tracers.

A few m1111grams of stable lead is suff1c1ent to overwhe]m any

natural or contam1nant background levels The amount of Po-208

A-tracer added should be approximately four times the expected

sample act1v1ty

Apply mi]dlsuction to remove excess water from the filters.

-Fold the filters to contain the particulate matter and store

in plastic bags.

Check-CUbi-tainers for leakage and then store. If rough

. handling is anticipated, sturdier containers are advisable.

. Weigh Sampleé at the earliest opportunity; If cojpneC1pitations'

are to be perfbrmed at sea, determine sample size vo]umetricai]y.
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Pre-concentration (after Boyle and Edmond, 1975)

a.

-Prepare reagents:
(15 Cobalt nitrate in deionized water to make 50 mg Co/1.

(2) APDC in deionized water, 5 g/1.

. Add 10 ml cobalt nitrate for each liter of sea watér and mix.
."Add'10 ml APDC for each liter of sea water and mix.

. Nait‘15-20‘minutes and filter suspension through 142-mm,

0.4-micron Millipore filter (vacuum filtration).
Allow filter to be sucked dry, fold in half, and store in
plastic bag. Ignore small amounts of precipitate that may

adhere to walls of the container.

Sample dissolution

- a.

Digest Mi]]ipbre filters in Teflon beakers with'ézé'mixture
of HNO, (concentrated) and HC]O4 (70%).‘ Use as 1ittle of the
acid mixture as possible, adding in 10-ml increments as
required; 4 |

Soak Nucjepore filters in concentrated NH40H at room tempera-
ture for several hours until filter is broken into small
pértic]es;' Gently evaporate to remove NH3 and procéed with
acid dige§tioh.as above. | |

For paﬁtf§u1ate matter samples, add tracers at start of acid

_digéstion, and use a few drops of HF to destroy siliceous

" material.

When oxidation is complete, evaporate to perchloric acid.fumes.
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e. Cool and dissolve residue in'2ﬂﬁHC1;
4. Plating brOcedure (after Flynn, 1968)
a. APrepare‘reagents in deionized water:
3) 375H0
in 5 ml concentrated HNO; and diluted to 100 ml. |

(1) Bismuth carrier (10 mg Bi/ml) -- 2.32 g Bi(NO

(2) 20% w/v hydroxylamine hydrochloride
(3) 25% w/v sodium citrate. .

b. Transfér samples to 250-m1 beakers and dilute to 50 ml with
2N HCT. |

c. Add.S ml hydroxylamine hydrochioride, 2 ml sodium citrate and
T ml bismuth-carrier. ‘ _

'dq }Adju%t pH to 2.0 with concentrated NH40H.

e. Stir.on magnetic hOtp1ate-stirrer and heat to 85-90°C.

f.. Load cleah-si]ver disc in P]exig]as holder, immerse in the
sample solution, and remove trappéd air bubbles.

g; Plate at 85-90°C for four hours.

h. Rinse'Pfexiglas holder wfth 2N HC1 into beaker, remove disé,
rinse disc with deionized water and methanol, and store disc
in pjastic-box for counting. |

ic Transfér contents of beaker to polyethylene bottle, rinsing

with 2N HCT. |

j.,‘Aftér six.honths' storage or longer, transfer samp]é to
250-m1 beaker, re-adjust pH, re-plate, and count. Ho1d solu-

tion for lead recovery.
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‘5. Lead recovery measurement
a. Transfer sample solution to volumetric flask and dilute to
- appropriate volume fbr flame atomic absorption analysis.

b. Dilute original lead spike solution to tﬁe'same volume and
with the same reagents added as for samples. Use this solu-
tion as a working standard;

c. Operate Perkin-Elmer 403 under standard conditions given in
manufacturer's handbook gnd_alternate abﬁorbance readings of
samp1e and spike solutions. A1l sample readings should be
made in triplicate.

c. Calculate recovery directly from sample/spike absorbance ratio.
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Appendix I1.B  Radioactive Growth and Decay Calculations

" The cqmpﬁtations required to conveft raw counting data into absolute
sample activities at the time of collection are described below. Each
( . of the‘necessaryAsfeps is listed and explained. In practice the calcu-
| | | 1afions were performed aﬁfqmatica]ly on a Wang Model 520 programmable
calculator. The’fq]]bwing assumptions are made in perfdkming the
calculations: |

1.) There is no chénge in the Pb-210 activity of a water sample

|

|

l

‘ S ~ between the time of collection and the time of co-precipita-
i  tion. This time never exceeded 2 months.

; 2.) At»the time of'co-precipitation, Ra-226 remains in solution

; and is not recovered. Thereafter Pb-210 is unsUpported and

decayé according to its half-life.

|
|
3.) Lead-210 in pafticu]ate matter is-entirely unsupported.
(Becéuse the decay correction for Pb-é]O rarely exceeds 3%,
assumptions 1-3 need only hold approximately.)
4.) The production of Pb-210 from atmospheric Rn-222 equili-
hrating with the stored sample solutions is’neg]igib]eﬂ .This
assumption can be verified by simple ca]cu]atioh.
5.)- The short-Tived Pb-210 daughter, Bi-210, is at all times in
| »ée;ular equilibrium with Pb-210 in the sample. For Po-210.

growth periods of six months or 1qnger, this assumption need

only hold apbrokimate]y;
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6.) Procedural losses of Pb and/or Po occur only at the time of
r'co—precipifation for water samples or only at the time of
sahp]e dissolution for particd]ate matter samples. This
assumption is important only if there occur large differ-
ences in recovery rates for Pb and Po and if there is a
delay between sample dissolution or co-precipitation and the
first b]ating step. In practice the recoveries were nearly
. the same for both elements.
7.) PoTonium is completely removed from the sample solution
during the first plating step: This assumption was verified

experimentally (Section II.B.4).

Calculations for water samples

The quantities Pb(n) and Po (n) refer to activities. Decay con-

stants for Pb-210 (Xpb) and Po-210 (KPO) are taken to be 0.0000855 d-]

and 0.0050083 d”

, respectively, corresponding to half-lives of 22.2 y

and 138.4 d.

1.) From the second count determine the Po-210 activity generated in
the sample at the time of the second plating, designated Pb(1).
This is dohe by correcting the Po-208 and Po-210 count rates for
background and’ then correcting each for simple decay back to the
time of the second plating step. The corrected ratio cpm Po-210/
cpm Po-208 is then multiplied by the amount of Po-208 spike (dpm)

~ added at the time of plating. | |
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Calculate the Pb-210 activity in the sample at the time of the
first plating step: ‘ ‘ /
. ‘ \ ‘ .
Pb(2)‘= (}po_‘ Apb)Pb(])/ Po[exp('%Pbtz)‘exp(’}gotz)]
0.9829 Pb(1)/[exp(-0.0000855 té)-exp(-0.0050083 tz)],

where t2 is the time, in days, between the first and second
p]gting steps.
Calculate the Pb-210 activity in the sample immediately following
co-precipitation:. o

Pb(3) = Pb(2)/exp(-Apt;)

= Pb(2)/exp(-0.0000855 t]),

where t] js the time, in days, between co-precipitation and the
first pjating step.
Correct for losses during co-precipitation:

- 1Pp(4) =‘Pb(3)/RPb’ A
wher'eRPb is the fractional recovery of -the added stable lead.
Subtract the reaéent blank: .

Pb(5) = Pb(4) - B,
where B is the blank in dpm. This gives the desired result for
Pb-210 activity in the sample at the time of collection.
Firom the first count determine the Pd—210 activity in the sample
at the time of the first plating step, Po(1). Raw count rates
should Bé corrected for background and then for decay back to
the time of plating. Use measured counter efficiencies to cé]cu]ate

190(1) and to detérmine the chemical recovery of added Po-208, Rpo
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This treatment differs from thaf in step 1. It is necessary to
determine RPO exb]fcit1y, because it may differ from RPb;
Calculatg the Po-210 activity in the sample immediately following
cd-prétipitation:

Po(2) ,fPo(]) - [APO/(Aéo-pr)]Pb(3)[exp(-prt])-
‘ 'exp(-XPOtl)]}/exp(—kpot])' '

(Po(1) = 1.0174 Pb(3)[exp(-0.0000855 t,)-
eXp(;0.0050083 t])]}/exp(-0.0050083 t])

.
Y

Correct for losses during co-precipifation:
Po(3) = Pp(2)/RPo.

Substract the reagent blank:
Po(4) = Po(3) - B.

-Correct for growth or decay to the time of sampling. This step is .

’-identical in form to step 7:

Po(5) = {Po(4)-1.0174 Pb(5)[exp(-0.0000855 t)-
,exp(-0.0050083 tou}/exp(-0.0050083 to),

where tO is'the time between collection and co-precipitation. This

gives the desired resu]t}for Po-210 activity in the sample at the

time of collection.

Calculations for particulate matter samples

The calculations are identical to those for water samples, wi th

the following exceptions.

1.)

Substitute "time of sample dissolution" for “"time of co-precipita-

tion".
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2.) Following step 5, correct for simple decay of Pb-210 between the .
|

time of sampling and the time of sample dissolution:

Pb(6) = Pb(5)/exp(-Apyty) . - |

Pb(5)/exp (-0.0000855 to){ | , .

3.) In step 10, substitute Pb(6) for Pb(5).

Calculation of statistical counting errors

1 Cbunting érrors'fof individual counts are calculated as in
Section I1I.C.2. The counting error for Pb-210 analyses is equal to
thié value as”detérminedvfor the second count. To detekmine the
counting error for Po-210 analyses, propagate individual errors for

each count through.steps 6-10.
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CHAPTER III
THE DISTRIBUTION OF PB-210 AND P0-210 IN
DISSOLVED AND PARTICULATE PHASES IN SEA WATER

A. Presentation of the data

This chapter is intended to be a descriptive presentation of the
analytical results; specific aspects of the data are discussed more
fully in chapters to follow. A1l of the Atlantic data given here were
obtained from samples collected by the writer during Cruise 32 of F/S
Meteor in November and December of 1973. Samples from two GEOSECS
stations in the Pacific have also been analyzed. Station Tocations are
shown on the index maps (Figures III.1 and III.2) along with some
additional stations that will be referred to at various points in the
text,

Analytical results are listed in Table III.3 for the Atlantic and
Table III.4 for the Pacific, and vertical profiles are plotted in
Figures III.5 - III.16. A1l of these tables and figures will be found
together at the end of this chapter. Most of the samples used in this
investigation were filtered at the time of cnllection through
0.4-micron Nuclepore filters, and for these samples both dissolved
and particulate activities are reported. Definition of "dissolved" and
"particulate" activity is made solely on the basis of retention or
non-retention by the filters used. For samples that were not filtered,

the results are listed as total activity, and these samples are marked
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by the nbtation "NF" in the tables. Results from unfiltered samples
have been included in the vertical profiles of dissolved activity, and
for this purpose a correction, usually small, was derived by interpola-
tion of the particﬁ]ate'profi]es. Data points corrected in this way
" are indicated by use of a different symbol in the figureﬁ. A1l of the
analytical results ‘have been corrected for radioactive growth or decay
to the date of.cél]ection, and they are given in units of disintegrations
per minute per 100 kg sea water (dpm/100 kg). Polonium-210 results are-
plotted in most of the figures as activity differences relative to the
‘parent Pb-210. Positive values indicate the presence of fexcess"
Po-210 not supported by radioactive decay of the parent..

It may be seen in the vertical profiles that several of the particu-
late analyses are spuriously high, and in some of these cases the
djsso]Ved activities appear somewhat too low. This effect is most
' pronouhced for the 1813-m sample from Meteor Station 15 (Me-32-15).
4Many of these apparent1y bad samples from the Meteor cruise were
collected with fhe same Gerard barrel (#18), and each of the samples
taken with this particular samp]er has been marked by an éSterisk in
the tab]gs and‘by parentheses in the figUres.

The effect just described is seen to an extreme degree in the case
of the GEQSECS 226Asamp1e§ (Tab]e 111.4), for which the measured
particulate aCtivities frequént]y exceed the dissolved activities.

This behavior is unlike that found for any of the other stations, and

these results are considered to be grossly in error. It was noted that
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many of the filters received from this station were heavily loaded with
pértfc]es of rust, which were evidently produced by corrosion of various
pieces of hardwafe fnadvertent]y dropped into the Gerard barrels during
the-ckuise.. These rust particles probably -introduced minimal contamina-
tidn, but newiy formed iron hydroxides do act as efficient scavengers
for Pb and.Po in sea water (Craig et al., 1973; J. Thomson.and K. K.
TQrekian, unpublished report). Some of the 10west_actf§it1es measured

in the filtered water correspond to the highest activities found on the

" filters (note especially the 533-m sample and samples at 2999 m and

below). It 15; of course, impossible under these circumstances to .
defermine the original distribution of activity between dissolved and
particu]até phases. Con§equent1y, for this station, dissolved and
particu]afe ana]yseé h@ve'been combined and reported as total activities.
The resulfs'are still rather badly scattered; and large errors could
have arisenlfroﬁvuneven distribution of the rust particles within the
wéter samples. Systematic losses to surfaces of_corroded objects

within fhe barrels could also have occurred. Because the other GEOSECS

profiie (Station 320) measured for this study did not include particu-

late samples, the extent to which this problem may be common to all of
.' the GEOSECS samples is not known. Applequist (1975) has presented two
l»GEOSECS profiles (Stations 201 and 314) in which a fairly consistent

distribution of Pb-ZIOAbetween dissolved and particulate phases can be

seen. Of the other GEOSECS samples that he examined, only occasional

fi]ters showed evidence of serious interference by rust particles.
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Nonetheless, in the absence of particulate analyses from Station 320,

all of the GEOSECS results reported here must be regarded with some

suspicion.

B. Estimation of Ra—226 distribution
An imbbrtant‘source of Pb-210 in the oceans is the radioactive
4decayfof the pareﬁt Ra-226, and the Ra-226 distribution must be known
if the Pb-210 results are to be interpreted. Radium analyses of the
Meteor samples are being made at the University of Heidelberg, but the
results are not yet available for inclusion in this report. Conse-
quently, Ra-226 distrﬁbutions at the Meteor stations have been
estimated ffbm distributions at nearby GEOSECS stations measured at the
Lamont-Doherty Geological Observatory (Broecker et al., unpublished data).
For the purpose of extrapolating the mgasured Ra-226 profi}es to
~ poinfs of sampling for the present study, the similarity of Ra-226 and
Si distributions (Ku et al., 1970; Edmond, 1970) has been used. Figure
.Ili.3 is a plot of Ra-226 versus Si for the four aVai]ab]e-profiles that
1ié cloéest to the Meteor track. For each of the stations a linear
relationshib between Ra-226 and Si is defined, and all of the correla-
tions for the 1ﬁdividUa1 stations are significant at a confidence level
gregtef than 99%. . Linear regression coefficients and y-intercepts along
with their 95% confidénceAlimits are summarized in Table II1.1. The
regression lines fbr'SfationSFZQ and 40 are seen to be near]y'identical
-as aré the two lines for Stations 107 and 115. However, these two

pairs of stations, which are 10¢ated,on opposite sides of the
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Figure IZI.3. Ra-226 versus Si for four Atlantic GEOSECS stations.
(W. S. Broecker et al., unpublished data) The straight
Tines are least-squares fits for stations west (1) and
east (2) of the Mid-Atlantic Ridge. '
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TABLE III.1
Ra-Si Relationships at Four Atlantic GEOSECS Stétions.-
_ Confidence Timits are given at the 95% level.

Si (x) is in units of um/kg, and .
Ra-226 (y) is in units of dpm/100kg.

Statiqh : Slope y-intercept
I 144 + 040 7.76 + .72
0 136 + 043 8.07 + .55
07 217 + .023 6.99 + .87

+ .64

115 .216%.023 6.88
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Mid-At]éniic Ridge, show a differencé between them in theARa-Si relation-
ship that is significant at the 95% confidence level. Therefore, in
éstiméting tﬁe'Ra-226 distribution from the measured Si distribution at
the'Meteor stationﬁ, tWo different relationships, obtained by combining
the déta from each pair of GEOSECS stationé, have béen used. For
stations west of the Mid-Atlantic Ridge (Me-32-8, 12, 15, 18), the
equation used is Ra = 7.86 + .142 Si, where Ra is in dpm/100 kg, and"
Si_is in um/kg. For stations.east of the ridge (Me-32—21:”22, 23, 27,
32, 34), the relatiohship is Ra = 6.91 + .217 5. The sfandard error
for pfedicting Ra from Si, based on the varianée about the regression,
is in the range 0.8-1.0 dpm/100 kg (5-10% of the predicted value). The
Ra-226 activity estimated for deep water of the Vénezue]an Basinl A
(Me-32;12) is 11.8 dpm/100 kg and compares very well withlthe value of
f_]2.é dpm/100 kg measured by Szabo et al. (1967). In addition, values
esfimaféd for Me-32-8 are in excellent agreement with their results for

* stations north of the Greater Antilles.

C. Distribution of Pb-210

Ordinarily more than 90% of the Pb-210 in sea water occurs in the
dissolved (<0.4 micron) phase. Activities near the surface are aimost
always in excess of'Ra7226 activities, commonly by a facto?,bf 1.5-2.5,

a result that is‘in agreement with earlier work (Rama et al., 1961;
Go]dberg, 1963; Craig et al., 1973, Applequist, 1975). This Pb-210 o
éXcesS.is maintained by delivery to the sea surface of unsubported |

Pb-210 produced in”fhe atmosphere by Rn-222 decay (Rama et al., 1961).
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In some cases the largest Pb-210 excess is found atithe~jmmediate surface
(Me- 32 15, 18 21, 22) but it is just as common for sub-surface maxima
to occur in the 100-200 m depth range (Me-32-8, 1é, 23, 27;:32; GEOSECS
320). )

Below the surface or near-surface maxima, Pb-?]O'concentrations show
a fairly Smooth'decrease.through the thermocline, and the effect of the
atnospheric‘source appears to fall off rapidly. At depths of approxi-
mate]y 500 m, Pb- 210 and Ra-226 prof11es cross, and below these depths
Pb- 210 is 1nvar1ab1y depleted all the way to the bottom.. It is 1nterest-
| 1ng to note that; tor all of Lhe Me=32 profiles. between 14° and 22°N
(Stat1ons 8-27), the po1nt of cross1ng occurs at near]y the same potent1a]
density surface (°e=27'° +0.1). This surface occurs slightly above the
~ 0p-minimum in this region. |

At mid-depths there is a tendency for Pb-210 pnofiles to péra]le]
those of Ra-226, and tne:two profiles often snow a'common makfmum at
~about 1;000 m (Me-32418, 21, 22, 23). This similarity is to be expected
1f the principa] source of Pb-210 is tne decay of Ra-226 and if Pb—210
remova] processes are not confined to a particular level in the deep
f water column. Cur1ous exceptions to this genera] behav1or are noted in
three of the prof11es (Me-32- 18 22, 23) at a depth of about 2, 000 m, .
where Pb-210 maxima (1n each case defined by only a s1ngle po1nt)
co1nc1de w1th Ra-226 m1n1ma

C]ose to the bottom, Pb-210 and Ra-226 prof11es always show some

tendency to diverge, with Pb-210 concentrations decreasing toward the
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bottom and Ra-226»contehtrations remaining constant or increasing
% "S]ightty. A broad Pb-210 maximum frequently results. This effect is
' ]eaét'brohounced, but still detectable, ét Me-32-12 in the Caribbean
| (Veneiue]an Basin), where other properties show the watgrlcolumn to be
‘ We11¥mixed,vertita]]y,be]ow sill depth (1960 m). The obServation that
, Pb-210 and Ra 226 profiles diverge toward the bottom has been made
prev1ous]y (Cra1g et al., 1973); its conf1rmat10n here is regarded as
| Ah1gh1y s1gn1f1cant because it implies that Pb-210 remova] processes do .
not operate un1fqrm1y with depth in this region. These implications
are furthet discussed-in Chépter V.

.Partitulate Pb-Z]O concentrations are ordinarily in the range
'0.2;0.51dpm/100 kg and show 1ftt1e systematic variation with depth.
Untommon]y high surface values were measured at Me-32-12 (1.7 dpm/100 kg)

and:Me-32-21 (1.1 dpm/100 kg), and deep water values at Me-32-12 in the
Caribbean appear to be somewhat higher (0.7-0;8 dpm/100 kg) than those
ntypiéal of the other Atlantic stations.

An except1ona1 prof11e occurs at Me-32-18, where a we]] -defined
part1cu1ate Pb-210 maximum occurs at about 3200-m. This stat1on was
' 1ocated approx1mate1y 250 km west of the M1d Atlantic Ridge crest, and
it is suggested in Chapter v that the anomalous: distribution observed
here may be-re]ated to proces§es unique to this 1ocat1on.' A very
.simitér particulate Pb-210 profile was obtained by Somayajulu and Craig
:(1973) at GEOSECS‘48,‘a station similarly situated with réspect to the

;ridge axis (see index map, Figure III.1).
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Unusually higﬁ part{¢u1ate Pb—210'condentrafions are also found
close ;6 the bottom'af Me-32-15 and are Possibly an indication of high
- rates of scavenging within the near-bottom nepheloid 1ayer.' Relatively
1ow.§a1ues in the dissolved Pb-210 profile may also be seen near the
bottoh. The existence of a nepheloid layer at this station could not
be confirmed by observation, but the distributions of 1igHt scattering
and}total suspended load in the 11°N section given by Betzer et al.

- (1974a) show tﬁat_a'nepheloid layer should be present in this region.

D. Distribution of Po-210

~ With the exception of Me-32-8, dissolved Po-210 shows é deficiency
'at the surface, the extreme case being Me-32-15, where dissolved Po-210
was virtua11yAundetectab1e at the surface. This Po-210/Pb-210 disequili-
brium has been noted previoﬁs]y, and it has been ascribed to the
preferential removal of Po-210 by plankton (Shannon et al., 1970;
Turekian et al., 1974).

Below the mixed layer, Po-210 concentrations increase rapidly and
usually pass through maxima at depths of 100-300 m. Within these
maxima Po-210 often occurs in excess of Pb-210, an effect which has not
been reported in préviods literature. The existence of unsupported
Po-210‘implies the operétion\of processes that rapidly supply Po-210
to this layer of the water column. This evidence for re-cycling of
P0-210 within the thermocline will be discussed in Chapter IV.

Within the deep water Po-210 concentrafions show considerable

scatter, and it is not possible to recognize any features that are
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TABLE III.2

Summary of Po-210/Pb-210 Activity Ratios
- Below 1,000 m For A1l Me-32 Stations.

Conf1dence 11m1ts for the mean were caTcu]ated
at the 95% level.

‘Dégthgm} Medijan Mean

- > 4,000 .99 ' 1.11 £ .19

I+

Dissolved

51,000 (1) .87 .88 + .05
11,000 - 2,000 ) 95+ .08
2,000 - 3,000 80 . .82 .14
13,000 - 4,000 .81 .81 % .17
> 4,000 .89 .90 + .07

i | ~ Total | |
S S > 1,000'(a11)4 .98 1.06 £ .06
| 1,000 - 2,000 1.00 - 1.07 + .08
12,000 - 3,000 .98 | 1.02 + .18
3,000 - 4,000 .92 1.03+ .18
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1,000 -2,000 m
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2,000-3,000 m
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DISSOLVED Po-2/10/Pb-2/10
Figure III.4.

-73-

0.5 1.0 1.5 20
TOTAL Po-2/10/Pb-210

Ffequency distributions of Po-210/Pb-210

activity ratios at depths below 1,000 m
for all Me-32 stations.
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:repkoduced from one profi]e'to the next. Histograms of Po-210/Pb-210

act1v1ty rat1os be]ow 1,000 m are shown in Figure III. 4 and stat1st1cs

are summar1zed in Tab]e I1I.2. On the average, d1ssolved Po 210 activi-

‘ ties are less than those of Pb-210 by about 12%, a d1fference that is
x slgn1f1cantvat the 95% confldence,leveli There do not appear to be |
significant voriatiohs in:the activity ratio with depth, but a weak
suggestioh.of_a minimum exists in the means for 1,000-m ihterva]s.

~In the oarticu1ate ohase Po-210 nearly always exists 1n.éxcess of .
Pb-210, -an observatioh'that is consistent.with the notionAthqt Po-210
deficfenciesvin thé dissolved phase are maintained. by interaotion with |
';f,oartjculate matter. .At the surface, particulate Po-210/Pb—210 activity
Axrat1os range from 1.0-5.2, similar to the range observed for phyto-
p]ankton-(Shannon et al., 1970). Particulate Po- 210 excesses are
mainta1ned throughout the deep water and on the average are JUSt
"suff1c1ent to ba]ance dissolved Po-210 deficiencies. Total Po 210/Pb-210
'activity ratios are hot significantly different from 1.0 (TabTe 111.2;
Figure 111.4).
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TABLE III.3. Analytical results for the Atlantic. Samples
o _ marked "NF" in far right-hand column were not
filtered; those marked by asterisk were from
: quest1onab1e sampler (see text). Hydrographic
- data are preliminary results from Meteor 32
furnished by W. Roether,



| . netcor 32 C“‘“wn 8, 21.5%i GA.5°k, 4~° Navzmbar 1”/3 5[40 r.

Depth  Pot. Temp. Sal.  Si 7

. - o Ciss. Pga§10 To+ 6155 Pge§10 Tot. }

(m) ) (°C) . (°/on) (um/Kkg) . =--==memmmeemoommenee (dpm/100 kg)emmo-s=cemmmmmodeaa-

7 .- 3%.420 1.3 112 .31 .- BN 1.6 -

95 - 36.626 .8 16 .22 -- 1S B --

295 17.508  36.431 1.6 127 31 -- 6 6 -
613 12.008  35.538 8.6 8.5 .87 - 8 1.8 -- *

793 7.704 36,956  18.9 7.5 .43 - 7.2 8 --

1497 4.110 35.003  12.4 3.1 .56 - 3 2.3 --

1.0 --

2592 2.776  34.961 23.9 4.6 .34 -- 3.9

-9[-

All sampxes were co]]ected in - 270-1 stainless-steel Gerard barrels.
Mean estimated analytical precision (coeff1P1ent of variation)
.. a) Dissolved Pb-210, 7% : .
b) Particulate Pb- 21@ 10%
~¢) Dissolved Po—210,.19%-
~d) Particulate Po-210, 18%




Meteor-32, Station 12, 14.5°N 66.0°W, 11-12 Novembef 1973, 4880 m.

Depth t. Temp Pb=-210 ———— ——— Po-

S N P SN I
() °C) /oo wm/kg) dpr/100 ka)

8 28.042 . 34.213 3.0 3.8 . 1.7 -- 3 1.6 --

48 28.001 34.271 2.9 12.8 2.1 - 1.0 --
18 . 25.129 36.613 - 1.2 - 17 .48 — .16 1.1 --
298 15.909 . 36.136 4.1  10.9 /2 VR N .-
593 '7.763  34.856  19.3 7.5 81 - 5 1.5. --
791 '5.753 - 34.837  24.7 6.4 510 - 6 .8 --
1188 4.337  34.963  26.2 5.0 .53 -- 5.0 1.3 --

1486 4.050  34.972  27.1 4.1 76 -- 6 1.2 - .

1784 3.959  34.977  27.6 4.5 71 -- 3.3 1.5 -- J
2183 3.885  34.977  27.9 4.9 .81 -- 2.0 2.2 -- D
2489 3.858  34.983  27.9 4.4 .74 -- 3 1.6 --
3187 3.858  34.985  27.9 4.7 .78 -- 1.8 1.5 --
3983 3.846 34.976  28.0 4.4 .85 -- 5 1.8 .-
4779 3.853  34.982  28.2 3.8 .74 -- 4 .5 --

4849 3 6 4.0 .68 -- 4 2.1 --

.843 34.981 28.

A1l samples were collected in 270-1 stainless-steel Gerard barr2ls.
Mean estimated analytical precision (coefficient of variation)

a) Dissolved Pb-210, 7% '

b) Particulate Pb-210, 8%

c¢) Dissolved Po-210, 28%

d) Particulate Po-210, 19%



Meteor-32, Station 15, 14.7°N 57.5°, 17-18 November 1973, 5370 m.

Jeptn Pot. Tamp. Sal 3 —_———’ Ph-210 . : _n1A

a ?t- e i Sal 'ﬁiés. ‘P;aié? —_—f;gt. 5;;;T-—_ip?é§ i To%.

i) (°%) {(°oo) - lum/kg)  m--mmiomm—mmmemeeeeoS (dpR/ 00 Y ) o s m oo ---
7 27.250 34.774  3.20 21 .33 -- 2 1.6 --

78 27.318  36.43 1.0 . -- - 21 -- - 16 NF
149 23.429  36.989 = .8 15 46 -- 17 1.2 --

200 - 36.69° 21 - -- == 15 -- - 25 NF
401 12.386 35.582 8.2 9.5 .48 -- 10 .9 --

601 7.988 34.935  18.4 -- -- 8.4 -- -- 7.5 NF
799 6.254 34.787 23.8 7.8 .34 - 6.0 1.0 --

1191 5.087 34,976 18.9 -- -- 7.5 . -- 6.5 NF

1813 3.625 34.984  14.9 2.6 1.4 .- 3.1 4.9 -- *

2615 2.784 34.956  22.3 4.0 4 -- 4.8 2.0 --

3215 2.340 34.932  25.8 -- -- 4.8 -- -- 7.0 NF

3813 1.986 34,902 31.3 . 3.9 .24 -~ 4.6 1.2 --

4409 1.824  34.89%  36.0 -- -~ 4.3 -- -- 3.6 NF

4806 1.673 34.87¢  46.8 3.7 .21 -- 2.9 - 1.4 --

5200 1.436 - 34.840  61.4 . 2.2 1.07 -- 2.6 3.7 --

5344 1.385  34.837  63.6 2.6 2.6 --

2.9 . .51 -

A1l samples were collected in 270-1 stainless-steel Gerard barrels.
Mean estimated analytical precision (coefficient of variation)

a)
b)

c

d)

Dissolved and total Pb-210, 8%
Particulate Pb-210, 10% -
Dissolved and total Po-210,
Particulate Po-210, 11%
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Meteor-32, Station 18, 15.7°N 48.5°W, 21-22 November 1973, 3820 mn.

Dentn  Pot. Temp. Sal. - S

: ; 5-210 \ — 0-210 ———

_ 4 . Diss. Part. Tot. - Diss Part. Tot.

(m) ~(°C) {°/eo): (em/KQ)  mmmmmmmemm-meeoooo- {dpm/100 . kg)---===mmmmmmmmmmeo
6 -- 36.432 1.0 .21 .54 -- 5 1.4 --
59 - 25.806  36.900 6 15.8 61 -- 7 1.9 -
84 23.857 37.154 4 14.3 .85 -- n 2.6 --
M2 22,694 . .37.201 5 14.3 .28 - 17 g --
142 S 37.070 .8 12.0 1.08 -- 16 1.3 --
211 17.671 36.472 . 2.9 11.8 41 -- 13 .6 --
295 16.671 35.867 - 6.3 11.3 .42 - 1 .7 -
392 11.680 35.405  10.9 9.1 .32 - 9.5 .8 --
619 8.277 34.972  17.8 7.2 .96 -- 6.6 2.0 --
713 6.787  34.827  22.3 7.9 36 -- 7.0 .8 --
804  6.188  34.775  24.3 8.1 .37 -- 6.5 1.0 --
980 5.435 34.840  24.4 7.9 .46 -- 6.7 1.5 --
1144 5.045 34.958  22.1 7.5 .27 - 9.6 .6 --
1369 4,34 34,994  19.1 7.2 .37 -- 8.1 .8 --
1970 3.426 34.982  20.8 8.1 42 -- 6.8 .9 --
2464 2.806  34.964  28.8 7.0 .67 -- 6.8 2] --
2717 2.570 34.946  32.8 6.8 1.02 R 2.9 --
3208 2.390 34.931  37.5 7.8 1.6 -- 4.9 3.1 --
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~ Station 18 (cont.) -

Depth  Pot. Temp 5z Si ; 25210 ——— p———— P0-21
' .- : Biss. . Part. Tot Jiss. -Part. fot
(m) (°C)  (Pew) {um/kg) - mmmmmmmsmmmesseoemn{dan/ 100 KG)nmomommsoommononone
3504  2.232  34.913  40.5 7.2 92 - - 35 3.5 . --
2.1

13 38913 42,4 - 6.6 .95 - 3.4 2.9 --

Samples at 1369 m and above.were collected in 270-1 stainless-steel Gerard barrels; samples at 1970 m
and below were collected in pairs of 30-1 PVC Niskin bottles.
Mean estimated analytical precision (coefficient of var1at1on)
a) Dissclved Pb-210, 7%
b) Particulate Pb- 210 9%
¢) Dissalved Po-210, 13%
d) Particulate Po-210, 1&%
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Meteor-32, Station 21, 16.3°N 41.1°W, 24-25 November 1973, 4690 m.

Depth  Pot. T 1 ; R p— ——— 90-210 \
. Diss art. Tot Diss. Part Tot
() {°C) (°/oo)  (um/kg)  —===-m=memmmemmmmmo={dpm/ 100 KG)-mommmmmmm o mm oo

7 25.909 36.977 5 18 1.11 -- .8 1 --
47 26.011 37.259 .5 17 .55 -- 7 1 --
97  23.605 37.287 .5 7o 2T -- 17 1 --

147 21.063 37;112 A 13.3 .. 1.25 -~ 19 1 --
194 18.640 36.702 . 1.5 -- -- 155 -- -- 19
247 16.844 36.361 2.5 12.0 .26 -~ 13 1. --
396 - 12.790  35.654 9 7.0 .33 - 10 1.0 -
489 11.058°  35.388 11.4  -- -- 9.7  -- -- 9
595 8.857 35.099  16.6 6.4 1.03 ~ -- 5.6 2.1 --
791 6.563 34.880  22.9 7.4 .28 -- 6.5 .9 -
980 5.725  34.914 23.3 - 8.4 45 - 6.4 . 1.0 --

1176 5.108 34.971  21.8 Lost .46 -- Lost 1.2 --

1468 4.280  35.003 19.4 7.6 .45 - 7.1 1.5 --

1966 ~  3.306 34.972  21.7 1.5 .40 - 8.9 1.5 --

2462 -- 34.950  22.1 8.0 .36 _— 7.2 .8 -

A1l samples were collected in 270-1 stainless-steel Gerard barrels.
Mean estimated analytical precision (coefficient of variation)

a) Dissolved and total Pb-210, 7%

b) Particulate Pb-210, 9%

c) Dissolved and total Po-210, 11%

d) Particulate Po-210, 14%
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Meteor-32,. Station 22, 16.5°N 37.0°W, 26-27 November 1973, 5450 m.
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Station 22 (cont.)

Depth  Pot. Temp. Szl . Si e PB-210 ——— ———— P0-2]
- : Diss “Part Tot. Diss. Part Tot
(m) (°C) C(%/oo)  (um/kg)  mmmmmmeeeeeeoees (dpm/100 Kgj-----==-=m=-mmmmminc
4768 1.877  34.883  48.6° 9.4 - -- © 8.4 - --
5215 1.834  34.882  49.2 8.9 -- -~ 8.1 . -- --
- 8.7 -- - 7.4 -- --

5414 - 1.835 - 34.889

A1l samples were collected in 30-1 PVC Niskin bottles.

Mean estimated analytical precision (coefficient of variation)
a) - Dissolved Pb-210, 7% :
b) Dissolved Po-210, 15%
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Meteor-32, Station 23, 16.5°N -31.9°U, 28 November 1973, 4940 m.

Ceptn  Pot. Temp. - Sal.  Si | e Pb-210 ——— e P0-210 —— |

- Biss. . Part. fot. Diss. Part. Tot.~

Y (50) {%00)  (um/kg)  mmeEemmmmmiemesmeoees (dom/100 kg)--mmtmnn=- e
7 25.352  36.71% 3 5.9 .22 - 43 10 -

96 21.299 . 36.90% - 2.6 8.3 .15 - 97 8 - :
145 17.845  36.517 4.2 -- R K TR - 14 NF
195 15.921  36.17¢ 8.5 9.6 .24 —- 18 9 -

294 12.713  35.616 8.5  -- -- 9.7  -- . NF
392 10.968  35.356  12.0 29 - 9.4 1.1 --
510 8.889  35.071  16.6 7.2 .28 -- 8.4 9 --
610 7.740  34.945  19.8 . -- - 8.8  -- - 8.2 NF
710 7.454 - 34.915  20.6 8.5 28 - 7.9 1.0 -
1008 5.633  34.913 24.3  -- — 94 - - 8.7 NF
1206 5.202  34.989  22.0 9.0 18 - 8.5 7 -
1403 4.556  35.006 21.0  -- - 9.3  -- -- 8.7 NF
1600 ©3.991° 35,001 2.7 7.8 .28 -- 7.2. 1.6 --
1964 3.432  34.97€  22.8 9.4 .27 - 7.5 .8 --
2056 2.906  34.956  28.0 8.1 .19 -- 9.1 1.6 --
2948 2.557 34938  34.2 1.4 15 -- 7.1 1.6 --
3515 2.271 34,918  40.4  11.8 .18 -- M 1.6 --
4014  2.032.  34.802 46.4 13 .24 - 1 1.3 --
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Station 23 (cont.)

Deptn  Pot. Temp. . Sal. 51 = P5-210 ———— —— P0-210 ——
: Diss. . Pari. Tot. Diss. Part. Tot.

(m) (°c) (°/00)  (un/ig} -m-=m=mc=mmmcmmemcom={CpR/100 kg)mmmmmmmmemsmmsman e -
4513 1.947  34.896 49.1 11.2° .20 -- 10 1.9 . --

4873 . 1.870  34.878 49.7 9.8 .31 -~ 10 2.0 --

Samples at 1600 m and above were collected in 270-1 stainless-steel Gerard barrels; samples at
1964 m and below were collected in pairs of 30-1 PVC Niskin bottles.
Mean estimated analytical precision (coefficient of variation)
“a) Dissolved and total Pb-210, 7%
- b) Particulate Pb-210, 10%
c) Dissolved and total Po-210, 10%
d) Particulate Po-210, 12%

.f98’



~ Meteor-32, Station 27, 21.7°N 24.0°W, 2 December 1973, 4950 m.

Depth - Pot. Temp. - Sal. = Si e Pb-210 ’;———4——-Po-21o —\

v . _ Diss. . garé. Tot. . Diss. Part. Tot.
w)oo (°C) (°/ee)  (um/XG)" =mmmmmmmmmmmmeeeeee (dpm/100 kg)-=====smmmmmmmmmmeno
8 23.208 . 36.630 . 7.0 .16 - 4 7 “s
96 - 19.384  36.420 2.3 6.6 .51 -~ 10 .2 --
195 16.978  36.473 1.9 13.4 38  -- 13 5 --
294 14.837 . 36.046 4.1 11.2 56~ = 13 1.1 --
393 13.304 © 35.797 5.6 10.6 .52 -- 9 4 --
492 11.812  35.572 8.2 8.3 .52 - 1 4 --
591 10:271 35.386 11.9 8.2 35 - 9 .7 --
789 7.771 35.096  18.4 8.0 .40 - n .7 --
985 6.310  35.00¢  21.1 7.7 .35 — 6 1.1 - 2
1181 5.773  35.066  19.9 7.3 .44 - 8 1.2 - '
2216 - 3.276 35.004 28.2  Lost .42 - Lost 1.1 --
3014 2.422 34.934  37.0  10.2 33 - 1 1.4 --
4002 2.025 34.89¢  44.8 14,1 .31 -- 12 1.9 --
4894 1 6 1.6 --

.978  34.89& - 46. 12.4 .30 -- M

Samples at 1181 m and above we~e collected in 270-1 stainless-steel Gerard barrels; samples at
3014 m and below were collected in pairs of 30-1 PVC Niskin bottles.
Mean estimated analytical pracision (coefficient of variation)
a) Dissolved Pb-210, 7%
b) Particulate Pb-210, 3%
c) Dissolved Po-210, 14%
d) Particulate Po-210, 26%

: o o | o | | | : ' | ; . ] W



~ Meteor-32, Station 32, 33.8°N 13.4°W, 11 December 1973, 4440 h;

Cepth Pot. Temp Sal i ——— Pb-210 \ o 20-210 —
- ' Diss are. Tot. Ciss. . Part, Tot.
B Am) (°c) (°/o0)  (um/kg) ~+ ===m=mmmmmiomsoaooe (dpm/100 Kg)mm-m==mm=mnommme- -
‘ — - - - ) - . ’
| 7 19.005  36.628' - 16 .29 -T2 1.3 --
97 18.954  36.619 -- -- 0 - - 7.8 N
196 14.823  36.041 . -- -- 15- - - - 14 NF
295  13.874  35.935 © o 12.3 55 - - 11.6 60 - .
393 12.918  35.800 -- - 126 - - 12.7  NF
491 12.186 35.677 10.4 .53 - 10.6 1.1 =
590 11.317 35.579 -- -- N9 - - 9.7 NF
687 10.758  35.556 8.8 .43 -- 7.9 .82 --
787 10.403 35.654 7.9 .30 -- 7.2 .85 “-
886 9.887 35.677 6.9 .25. -- 6.8 .58 -
1034 9.445  35.768 6.2 .86 -- 5.4 8 -
1182 -~ '35.829 6.2 .24 -- 6.2 .46 --
1280 8.821  35.818 , 7.0 20 -- 5.7 70 -
" " o -- -- 6.7  -- - 6.4 . NF
1379 8.183  35.751 7.0 .16 - 5.8 .64 --
1477 7.426 - 35.636 5.9 54 . - 4.7 .8 - *
" " " - - 6.8  -- -- 6.7 NF*

2195 -3.701 35.072 7.6 .14 -- 6.1 1.0 --
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‘Station 32 (cont.)

Depth Pot. Temp. Sal. - Si ./——;———be#210' '

4 : : . Diss. . Part., To% “Diss. g 510 Tot.
m) - ec) (“/a5) - (sm/kg)  ==mm=mmmmmeemooenco= (dpn/100 Kg)--mmmmmoo-
3021 2,522 34.940 10,0 . .23 - 6.9 1.0 . --
3519 “2.236 34910 - 1.2 .2t - 9.2 1.3 -
4018 - 2,112 34.900 1.2 .16 -- 9.1 1.1 --
4368 2

071 -34.897 1006 .32 -- 1.5 1.0 --

Samples at 1477 m and above were collected in 270-1 stainless-steel Gerard barrels; samples at
2195 m and below were collected in pairs of 30-1 PVC Niskin bottles.
Mean estimated analytical precision (coefficient of variation)
a) Dissolved and total Pb-210, 7%
b) Particulate Pb-210, 17 %
c) Dissolved and total Po-210, 8%
d) Particulate Po-210, 13%
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——— Pb-210 —— - Po-210 ———
, Diss Part. Tot. Diss. Part CJot.
() (°C) (°/00)  (um/kg)  m====mme=mememsemeeos{CpM/100 Kg)---mtommmmommmnionis
288 12,529 35.767 10.2 .89 -- 10 1.5 --
- 359 11.989  35.699 9.2 .59 . -- 8.7 7 -
- . 521 11.300 - 35.646 8.0 .39 -- 8.2 .7 --
S 682 - 12.004  36.075 6.7 .62 -- 9.3 .8 --
842 11.473 . 36.111 7.7 .46 - 8.0 .8 --
1004 11.400  36.252 4.7 .96 -- 6.8 1.0 --
1165 10.902  36.247 5.3 .62 -- 4.2 1.1 --
1326 9.954  36.115 4.7 .43 -- 4.6 . 1.0 --
1407 8.978  35.933 4.3 1.3 -- 3.9 1.6 --
5.3 4.1 1.5 --

1569 6.952  35.555

A11 samples were collected in 270-1 stainless-steel Gerard barrels.
Mean estimated analytical precision (coefficient of variation)

a) Dissolved Pb-210, 8%

b) Particulate Pb-210, 10%

c) Dissolved Po-210, 11%

d) Particulate Po-210, 22%

- 68-’



. TABLE III.4.
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Analytical results for the Pacific. Dissolved

and particulate analyses for GEOSECS 226 are

considered to be in error (see text). "Hydro-
graphic.data are preliminary results taken from

'+ - the GEOSECS leg reports.



GEQOSECS, Station 226, 30.6°N 170.6°E, 9-11 November 1973, 5590.m.

Deptn  Pot. Temp.  Sal. Si —— PH-210 ——— ——— Po-213 —
_ ’ Diss. Part. Tot. Diss. Part.
(m)  (°C)  (°fee) (um/kg)  mmmmmmmmmmommm—eeee- (dpm/100 kg)===-=-=m-mmmmmmmmmoen
10 20,7 © 35.03 -- 23 -- - 2.7 --
40 24.7 35.03 -- 19 -- - 1.1 --
80 " 23.7 - 34.85 18.7 .09 18.8  13.4. 1.3 14,7
150 162 34.73 19.8 27 20,1 21.5 .5 22.0
250 4.4 34,58 14,2 46 14.7 22.3 4227
350 13.2 34.43 14.0 .37 14.4 14.0 .5 14.5
452 10.46 34.292 12.3 46 12.8 14.9 1.6 16.5
533 8.56 34,147 3.8 18.0 21.8 3.5 13.4 16.9
645 6.41 34.042 12.1 1.7 13.8 7.4 4.6 12.0
904 3.90 34,211 14.8 2.5 17.3 15.9 13.1 29.0
1192 -- 34.403 - 15.4 4.0 19.4 17.8 5.5 - 23.0
1480 3.38  34.500 - 16.7 3.4 20.1  15.7 9.2 24.9
1542 - 34.495 13.3 4.2 175 ° 3.4-  21.0 24.4
2499 1.46  34.642 236 1.0 2.6 8.6 12.1 20.7
2999 1.28 - 34.665 1.5 28.3 - 29.8 2.0 30.0 32.0
3495 1,20 34.673 14.3 13.5 . 27.8 6.3 12.1 18.4°
3980 -- 34.686 9.6 12.5 2¢:1 6.2 15.5 21,7
4901 1.03 34.678 5.6 15.8 21.4 4.4 26.6 31.0
5434 .97 34.688 7.5 14.6 22.1 1.4 4 11.8

Samples at 350 m and above were collected by surface pump; samples at 452
in 270-1 stainless-steel Gerard barrels.

m and below were collected

10.
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GEOSECS, Station 320, 33.3°S 128.4°W, 24-26 April 1974, 4170 m. .

Depth. Pot. Temp.  Sal. . Si  p————?b=210 =—— .., ————Po- 210 ——
o ‘ . : .. Diss Part. Tot. Diss. Part. Tot.
) (°C) {%fe)  (m/kg) mmmmmmmsmmmmemeeme-- -(dpm/100 Kg)omsmmmmmmmmmmmmmm o
0 - 197 34.64 S 7.7% .6 4.0 + .6
77 1574 34.656 9.3+ .6 5.5+ .7
128 13.81 34,693 9.8 + .7 10.4.+ .7
204 12.74 34,64 9.3 + .7 10.9 + .8
254 1¢.96 34.616 . 9.6 + .7 9.9+ .7
505. - €.84 34,388 8.5 + .6 7.5 + .6
704 5.82 34,324 8.8 + .6 10.2 + .8
802 5.35 34.308 9.6 + .7 9.7 + .9
1002 4.32 34.32¢ 1.1+ .7 9.5 + .8
1504 2.51 34,550 10.9 £ .7 10.7 + .8
2054 1.888 . 34.64% 17.8 £ 1.2 16.4 + 1.7
2304  -1.707  34.66C 120.3 + 1.2 19.1 + 1.4
2605 1.54 34.66¢€ 19.4 £ 1.1 15.8 + 1.4
3004 1.414 34.678 18.6 + 1.1 - 18.6 + 1.4
3502 .30 34.686 19.1 2 1.4 16.5 + 2.3
13805 1.26 - 34.688 20.9 + 3.2 15.3 + 5.6
4107 1.16 34,691 17.8 + 1.0 14.6 + 1.2

All samp]es were collected in stainless-steel Gerard barrels.

-26-
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Figures II1.5 - III.14. Vertical profiles of Pb-210 and excess
Po=210 for Me-32 stations. Corrected results for
unfiltered samples are plotted as open circles;

.results from questionable sampler are marked by
parentheses (see text). Radium profiles are esti-
mated as described in the text.
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F1gures II1.75 .and III.16. Vertical profiles of Pb-210 and

Po-210 for Pacific GEOSECS stations. For -
GEOSECS 226 dissolved and particulate analyses

~were combined to give totals. Radium profiles
are estimated as described in the text. The
3805-m results for GEOSECS 320, marked by
parentheses, are uncertain due to sample
1eakage
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CHAPTER Iy
THE FATE OF PB-210 AND P0O-210
IN THE UPPER LAYERS OF THE OCEAN

A Introduction |

~ Determinations of the Pb-210 concentration in sea water were first
reborted by Ramalggfgl, (1961) and Goldberg (1963). TheSe,achors
indicated that the principal supply of Pb-210 to the surface mixed.
layer of the sea is by deposition from the atmosphere following produc-

- tion by decay of Rn-222. On the basis of Pb-210 concentrations in

rain water (Bdrton and Stewart, 1960; Blifford et al., 1952; Rama et al.,

196]), they estimated a mean annual Pb-210 flux to the sea surface of
0.5 dpm/cmz'and ca]cu]ated a residence time for Pb-210 in the mi xed
' 1ayer of 2 years. A s1m11ar1y short (10-y) residenée time‘for stable
Tead in surface sea water was estimated by Tatsumoto and Patterson
(1963).~ |

Shannon et al. (1970) measured Pb-210 and Po-210 in surface waters
and plankton collected around the Cape of Good Hope. It was fouhd that
" Po- 210/Pb 210 activity ratios in surfare sea water are gencrally Tess

than 1.0, 1nd1cat1ng fast removal of Po-210. For Po-210 a ‘residence

time of 0.6 y was ca]culated for Pb-210 a value of 5y, in reasonab]e

© agreement with Ramd et al. (1961), was obtained. Analyses of plankton

showed it to be always enriéhed in Po-210 relative to Pb—210. The

' Po—210/Pb-210 activity ratio averaged 3.8 for three phytoplankton
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~ samples and 12.0 for eleven zooplankton samples. This preferential

enrichment of Po-210 in‘plankton was given as an explanation for the

“more rapid turnover time of this nuclide in the mixed layer. Subse-

quent investigations have generally substantiated the above findings
(Tsunogai and Nozaki; 1971; Nozaki and Tsunogai, 1973; Turekian et al.,
1974; Kharkar et al., 1975).

The present inveétfgafion has provided information not heretofore
available on the distribution of Pb-210 and Po-210 between dissolved
and particulate phases and on the detailed vertical distribution of
these nuclides in the ubpér part of Lhe water column. In thic chapter -
the relative amounts of Pb-210 and Po-210 in dissolved and particulate
phases will be used- to determine the residence times of these two
nuclides in solution in the surface water and the residence time of
particles that deliver the nuclides out of the mixed layer. Vertical
distributions in the thermocline will be examined in an effort to
determine the fate of Pb-210 and Po-210 following their removal from

the mixed Tayer.

B. Pb-210 and Po-210 distributions

" Analytical results have already been described in Chapter III,
but a few of the more important obseryations will be repeated here.
Table IV.1 summarizes data obtained from surface water samples collected
during Meteor-32. Results vary widely from one station to the next, but

itlmay be stated that the following conditions are nearly always found
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TABLE IV.1

Analytical data for surface water, Meteor-32.

| Samples were taken from debths of 6-8 m. -

(*)
| —Pb-210—
~ Station ' Diss. Part.
8 B 2 .31
12 13.8  1.66
15 . F20.8 .33
18 . 20.7 .54
21 18 1.1
22 . 169 --
23 . 9.9 .22
27 | 7.0 .16
6

32 15. " .29

(*) dpm/100 kg
(+) activity ratio

(*)
——P0-210—
1 1.6
3. 1.6

.2 1.6
5.0 1.4
8 1.3
2.2 --
4.3 1.0
4 .7
7.2 1.3

Estimated Ra-226 concentrations for surface waters range from

© 6.9-8.3 dpm/100 kg. g

-~ (#)
Po-210/Pb-210
Diss. Part.
.98 5.2
.25 1.0

.01 4.8
.24 2.6
.44 1.2
.13 --
.44 4.7
.57 4.4
.46 4.5
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for surface waters in this region of the Atlantic:
© 1)) Pb-210 activities are in excess of Ra-226 activities,
indicating the importance of deposition from the atmosphere.
2,) Po-210 is deficient relative to Pb-210.
3.) For both Pb-210 and Po-210, most of the activity is found
in the dissolved phase.
4.) Suspended matter iS enriched in Po-210 relative to Pb-210,
| as is ﬁ1ankton.
~ These findings were all expected on the basis of prévioﬁs‘observations.
An unexpected trend is seen in the dissolved Pb-210 activities,
which show a systematic decrease from west to east across the
"~ Atlantic (Me-32-15 through Me—32¥27); Most of the Pb-210 in the mixed
layer is derived from Rn-222 in the atmosphere, which is of continental
origin. Because the brevaiiing winds in this region are from the east,
the observed trend is one of decreasing concentration as the source is
approached. This change in concentration is too large to be accounted
for by differences in the mixed layer thickness, and ft is unlikely
that the decrease in Pb-210 concentration is a reflection of increased
1oca1'pfoductivity; Variations in the rate of surface primary produc-
tion along the Meteor track appear to be small (Koblentz-Mishke, 1970).
. The fact that Po-210/Pb-210 activity ratios, which are expected to be
inversely related to productivity (TUrekiah'éE;gl., 1974), do not show
such a trend also argues against locally produced effects. The most

probable explanation is that the Tow surface concentrations at the
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easternmost stations result from advection, in the North Equatorial
| Curreht, of water that has been bio]qgita11y stripped of Pb-210 while
resident off. the:northwéSt African coastﬁ‘a wel1-known region of
upwe111ng and -high surface product1v1ty Sub-surface Pb-210 maxima

observed at these stations (Me-32-23 and 27) may a]so arise from th1s

effect and are not necessar11y a result of in s1tu re-cycling of
Pb-210. |

Recent data of Koide et 'al. (1975) indicate that a s1gn1f1cant
fraction of the Pb-210 delivered from the atmosphere may occur in
- insoluble form, perhaps as much as 50%. A sample of atmospheric dust
| ;611ected_in Barbadostcontained 1.2 dpm Pb-210/mg. If similar material -
is deposited over the north equatorial Atlantic at a rate of .2 mg/
cmzey (Chester, 1972; Prospero and Carlson, 1972), the resulting Pb-210
~ flux would be 0.24 dpm/cmz—y. This particular sample had been rinsed
with distiT]ed water prior to analysis, a procédure that was shown to
areleasé a sizable fraction of the Pb-210 (Ko1de et al., 1975), and the
' f]uX ca]cu]ated here may be representative of the Pb-210‘f1UX not
read1ly dissolved in ra1n or on contact with the sea surface. The
' "1nso1ub|e" f]ux est1mated above is not 1ncons1stent with the total
f1ux of 0.61 dpm/cm -y calculated in the section be]ow on the basis of
‘mass balance considerations and may provide an exp]anat1on for the
variability in part1cu1ate Pb-210 concentrations shown in Tab]e IV.1.

An instantaneous pu]ée of atmospheric duat equivd]ent to 10% of the

average annual inputlw001d jncrease the particulate Pb-210 concentra-
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tion of a 100-m mixed Tayer by. 24»dpm/100.kg, sufficient to double
some of the amounts 11sted in Table IV.1. Betieﬁ'et'a]i (1974a)
observed cons1derab1e patch1ness in the distribution of total sus-
pended matter concentrations of surface water in this region and
sugges ted that periodic pulses in dust deposition could be responsible.
An alternative ekp]anation for the variability in particulate Pb-210
concentrations could, of course, be patchiness in the distribution of
phytoplankton product1v1ty One would expect in this case, howeVer,
to find corre]ated variations in particulate Po- 210 concentrat1ons
In e1ther case, the data strongly suggest the operation of processes

that are not uniform with time.

'C. Rates of removal and re-cycling of Pb-210 and Po-210

“Because of the strong indications of advect1ve and non- steady -state
effects discussed above, it is unlikely that a simple treatment of data
.from individual stations wi]] yield meaningful results. However, it is
bé]ieved that by averaging the data over a 1arge‘enough region these

effects may be minimized and that a general picture of the processes

-controlling the mean distribution of Pb-210 and Po-210 in the upper

: 1ayers of the sea can be . developed.

" The sub-surface distribution onPo=21O is shown in Figure IV.1,

‘where activity‘différences have been plotted for Me-32 Stations 8-27.

It is seen that within the upper 100 m of the water column nearly all
of the data indicate a Po-210 deficiency. This is a zone of net

removal of Po-21Q from solution. Between the depths of 100 and 300 m,




DISSOLVED Po 210-Pb 210 (dom /100 kg)

- 100

- 200

| 105/37/-/./’,,7‘/ N

300

400

700

800

900

- 1000

500

600

Figure IV.1

C-113-

Vertical distribution of P0o210-Pb210
activity differences in the upper Tayers
of the tropical North Atlantic.  All
stations numbers refer to F/S Meteor
Cruise 32. :

- -10 o . . 10 1
-30- om AD O ? T
_ ue oa, 5 B
lg. O D A o
— | 0o o
'a'
a GOM N
l | 4
- ¢ 90 i g |
|
o Uf0~6
'-J": .
- V'YsBE
&
. A8 o2 " 1
A2 =22 . *Qﬂ |
iS5 ¢23 - | |
- olg 427 B e?’l.-’ ;
I.
- $0 |



-114- .
a systematic Po-210 enrichment is found, indicat1n§ a net supply of
Po~210 by processes other than radioactive decay: These two regions
correspond'approx1mate1y to the mixed layer and the thermocline in
this region of the Atlantic; Because of the short radiocactive turnover
time of Po-210, these disequilibria are almost certainly a result of
Tocal processes:

The approach to be adopted is to compute numerical averages for
all the data poihts in each of‘these two segments of the water column
for all of the stations plotted in Figure IV.1. These statfons lie
hetween 14 and 22°N, and the structure of the water column is similar
for all of them. Station 32 has been omitted, because it lies at a
higher latitude and the mixed layer is considerably thicker. In
Table IV!Z are listed standing crops of Ra-226, PB—Z]O and Po-210 in
each of the two layers considered. Also given are the same quantities
calculated for other choices of the boundary depths. These quantities
will be entered in the material balance calculations that follow.
Throughout these calculations Ra-226, Pb-210 and Po-210 are designated
by the subscripts 1, 2 and 3, respectively. Dissolved and particulate

activities, ad and AP, are in units of dpm/cm2

“and are read directly
from Table IV.Z; These units are chosen so that fluxes for different
reservoir sizes may be directly compared. Net rates of transfer
between the dissolved and particulate phase are given by J in‘ﬂpm/cmz-y,
which is taken to be positive when the net transfer is from fhe-

particulate to the dissolved phase. Removal of the nuclides in
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TABLE IV.2

_ Inventories of Ra-226, Pb-210 and Po-210 in- the surface layers
of the North Equatorial Atlantic (Me-32-8, 12, 15, 18, 21, 22, 23, 27).
“Values are the arithmetic averages of all data points
" "in the given depth intervals. Units are dpm/cm<.

d

"

- A A2 Ay Ay A
Depth interval (m) -~ Ra=226 Pb-210(d) Pb-210(p) Po-210(d) Po-210(p)
0-50 S .38 74 039 .25, 067
0-100 SRS 1.46 .063 7 126
50-300  © 1.96 3.2 120 0 3.45  .249
'50-400 282 432 161 4.58 - .337
- 100-300 1,60 2.52 106 2.94 .190

100-400 ’ 2.46 3.57 - .143 4.07 . 280

Decay constants used: Pb-210 -~ 0.0312 y']

Po-210 —- 1.83 y !
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particulate form -is designated by.the.symbol P.  Residence times are
given by v and always refer to'the net sum of removal processes other
than radioactive decay. As a first approximation we neglect fluid
exchange across' the boundaries. Numerical substitutibns'will be shown
throughout so’ that the relative importance of each term in the material
balance can be‘eva]uated;

We consider first the material balance for dissolved Po-210 in the
upper 100'm of the water column, and we have:

A3A2d + g = A3A3d» | (M

Equat1on (1) slales that production of disso]véd Po-210 by radionactive
decay of Pb-210 in solution is balanced by radioactive decay and
transfer of.Po-210 to the particulate phase. On the basis of Po-é]O/
Pb-210 ratios measured in air and rain water samples (Burton and
Stewart, 1960; Lambert and Nezami, 1964; Poet et al., 1972), it can
be estimated that the Po-210 flux from the atmosphere is approximately
10% of the Pb-210 flux and may be neglected in the present calculation.
This assumption will be verified when the numerical value of the Pb-210
flux is estimated below. Moreover, Turekian et al. (1974) have suggested
that a loss of Po-210 from the mixed layer across the sea surface may
occur as a result of incorporation into organic-rich marine aeroéoTs.
Their suggestion has received some support in the data of Lambert et al.
(1974). This loss of Po-210 may be sufficient to partly cancel the
downward flux of Po-210 produced in the atmosphere. Therefore, trans-

fer of Po-210 across the sea surface has been neglected. Substitution
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eof numerical va]ues from Tab]e IV.2 in. equat1on (1 g1ves
2 67 + J 1 41
-J3 =-1.26 dpm/cm Y |
:'The net f]ux J is negat1ve, ‘indicating that Po- 210 is removed from
solution to part1c1es in the mixed layer. The residence time for
Po-210 in so]ution is g1ven by o
ot e a0y (2)]
.Th1s resu]t 1s in good agreement w1th the va]ue of 0.6 y given by
 Shannon et al. (1970) and the range 0.41-1. 21 y ca]culated for various
. oceanic. reg1ons by Turekian’ et al. (1974).
For part1cu1ate Po-210 we assume that supply by decay of part1cu-"
- Jate Pb-210 and by transfer from solution is balanced by radioactive
decay and removal ot'pakttcies from the mixed layer, and we write:

'p- = p .
AgAP - Jg = AP + Py

0.12 + 1.26
P3

23+ Py @

1.15 dpm/cmz-y
The residence time for particulate Po-210 is
ool = AP/Pg = 1Ty | OO

We nnfe that this time is'muchAShorter than thc residence time of
Po- 210 in the d1sso1ved phase.

If 1t is assumed that Pb-210 is removed from the mixed layer by
particles having a res1dence time similar to those that carry Po-210,
it is pbséib1e to‘detefmine'the f1u¥ of particulate Pb-210 from the

- mixed layer:
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) ‘AZP/ABP)»R3 - | (5)
(0.063/0.126) (1.15) = .58 dpm/cmP-y

-
1

The assumption adopted here was first'nggested by Turekian'ggjgl, (1974),
who used activity ratios measured in zoop]ahkton, rathérvthan total
suspended matter, as an indication of the relative downward fluxes for '
the two nuclides.

Constructing a material balance for particulate Pb-210 and enter-

ing the above value for P,, we have

- = P
Jp = 2hy Py

= 0.002 + 0.58 (6)
J2 = -0.58 dpm/cmz-y

Finally the dissolved Pb-210 balance is considered, the unknown term
here being the rate of input from the atmosphere, I_, which, for the

moment, we consider to be soluble:

o d
2 = Ahy

0.02 + Ia - 0.58 = 0.05 ' (7)

AZA] + Ia +J

Ia = 0.61 dpm/cmz-y
The residence time of Pb-210 in solution is
= a0, =25y (8)
In equation (7) we have neglected the effect of radon escape across
the sea surface, which would reduce the rate of Pb-210 production by
decay of Ra-226 by about 25% (Broecker and Peng, 1971). Because the |

radioactive production term is very small, howeyer, the error intro-

~ duced is insignificant. Estimates of the Pb-210 residence time in the
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mixed layer and the'kate of Pb-210 de]ivery‘from the qtmoéphere giVen.

‘.ebove'are‘in'good agreement with those of other authors cited in the

introdUciion. Cé]cu]ationé'siMiTar to those made here were ‘made by

Turekian g}fgl; (1974), who obtained much Tower estimates of the

. atmospheric deiiVery rate (0.05-0.10 dpm/cmz—y)'and Tonger Pb-210'

. fesidence times (9;4-24 y). The difference 1ies in their use of

‘ PO-Z]O/Pb—Z]O ratios in zooplankton, which are commonly a factor of .
:5 h{gher thanlin;tofa] suépended matter. Reconsideration-of the

| ﬁroblem (Kharkar et al., 1975) led them to conclude that zooplankton

is not a re11ab]e indicator of relative fluxes out of the m1xed 1ayer, .

and an: atmospher1c de11very rate of 0.75-1.0 dpm/cm -y appears to them

'.to be the estimate most consistent with available data (Kharkar et al.,

1975 K. K. Turekian, personal communication).

We now con51der the possibility, as indicated prev1ous]y by the

~data of Ko1de et a] (1975), that Pb-210 delivered from the atmos-

;phere enters the sea surface in part1cu1ate form. For dissolved Pb-210

1n the mixed 1ayer we assume no soluble 1nput, and we may omit I and

) determ1ne J2.

d.y _. ,d -
1t =, (9)

J 0.05-0.02 = 0.03 dpm/cm -y

AZA

R |

2

-‘Here J2 becomes positive;}indicatlng a net transfer of Pb-210 from

particles to so1htion,3a$ required to maintain the dissolved Pb-210

excess observed in the mixed layer. The material balance fdr'particu-

late Pb-210 {s- then used to detérmine the atmospheric input:
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—
i

= P 4
JZ, »”2A2 +P2 |
0.03 = 0.002 + 0.58 (10)

— —
1} b

0.61 dpm/cmz-y
The estimate of I, remains essentially unchanged.

We may now consider the sub-surface layer between 100 and 300 m,
which is a region of net release of Po-210 to solution. " For dissolved

Po-210 we have:

d . d
aghy t3 gy
4.61 + J3 = 5,38 (11)
Jg = 0.77 dpm/cnP-y

The flux of Po-210 released from particles in this region, J;, repre-
sents 67% of the flux leaving the surface mixed layer. This percentage
will be referred to as the re-cycling efficiency. A similar calcula-

tion for Pb-210 gives:

d o d

AghyT T = a0h )

0.050 + J, = 0.079 (12)
J, = 0.029 dpn/cn’-y |

The amount of Pb-210 re-cycled is small, and a re-cycling efficienqy of
about 5% is indicated. Even this value may be overestimated, because
we have neglected sub-surface delivery of Pb-210 by vertical or horizon-
tal mixing processes.-

The results obtained from the aboye calculations are summarized in
Table IV,B‘alqng with results for different choices of the boundary

depths. There js some dependency on the choice of reservoir size,

-



TABLE IV.3

Results of box-model calculations for

north equatorial Atlantic .

Residence times: in
upper. reservoir

. ; ) :' . . ) d g op % re-cycled
Reservoir thickness (m) I (dpm/cm“-y) Tpp (y) o (y) Tpo (y) . SE; Eg
0-50, 50-300 .51 1.4 .27 .08 8 a1
0-50, 50-400 - .51 1.4 .27 .08 9 55

- 0-100, 100-300 < 61 2.3 61 .M 5 67
0-100, 100-400 e 2.3 6 1 6 79

-Lel-
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but the effects are not large enough to significantly alter the conclu-

.sions, which are summarized below.

D. Summary and conclusions

The major conclusions arising from the above material balance
considerations may be summarized as follows:

1.) The most important source of Pb-210 in the surface mixed
layer is the deposition of Pb-210 produced in the atmosphere by radon
decay. For the tropical North Atlantic this delivery is'calculated
to be approximately 0.6 dpm/cmz-y, a value that is independent of the -
assumed form, dissolved or particulate, in which the Pb-210 is
delivered. Only at very high Tatitudes does production from Ra-226
decay in the mixed layer appear to become $1gnificant‘fE1ative to
delivery of Pb-210 from the atmosphere (Lambert and Nezami, 1965)..
Escape of Rn-222 from the sea surface is generally not én important
consideration in the Pb-210 material balance, because little of the

Pb-210 in surface water is formed in situ.

2.) Polonium-210 in the mixed layer is supplied principally by

iﬂ_sitﬁ decay of Pb-210. The flux of Po-210 activity from the atmos-
phere should be about 10% of the Pb-210 flux or 0.06 dpm/cmz-y. AThis
value is small compared with rates of Po-210 turnover within the mixed
layer. The hypothesis of Turekian'gj;gl; (1974) may allow for bartia]
cancellation of this flux by escape of Po-210 across the sea surface.

3.) " Residence times of Pb-210 and Po-210 in surface sea water
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are about 2yand 0.5y, respectively. The residence time of Pb-210

is short compared‘to its radioactive mean life, and only a small
'fract1on (about 5%) of the total removal of Pb-210 in the m1xed layer
results from radioactive decay. For Po-210 the residence time is
. Comparable to the radioactive mean-life, and approximately half of the
Po-210 atoms produced in the mixed layer are lost by decay, the other
ha]f being removed by b1o]og1ca1 or chemical processes

4.) Particles bear1ng Po-210 in the mi xed layer are -replaced in
approximate]y'd.l y. It is tempting to interpret tniS'residence time
in terms of simple gnavitational settling of individual particles at
an everage velocity of about 500 m/y, but significant losses of
‘ particles may also occur as a result of consumption by grazers and
subsequent incorporation into rapidly sinking fecal pellets. The mean
"residence time of Pb-bearing particles is considerably ehorter than
"the mean residenee time ot Po-210 in solution, suggesting that removal
from -the mixed layer is controlled by processes of incorporation of
this nuclide into particles and that retention of particles in the
"mixed Tayer is not a‘significant limitation on the overall removal
rate.

5.) About 50% or more of the Po-210 removed from the mixed layer
'»1s re-cycled at depths less than 400 m. Figure IV.1 shows a sjioht
il tendency toward more negat1ve Po-210-Pb- 210 activity differences
, between 400 and 1,000 m and suggests that add1t1ona1 re—cyc11ng of
'Po-210 occurs w1th1n this depth 1nterva1 It is possible that virtually |

a11uof the Po-210 1eav1ng the mixed layer,allowing for losses by decay,
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is re- cyc]ed w1th1n the upper 1,000 m of the. water co]umn This rapid
‘release of Po-210 from partic]es is somewhat surpr151ng for -an element
that otherwise displays extreme instability in sea water;- Po]onium (IV)V
isethe'steele exidationrstate_in oxygenated solutions and at neutral or
; alkaline pH is readily hydrolyzed and associates with available
*surfaces. A biVé]ent oxidation state is also known (Figgihs, 1961).
Possthy polonium undergoes reduction during biological fixation and
is Subsequent]y re]eesed in a metastably reduced form. 'A]ternatiVely, :

Po (IV) may be released as a soluble organic complex from which it is

" - only sTowly released as a free jon to solution.

6.) The'behavior of Pb-210 is in marked contrast to that of
'“Po-210 its re- cyc11ng efficiency being less than 10%. Comparison _
of Pb-210 and tritium profiles of Ost1und et a] (1974) in this region
suggests that excess Pb-210 in the thermoc]ine may be subp]ied aTmost
entirely by Tlocal vertical mixing or by horizontal spreading along
isopycnal surfaces. 'Because transport by mixing was not considered in

- the material balehce calculations above, the re-cyc]ing'effjciency for
Pb-210 may be overestimated.’ In any case; it appears that most of the

- Pb-210 introduced at the surface is incorporated 1nto part1c1es that
enter the deep sea with 1ittle or no subsequent re]ease to solution.

A rapid delivery of P5-210 from the sea surface to the sediments is
consistent with the conclusion of Chow and Patterson (1962) that the
distribution of stable lead isotopes in sediments is inconsistent with -

1ergeasca1e'mixing of lead from differént continental sources.
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CHAPTER V

DEEP-SEA SCAVENGING OF PB-210 AND P0-210

A. Introduction

Lead-210 concentrations in deep-ocean water were first measured
by Rama et al. (1961), who concluded that they were essentially in
secular equi]ibfidm~ﬁittha-226 concentrations that had been reported
-at that time. Later meas urements by Craig g3 g1, (1973), however,'
demonstkated.thét Pb-é]O and Ra-226 are not generally in secular
équi]ibrium, reiative Pb-210 deficiencies of 20-75% being found in
deep water of both the Atlantic and Pacific. Subsequent investigations
(Tsﬁnogai éﬁ al., 1974; Applequist, 1975; this thesis, Chapter II11)
have confirmed these findings.

Yo éxp1ain'this state of radioactive disequi]ibriuh, one must
postulate a deep-sea sink at which Pb-210 is removed in a time compara-
bTe to its radioactive mean-life (32 y), and it is generally presumed
that Pb-210 is continuously removed from solution ds a result of
“scavenging" by suspended particulate matter and subsequently elimi-

" nated from thexwatef column by sinking. Thus Craiq et al, (1973).
using a.verticaT‘advection-diffusion model, calculated é_SA-yeaf resi;
~ dence time fof Pb-210 with respect to in situ chemical removal from
éolutién. TsuhogaiAgg_gl, (1974) estimated a mean sinking rate for
Pb;210 6f abogt 30 m/y.A Both calculations were based on measurements

" of total Pb-210 in unfi1tered sea water and involved implicit
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aséumptions concerning the distribution of Pb-210 between dissolved and
particulate phases. Craig et al. (1973) assumed that insignificant
amounts of Pb-210 are contained in the particulate phase, and their
model implies that Pb-210 removal from the deep sea is controlled by
relatively slow adsorption followed by rapid sinking of particles. The
calculation of Tsunogai et al. (1974), on the other hand; implies that
transfer from solution is rapid, that Pb-210 exists largely in particu-v
late form and that removal is controlled by particle sinking rate. |

The present investigation was aimed at further understanding the
mechanism of Pb-210 removal by scavenging. It appeared.that knowledge
of the distribution of Pb-210 between dissolved and particulate phases
was of critical importance, and such information has been obtained
throughout the water column for six stations in the Atlantic. Partial
information has also been obtained from several additjona] stations at
which the water column was sampled only to mid-depths or at which
particulate activities were not measured. Analytical keSﬁ]ts have
been presented in Chapter III.

In the case of Po-210, there appear to be no pub1i§hed measurements
for deep-ocean water, probably because of the short half-life of this
nuclide and the expectation that it should be in secular equilibrium
with Pb-210. However, polonium is known to be a highly reactive
element and to have a strong tendency at neutral or a]kaifne pH to

become associated with available surfaces (Figgins, 1961). Therefore,
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-'the possibility that measurable Po-210/Pb-210 disequi1ibria:might exist

in the deep sea was also investigated.

B. Removalvof‘Pb-Zio from the deep sea
| To exp]ain sub-equilibrium concentrations of Pb-210, it is neces-
sary fo postu]ate processes other than radioactive decay that remove
" Pb-210 from the deep sea, and it is this non-radioactive rate of
removal that we wish fo estiﬁate We begin by considerinéithe dissolved
" Pb-210 profiles shown in Figures III.5-III.16. As pointed'out in
‘Chapter IV, unsupported Pb 210 delivered from the atmosphere penetrates
-to apprec1ab1e depths in the water column, presumably by a combination
of physical mixing and particle transport with dissolution. The influ-
:'ence’of this source, however, appears to become small as depths of
'_50051,000 m are approached (genera11y in the lower part of the
. thermbc]ine), and Pb5210.profi1es frquently pass through minima at
-fhese depths Ih defiaing the deep water column, therefere we shall
take this 1eve1 as the upper boundary and assume that the net diffusive
| exchange across it is negligibly smal] (In applying the1r advect1on—
d1ffus1on model to Pb- 210 and Ra-226 profiles from the Pac1f1c Cra1g
et al. (1973) showed that Pb-210 losses acruss Lhe upper and Tower
boundaries were 1ns1gn1f1cant relative to the inferred rates of removal
within their m1x1ng ‘regime. Such a model, however, is 1nappropr1ate in

the Atlantic, and in treating the dissolved Pb-210 data we adopt what

is essentially‘a box-model approach.) The lower boundaky of the deep
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water column is set at the sea floor.

The principal source of Pb-210 in the deep sea is the in situ decay

of Ra-226, and rates of production from this source are calculated by
integrating Ra-226 profiles over the height of the deep-water column.
Integrations were performed simply by dividing the water column into |
intervé]s defihed by the mid-points -between sampling depths and weighting
each data point according to the depth interval it represented. Inte-
grated Ra-226 and Pb-210 activities are given in Table V.1 for all
statiohs at which bofh dissolved and particu1ate Pb-210 weke measured
throughout the water column. Also listed in Table V.1 are similar o
results for two Pacific GEOSECS stations, based on data of Applequist .
(1975). Rates of Pb-210 production from Ra-226 are given, in activity |
units, by A Ays where A, is the Pb-210 decay constant (0.0312 y']) and
A] is the Ra-226 activity. These rates vary from 1.2-1.9 dpm/cmz-y for
the Atlantic stations and are about twice as high for:the Pacific,
where Ra-226 concentrations are higher.
Two additional sburces of Pb-210 in the deep sea need to be con-
sidered: 1) release from particles sinking from the surface and 2)
generation near the sea floor by decay of excess Rn-222. Because of
the short residence time of Pb-210 in the mixed layer, the flux of
particulate Pb-210 entering the deep water reservoir is approximately
equal to the rate of atmospheric Pb-210 deposition at thefsea surface. .
This flux was estimated in Chapter IV to be approximately 0.6 dpm/cmz;y

for the tropical North Atlantic. It was also seen in Chapter IV that s
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TABLE V.1

Integrated Ra-226 and Dissolved Pb-210 Activities
For the Deep Water Column, "
Rates of Pb-210 Removal by Processes
Other than Radioactive Decay,
-and Apparent Residence Times, Tt .

Dissolved Removal

. Depth range Pb-210 . Ra-226 Rate {
Station (m) (dpm/cm?)  (dpm/cm?) (dpm/cm2-y) - (y)
Me-32-12 990-4880  17.4 5.9 .89 20
‘Me-32-15 . 700-5003(*)  19.8 ~  49.9 .94 21
Me-32-18 - - 666-3820 23.5 37.5 .44 . 54
Me-32-23 4S1§494o/ 45.4 611 49 93
Me-32-27 - 887-4950 42.8 58,1 .48 90
Me-32-32 . 960-4440 31.1 47.7 .52 60

+ GEOPAC 201  984-4720 66.6 119.3 ~ 1.64 41
+ GEOPAC 314 977-4580 55.2 89.4 .07 52

(+) Based on data from Applequist, 1975.

X | (*) The two bottom samples at this station were taken within the
f _ nepheloid layer, and the lower boundary is taken above this level.
For all other stations, the lower boundary is set at the sea floor.
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Ee-dissdTution of Pb-210 in the thermocline is insignificant, and by
extrapolation we assume that this conﬁ]usion also ho]dé for the deep
-~ ocean. There is no way to verify this assumption, because the deep-water
disequilibrium reflects only the net effect of supply and'removal
processes, and is always in a direction indicating net removal of Pb-210 '
| from solution. 'HoWever, the assumption is not of crucia1iimportance in
the discussion that follows, because, in evaluating the in situ scavéng-
ing hypothesis, we‘are concerned principally with the net effects.
 The standing crop of excess Rn-222, maintained by the flux of

unsupported Rn-222 from-the sediments, ranges from 0.2-20 dpm/cmz,
(Broecker et al., 1968) and produces Pb-210 at rates rangjﬁg from ‘
0.006-0.6 dpm/cmz-y. Radon fluxes tend to be highest in regions of low
sedimentation rate, and the highest values measured by Broecker et al.
(1968) are from the Pacific. A typical value for Pb-210 production
from excess Rn-222 in the Atlantic is 0.1 dpm/cmzry.

| Because release of Pb-210 from particles and production from
excéss Rn-222 appear to be relatively small, we sha]],aséumé that all
of the Pb-210 in the deep sea is derived from iﬂ_éi}g_decay of Ra-226.
Lead-210 decay in solution is given by X2A2’ where A2 is the dissolved
Pb-210 activity, and the difference A»A1 - AZAZ is the rate of removal
of Pb-210 from solution by processes other than radioactive decay.
Calculated values of this removal rate aré given in Table V.1 along
with apparent residence times given by AZ/A2 (A1-A2). These residence

times are in fair agreement with the value of about 40 y estimated by
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Craig et al. (1973) for the Atlantic and their value of 54 y for the
Pacific, but significaht differences between stations are apparent, as

will be discussed below.

- €. In situ scavenging of Pb-210

The removal rates listed in Table V.1 represent f]uXes‘of Pb-210
from solution that must be accounted for by processes other than radio-
activevdecay. If it is assumed that this remdva] js maintained
entirely by in situ scavenging, at the rates given 1n.Tab1e V.1, then
it should be possible to estimate particle sinking rates from particu-
late Pb-210 profiles. For simplicity we assu@e that Pb-210 is
transferred-at a constant rate R (dpm/m3-y) from solution to particles.

Actua11y, according to the in situ scavenging hypothesis, the divergence

of Ra-226 and Pb-210 profiles toward the bottom implies that the rates
/ of scavenging increase somewhat with depth, but we shall usé‘the
average rate obtained by dividing the profile integrations of Tab]e V.1
by the height of the water column. Particles are assuméd to sink at a
constant rate S (m/y). The rate of change of particulate Pb-210 concen-
tration P with depth z (positive downward) is given by

dP/dz = R/S - AP/S M

The fifst term on the right-hand side of equation (1) is thé rate of
gain by transfer from solution, and the second term is the rate of
Toss due to radioéctive decay. Setting z¥0 and P=PO at the upper

boundary, we have the solution
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R-AZP = (R-AZP )‘exp(-Azz/S) o (2) |

As z becomes 1afge in equation (2), P must approach the Timiting value
R/Kz, for which radioactfvé decay is just balanced by tranéfer from
solution. |

It is clear that for Pb-210 deficiencies to be maintained in the
deep sea by in situ scavenging, dP/dz must be positive; i.e., for any
segment of the water column, the total Pb-210 increment due to trans-
port by sinking musf be negative. Of the six complete particu]ate
Pb-210 profiles from the Atlantic (Me-32-12, 15, 18, 23, 27, 32), only
onev(Me-32-18) shows}a significant increase in activity<w{th depth. |
This anomalous station is located close to the Mid-Atlantic Ridge and
will be discussed below. For the other five profiles, it is possible
that positive gradients exist but are simply not detectable. For this
to be the case, however, high sinking velocities would be required,
because R is always much greater than AZP [see‘equation (])], when R
is éssumed to account for all of the Pb-210/Ra-226 disedﬁflibrium.
Téb]e V.2 indicates how large these sinking velocities must be to
account for the observed profiles. Equation (2) has been fit to the.
particulate Pb-210 profiles and 2o confidence Iimits on the sett]iﬁg
velocity have been calculated. A typical case is i]]uétfatéd in
Figure V.1, where profi]és’to be expected for other settling velocities
are also drawn for the same initial condition. Because thé’gradiénts
are so small, and in some of the cases even slightly negatiVe, it is

generally possible only to assign Tower Timits to the apparent sinking
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TABLE V.2

Results of Pb-210 Sinkihg Velocity Ca]culatiohs

No. of  Spurious

R S 20 1imits Obser- Points
- Station (dpm/m3-y) (m/y) : (m/y) vations Discarded
Me-32-12 2.29 11,000 > 3,100 | 9 None
‘Me-32-15 2.18 -- 14,000 4 83w
Me-32-18 1.38 380 250-790 11 None
Me-32-23 1.09 -- > 6,600 11 None
Me-32-27 1.17 - -~ 6 MNone
Me-32-32 749 6,800 > 2,600 8 1034,1477 m
(+) GEOPAC 201 4.40 2,200  1,500-3,900 9 None
(+) GEOPAC 314  2.96 ;

1,600

970-4,200 13 None

(+) Based on data from Applequist, 1975.
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- Particulate Pb-210 (dpm/100kg.
o {0 20 |

DEPTH (km)

O

n

METEOR-32
‘Station 32

Figure V.1.

Particulate Pb-210 profile showing fit of equation (2). The
best fit to the data is given by the 6800 m/y curve. Other
curves result from substitution of other values for S with

P, held constant. The two points in parentheses were omi tted
iR determining the best fit.
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vrate; It is clear, however, that settling velocitiés of several
thousands of meters pek year must be invoked if Pb-210 remova1 is to
be maintained by part1cu1ate flux alone.

The settling velocities given in Tab1e V.2 are about an order of
magn1tude larger than those estlmated for other radJoact1ye tracers.
Noshkin and Bowen (1972) modelled the distribution of fallout Pu-239
in the water column and sediments of the Atlantic and achieved a good
fit py assigning various fractions of the'pTutonium activity to
particles sinkind at rates of 70-390‘m/y It was assumed that all of
the plutonium act1v1ty in the water co]umn is. 1n the part1cu1ate phase.
Their .case is not str1ct1y analogous to that of Pb-210 in the deep sea, -
because the input of plutonium and its assoc1at1on with s1nk1ng parti-
cles occurs at the surface rather than at depth

A more comparab]e example is that of the thor1um 1sotooes, Th 234 and =
Th-230, produced throughout,the water co]umn by decay of dissolved
U-238 and U-234. Recent‘measurements of particu]ate.Th—234 and Th-230
by D. La]l(unpublished report) indicate that approximately 10% of the
Th-234 activity in the deep'water is conteined in partic]es co]]ected,
on cotton-fiber filters (pore'size not reported). Ih1s d1str1but1on
suggests very rap1d removal of thorium from so]ut1on by suspended
particles, the residence time of thor1um in solution being on the order
of one year, and it further implies thet virtua11y all of .the Th-230

act1v1ty should be in the particulate phase (1f scavenging by particles

is 1rrevers1b1e). As expected part1cu1ate Th- 230 act1v1ty ‘shows an
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increase with depth, and from fts rate of inérease one may'estimate a
sinking velocity of about 400 m/y. This estimate probab1y représents
an upper limit for comparison with data obtained with 0.4-micron‘
Nuclepore filters, because the efficiency of Lal's filters is probably
Tower.

If the sinking velocities calculated in Table V.2 aré unreasonably
“high, then an alternative explanation for the near-zeroAyertical
gradients observed in particulate Pb-210 profiles must be sought. In
applying equation.(2) we have assumed that R, the rate of solution-to- '
part1c1e transfer, is defined by the extent of the dissolved Pb-210/
Ra-226 disequilibrium, and in this case R is always much greater than
AZP (i.e., particulate Pb-210 activities account for only a small frac-
tion of the dissolved Pb-210/Ra-226 activity difference); ~As noted above
in the discussion of equation (1), particulate Pb-210 abtivities should
tend to approach a limiting ya]ue for which R=K2P.‘_This is theAcondition'
for which uptake from solution is compensated by radioactive decay, and
it is here suggested that such a condition may already have been reéched
in the Atlantic by particles entering the deép sea. If-thjs is the case,

then it is possible to calculate the rate of in situ scavenging from the

average particulate Pb-210 activity in the deep water. ’Va{ues'of R
cq1cu1ated in thi§ mahner are given in Table V.3 and compared with
those determined earlier by considering the dissolved Pb-210/Ra-226
differences. When in situ scavenging fluxes are estimated in this way,

90-95% of the dissolved Pb-210/Ra-226 disequilibrium remains
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TABLE V.3

Rate$ of in situ Pb—210 scavénging ca1cu15ted3

by two different'mefhods

From dissolved Pb-210/Ra-226 : .
disequilibrium (as in Tables V.1 and V.2) From R = AP (ave)

§ Station' - R(dpm/m3-y) t(y) ;‘ R(dpm/m3-y) (y)

5 Me-32-12 2.9 20 : 23 200

5 " Me-32-15 2.18 21 094 490

5 Me-32-18 1.38 54 - -

; Me-32-23 1.09 93 .072 1400
Me-32-27 LW 90 4 2 e

Me-32-32 1.9 60 066 1400




~138-
unaccounted for, and an additional sink for Pb-210 in the deep sea
must be sought.

We have so far not considered the possibility that particulate
Pb-210 may be partially supported by Ra-226. There appear to be no
published measurements of particulate Ra-226 in deep watér, but the
few values given in the report by Lal are in the range 0.01-0.04
dpm/100 kg and thus do not exceed 20% Bf the pafticu]ate Pb-210 concen-
trations. If allowance were to be made for this additidna1 contribution,

estimates of R would be even further reduced.

D. Lead-210 scavenging at the sediment-water interface

It was noted by Craig et al. (1973) that some of the lowest Pb-210
concentrations in their Pacific profile occur near the bottom where
large quantities of excess Rn-222 also ére present,'andlthey sugges ted
that rapid scavenging of Pb-210 must occur in this region.‘:A similar
effect has been noted in Chapter III for the Atlantic prdfi]es, which
consistently show a greater extent of disequilibrium as thé sea floor
is apﬁroached. Craig et al. (1973) also pointed out, however, that the
influence of such boundary scavenging only extends upward, by vertical o
mixing, to a height- of about 1,000 m from the bottom. Within their A
mixing regime (1791-4100 m, 200 m above the bottom), 1es$ than 5% of
the Pb-210 removal could be accounted for by vertical mixing across the
boundaries, and it was concluded thaf the remainder must be accounted

for by in situ scavenging and radioactive decay. What is not considered
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in a vertical model such as theirs.is that, if boundary scavenging is

~ effective to heights of 1,000 m from the bottom, then it may also be of

imporfance at appreciable distances from lateral boundaries.

Let us consider the case in which Pb-210 is scavenged at some

. topogfaphic boundary,vsuch as a continental margin or mid-ocean ridge,

and allow. for in situ productionﬁfrom Ra-226 decay and consumption by
transfer to suspended particles. Neglecting the effects of advection,
we have, at steady-state, - _

-Ky 37A5/3X" + ARy = ,(x2+k)A2 (3)
where KH‘is the horizontal eddy diffusivity, and k is the rate constant

for in-situ scavenging (assumed to be first-order). As x approaches

. infinity, the activity ratio AZ/Al is determined solely by the rate of

in situ scavenging and approaches the value A2/A2+k. With the addi--

tional:boundary condition that A2=A2 0 and for A1 constant, we have

the solution

A, A X, *K
kT A ) exp(- K X) @)

Figure V.2 is a pfot of AZ/Al versus distance to the nearest
topographic boundary. The need to consider sources of Pb-210lother
than Ra-226 decay as well as the effects of local scavenging at the
bottbm has beeﬁ evOided'by'including data onTy from depths greater than
1,000 m below the surface and greater than 1,000 m above the bottom.
Distances were determined by plotting station 1ocatiohs‘bn'e-bathy—

metric chart and measuring distances to the nearest contours at
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Figure V.2. Horizontal distribution of the Pb-210/Ra-226 activity ratio. With increasing dis-
tance from lateral boundaries, the ratio increases; i.e., the apparent Pb-218
residence time becomes longer. The curves are the best fits of equation (4). Samples
within 1,000 m of the surface and bottom are omitted. - ' ' '
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-1,000-m interVa]s.A'Interpo1ations were performed for fntermediate
sampling depths.:'The figure clearly shows'a gignificant corre]atioﬁ
:betweén the Pb-210/Ra4226 activity ratio (i,g,, the apparent Pb-210
reSidence‘timé) ahd hériionta] distance from the assumed’Pb-Z]O sink.
The cﬁfVes drawn iﬁ Figure V.2 were obtajned by adjusting KH and
k fn.equatibn‘(4) until the best fit was obtained. For this purpose
' it must be assumed that, at any depth, the Ra;226 concentration does
not vary along a horizontal Tine between a given station and its
nearést intersection with the sea floor. This assUmbtfon aﬁd the use
of the actiVity rafio AZ/Al allow data from different'rég%ons to be
compared on the same diagram. For the Atlantic data, the best fit was
; ,

H=3.3x10

were included, KH increased to 5.6x107 and k increased to 0.005. These

" obtained for K em?/s and k=0.002/y. When the Pacific data
values for k correspond to residence times for Pb-210 with réspect to
©in situ scavenging of 500 and 200 years and are in reasonab]e agreement
with residence times célcu1ated.1n Table V.3 froh the At]antfc particu-
' 1ate Pb-210 data. The implication is that most of the Pb-ZTO removal

- flux may bé carried by mikingtoziremote sink at the sea floor, and the
.‘rates'of horizontal eddy diffusion required to maintain. this transpﬁrt

do not apbear unreaSonéb1y large. Most estimates of Ky Tie in the

range'106-108.cm2/s'($verdrup et al., 1942). Kuo and Vefbnis (1973),
foh'examp1e; achieved reasonable success.in modelling the world-ocean

oxygen distribdtion by adopting the value Ky = 6x100 cm2/s.
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The observation thét Pb-210/Ra-226 Eatios decreése as topographic
boundaries are approached hés been interpreted as evidence that scaveng-
ing at the sea floor is a major mechanism for removing Pb-210 from the
deep sea. Broecker et al. (1973) have suggested a similar possibility
in the case of thdrium. In surface water Th-228/Ra-228 activity ratios
showed a positive correlation with distance from the nearest 100-fm
contour in much the same way that Pb-210/Ra-226 ratios}ih the deep sea
have been seen to correlate with distance from the nearést appropriate> 
éontOurs. Because most of the samples showing very low Th-228/Ra-228
ratios were taken from nearshore, however, it was not possible to rule
out the effects of higher productivity or higher suspended loads in
these locations. In making the present interpretation regarding Pb-210
scavenging in the deep ocean, we are not faced with quite this same
problem, but it is still necessary to consider the possibility that the
trend shown in Figure V.2 may be caused by factors other than boundary
scavenging.

We consider first of all the possibility that sampling of different
water hasses might coincidentally lead to the correlation shown in
Figure V.2. Because of the short radioactive and chemical turnover
times for Pb-210, it seems unlikely that Pb-210/Ra-226 rétios measured
at depth would reflect the initial ratios acquired while the'Water mass
was resident at the sﬁrface. It may be argued, however, that differ-
ences in the quantity or nature of the suspended load among various -

water masses might lead to variations in the rate of in situ scavenging
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_and that, if a given water mass were sampled with greater frequency at
one station than at another, a spurious correlation might result. In
Figure V.3 data from Figure V.2 have been re-plotted with points identi-
fied according to depth, in 500-m intervals, rather than stétion number.
| It may be seen'that the trend followed by all of thé data points is also
fo]]owed w1th1n any depth interval. |
| It is un11kely that biological act1v1ty should control the ;ate of
'Pb-210 scavenging in the deep sea, but K. K. Turekian (persona] communi-
cation) has:suggested the possibility of an indirect control by overlying
~“surface productivity. ‘Increasing the rate of surface prbduction would

increase the rate of'supp1y of biogenic particles to the deep water,

 where in situ scavenging might consequently be accelerated. When loca-

tions of he Meteor and GEOSECS stations used in constructing Figure V. 2
:are compared with the global distribution of phytoplankton productivity
(Kob]entz-Mishke, 1970), it is seen that they are all from regions of
.low to modéréte productivity. It is true that both of thé‘Pacific
GEOSECS stations, showing some of the lowest apparent réfésAof Pb—210
removaT; are from some of the least prodﬁctive areas, but Me-32-12 in
the Caribbean, with a very_low Pb-210/Ra-226 ratio, is from an area of
cbmparably Tow surface pfodqctivity. During the Meteor crossing of the
At]aﬁtic, éfrong gradients in the rate of surface ﬁro&uction were not
crossed but one would expect a general trend of 1ncreas1ng productivity

in mov1ng from west to east as the west African coasta] upwe111ng region

" was approached. Apparent rates of Pb-210 removal actua11y decrease in
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this difection (compare Me-32-15, 18, 21, 22, 23). This trend is also
opp651te fo what one wou]d expect if increasing rates 6f subp]y of
~wihd-blown dust from the north African deéerts were to'increése the
rétes of‘ig_gigg s;avenging in the deep wéter. It is not necessarily’
imp]iéd-that rates of particle supply or production at the éurface are
' un1mportant in contro1]1ng the rates of deep scavenging for some
e1ements, but these factors do not seem to be important in the part1cu—
lar case of Pb-210. It should be further pointed out in this connect1on,
N hdwever, that it has beeh difficult to correlate increased surfaée
prpductivjty locally with increased concentrations at debth of such
Variables as particu]ate organic carbon (Menzel, 1975) or total suspended
-Q.'mafter. Data.from GEQSECS indicate that distinct particle maxima in the
1ntérior of the deep ocean occur only in association with recent convec-
tivé ovefturn (Brewer g;_gl,, 1975). In most regions the standina crop
of particles at.depfh and the surface afea avai]éb]e for reaction may
‘be relatively indépendént of local supply at the surface.

- The relativeiy rapid scavenging of Pb-210 at the sea floor that
we have inferred from our data seems to require special explanation.
A 4,000;m water column lying above one square meter of sedimeﬁt surface
'éontéins approximately 40 g of suspended solid. With a specific
surface area of 20 mz/g, typical of Sediments (Vo]chqk and Kd1p, 1956),
‘particleé in suspension ought to be more "reactive" than the sea floor,
at 1éast on the basis of available surface area for reactidn.' It

appears necessary then to postulate processes unique to the sea floor
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in order to account for preferential Pb-210 removal at that site, and
it is suggested that co-precipitation of Pb-210 with manganese and iron
~ oxides forming at the interface might be such a process. ‘The extent to
which manganese may be precipitating in the water column is not known,
but it seems 1ikely that the major site is at the sea floor. In anoxic
‘basins it is known that manganese does précipitate in the water column
just above the 02—H25 interface (Spencer and Brewer, 1971), and prelimi- ‘
hary results from the Cariaco Trench (M. P. Bacon, unpublished data)
strongly suggest an_ association of Pb-210 with manganese ih this regibn.
Chow and Patterson (1962) have measured the distribution bf lead in
marine sediments and indicate a strong and widespread association of
lead and manganeée. Betzer et al. (1974b) reported_high'concentrations
of particulate iron in samples collected close to the Mid-Atlantic Ridge
crest, and similar anomalies have been found by R. Chesselet (unpublished
report). Such anomalies could be the resu]t.of precipitation from the
iron-rich solutions suggested to be leaking into the water column’ from
volcanically active areas (ie]enov, 1964) and leading to the formation
of metalalliferous sediments (Dymond et al., 1973)." If thié fntérpre—
tation is correct, then the particulate Pb-210 profile ét*Me-32-18,
near the Mid-Atlantic Ridge, which shows an anomalous maximum at about
3200 m, may provide further evidence that Pb-210 is rapidly co-precipi-
tated by newly formed precipitates. An é]ternative explanation is that
this maximum represents Ra-226 enrichment in thevpafticu]ate matter

sampled. In the absence of Ra-226 analyses for these samp1e§, the -
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queétion cannot be resolved, but in either case, this region is a

promising one for future investigations.

E. Scavenging of Po-210
| The behavior of Po-210 in the deep sea is markedly different from
that of Pb-210 with_respecf to its rate of association with suspended
'particles. In Chapter III it was pointed out that,lalthoﬁgh there is
consjderab]e scatter in the data, Po-210 shows a s1ight deficiency in
the dfsso]ved phasé,Aaveraging about 12%. A correspdnding enrichment
in the part1cu1ate phase is found in nearly a11 of the samples. These
observat1ons can only be attributed to rap1d in situ scavenging of
Po-210 from solution. A value of about 4 years may be calculated for
the mean residence time of Po-210 in the deep sea with respect to | w
" removal from solution.

It is of intérest to examine whether this rapid transfer to
:parficu1ate matter leads to any detectable net removal of Po-210 from
the watef column. In Table V.4 are listed integrated vertical profile
‘activitiés for total Pb-210 and Po-210, obtained by summing. dissolved
and particulate apalyses. These jntegrations have been performed over
'the\enpire water column. The mean difference is +1.2 dpm/cm2 with a

" standard deviation of 2.0 dpm/cm’.

This difference is in the direction
of Po-210 énrichment but is not significantly different from zero. The

water column as a whole appears to be nearly in secular equilibrium.

' Although removal of Po-210 from solution is rapid, as indicated by its
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15

18

23

27
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|  TABLE Vi4 |
Integrated total Pb-210 and Po-210 profile

activftieé, surface to bottom. Units dpm/cm2

Pb-210 Po-210
o 31
32 40 -
34 34
. 52 | 53
54 59

45 39

Po-Pb

0
+8
d
+]
+5

-6

Mean +1:2
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distribution between dissolved and particulate phases, the mean sinking
' ve]ocity of Po-210 in particulate form is not large enough to maintajn'
a total Po 210/Pb -210 disequilibrium throughout the water column. ~ This
lack of any s1gn1f1cant total disequ111br1um makes the s1nk1ng velocity
essent1a11y indeterminate. One can, however, ru]e out .the possibility
that signifieaht emounts of Po-210 in the deep sea associate with

particles having residence times very much 1ess.than 4 years.

| F._vSuhmary and conclusions

Measurements of the distribution of dissolved Pb- 210 have been
_compared w1th the‘reported distribution of Ra-226, and a pronounced
radioactive disequi1fbfium in the deep sea has been observed, thus
confirming.the findings of Craig et al. (1973). Concentrations of
excess Pb-210 in the particulate phase, however, account for only a
.sma11 fraction (5-10%) of the Pb-210 deficiency in the dissolved phase,
and'increases 1n'the particd]ate Pb-210 concentration with depth are
not generally observed. Te account for Pb-210 remove] by in situ
scavenging alone Fequires that very rapfd partic1e sink{ng'rates be
invoked, and it is suggested that much of the Pb-210 removal occurs by
scavengihg et the sediment-water interface. This conc]usien is sup-
fported by the observation that Pb-210/Ra-226 activity raties decrease
as the sea‘floor is approached in both vertical and horizontal direc-
tions. It appears. that chémica] processes unique to the-sea floor must

be invoked, and_it is suggested that Pb-210 removal occurs as a result
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of association with newly formed precipitates of manganese and iron
oxides. The e*istence of a strong boundary sink for Pb-210 implies

that rates of in situ reaction calculated from vertical advection-"

diffusion models can be seriously over-estimated. This consideration
may apply generaT]y for constituents having a boundary sdurce or sink. -
In contrast to Pb-210 with a residence time of several hundred .
years with respect to in situ scavenging, Po-210 displays a markedly
.different behavior, its residence time in solution being on the order
of 4 years. Both'elements are highly "reactive" in that théy both have
short residence times in the water column (<100 y), but they follow
distinctly different pathways in being removed to the sediments. A
similar kind of separation on a short time scale appears to operate

for Th-230 and Pa-231 (Ku and Broecker, 1969).
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CHAPTER VI
CONCLUDING REMARKS

Results of the present 1nvest1gat1on support the f0110w1ng obser-

~vations or conc]us1ons from ear11er work:

1)

2.)
3.)

‘4”.>

5.)

The fo110w1ng represent new observations or 1nterpretat1ons that differ

Excess-Pb-210,.ma1nta1ned by . flux from the atmosphere, is

present in the surface mixed layer of the sea.

Lead-210 in the mixed layer is 1ncorporated into part1c1es,

presumab]y as a result of biological activity, on a time-scale
of about 2 years.

Polonium-210 in the mixed layer is ordinarily deficient with

_respect to its equ111br1um concentrat1on “and its res1dence '

time is about 0. 6y.

Particulate matter in the mixed Tayer, 1ike plankton, is
enriched in Po-210.

Disequilibrium between Ra-226 and Pb-210 in the deep sea is
a wor]dnidevphenomenon and indicates removal ot Pb-210 in a

t1me comparab1e to its radicactive mean-Tife.

from those of other authors

1.) Surface- water residence tlmes ca1cu]ated for Pb 210 and Po 210

character1ze their net rate of transfer from the dissolved to

the particulate state. It may bhe that the rate of removal of

‘these nuclides ‘from the mixed layer is controlled by their net



-152;
‘rate Qf,incorporation byvp1ankton and is not apprecéably
]imited by retention of partic]es.in the mixed iayér.

2.) The‘population of particles bearing Po-210 in.fhe mi xed
layer ié replaced about 10 times per year. Interpretation
of particle residence times in this region in terms of
settling Ve]ocitieslis probably not appropriate. Removal of
particles by filter-feeders and subsequent formation of fecal
peliets, whjch éink very rapidly, may be as important as
sinking of individual small particles. The effects of these
two processes cannot be separated with the available data.

3ﬂ) Polonium-210 removed from the mixed layer is efficiently
(50-100%) re-cycled within the upper several hundred meters
of the water column. This conclusion is based on the
presence 6f unsupported Po-210 in the thermocline at several
stations in the tropical North Atlantic.

4.) The presence of excess Pb-210 in the thermocline can be
explained as the result of physical transport, and.re-cycling
of Pb-210 at these depths appears to be negligible. By extra-
polation one may speculate that re-cycling in the deep sea is
also insignificant, but verification is not possible because
of the.operation of processes in the déep sea that rapidly
remove Pb-210 from solution. o

5.) jDisso]ved Pb-210 produced in the deep sea by radioactive

decay of its parent is removed principally at the sediment-
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- water jnterface, bfesumab]y by incorporation intolauthigenic
pha§és, and its distr{bution_in the water column is controlled
by mixiné/processei. Scavenging by suspended particles in the
Waterfc61umﬁ appears to be of Tesser importance.
'16.) 'Polonium—ZIO, in contrast to.Pb-210, is rapid]y scavenged by
' suspended haterial in the deep sea. 'Its.residencé?fime in
561ution is approximately 4 years. Because of the slow |
" settling vélocity of most barticu]ate matter in the deep sea,
~ the residence time of Po-210 in the water column is much.
Tonger than the radioactive mean-life, and no disequilibrium
for'ﬁg;gl Po-210/Pb-210 in the water column can be detected.
it is appropriate to consider here the sighificance of the above
ébhc]usioné'with résbect to marine geochemical studies in.general. The

detailed distribution of Pb-210 and Po-210 in dissolved and particulate

‘phases in seVeka] vertical profiles has revealed that processes such as
" biological fixation, re-dissolution at depth, abiotic scavenging and
: scavenging‘at the sea floor are important in controlling the rates of

removal of these nuclides and their rates of cycling in the sea. To

suggest that the abpve-named processes might be.impOrtant is hardly an
innovation, but to.demonstrate that they actually operate éf certain
rétes,_in specific cases, has not\been an easy task. A receﬁt review
of marfne chemistry (Goldberg et al., 1971) contains a classification
of the chemical elements based upon our current understanding of how

they behave in the sea. Only 59 elements were even classified.
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of thesé, 27 wére in the "conservative" category, having concentrations
in sea water roughly proportional to salinity. Of the remaining 32,
only 4 elements could be said to have well-developed and readily
described variability in concentration, as a function of depth, ocean
basin, or both. From the results of more recent work, it may be possi-
ble to add a few additional elements to this category, but there is
still a large group of elements for which even total concentrations
in sea water are highly uncertain, let alone the pathways they follow
in the ocean. This group consists largely of elements referred to as
reactive, which are, almost by definition, present at very low abundances
in sea water, and progress in understanding their behavior has been
retarded by the familiar problems of analysis and sample contamination
(Brewer and Spencer, 1970). These problems were avoided in the present
study by selecting tracers for which the contamination potential {s
minimal and for which very sensitive analytical techniquesAare availa-
ble. The use of a number of the natural decay series radiohuc]ides is
also recommended by the fact that they are supplied.to the oceans at
accurately known, or measurable, rates by decay of their parent
nuclides. Therefore, their rates of transport within the oceans can
be easily quantified.

Lead and polonium belong to the large group of so—calléd_
"reactive" elements in sea water which are typified by residence
times in the ocean of less than 1,000 years (Goldberg, 1965), and

it was one of the principal intentions of this investigation, when it
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was begun,'ﬁo learn.more about how the removal of these elements ié
Contfo]]ed. ‘In thé_two cases chosen for fnyéstigation,‘it'has been
possible to reach sbme‘important conclusions, but the contrasting
"behavior of Pb-210 and Po-210 warns against thé formatiohkof,hasty
predictions concerning the behavior of other reactive elements. Both
.Anuc1jdes are subject to rapid removal from the oceans, but each follows
a dffferent pathwéy.‘ (Removal of Po-210 from the water cq]ﬁmn could

- not be detecfed,but this is a consequence of its very rapid radioactive :
'turhover time. It was demonstrated that this element is rapidly
attached to partiéles; most of which are removed in Tess than 100 -
years.)

Shch»a_sebaration-on a short time scale has also been indicéted
for Th-230 and Pa-231 (Ku and Broecker, 1963), two other highly
reactive nuclides, which are produced in the water column by decay
Apfiuranium isotopes. One is tempted to put aside temporarily the
foregofng admonition against categorizatibn and to speculate that
Th-230 and Pa;231 are separated in the deep water co]uhn in much the
“same way that Pb=210 and Po-210 are separated. Tﬁe particuiate Th-234
_;data'of La1:(Unpub1ished report, 1975) indicate that thorium very
 rabid1y becomes aftached to particles in the watér co]umh,‘as does
~ Po-210. It,js‘frequebtly assumed that Pa-231 behaves in the same way,
but this has ‘not been démonstrated. Perhaps Pa-231 is more stable in
501ufion'and follows a pathway similar t5 thatlbf Pb—ZTO. There has been

speculation that Pa-231 may be stabilized in sea water by fluoride

jon (Antal, 1966), and Pa-231 is known to be enriched relative to .
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Th-230 in some authigenic phases (Bernat and Goldberg, 1969; Ku and
Broecker, f969).. n

A more direct application of the results of this invesfigatioh
Ais in the consideration of the marine geochemistry of sfab]é lead.
One must, of coursé, recognize the fact that stable Tead is introduced
at the sea surface, while Pb-210 is supplied throughout the water "
column by radioactive decay of its parent. Moreover, detailed predic-
tions would require the assumption that Pb-210 and stable lead are
introduced at the surface in the same chemical form. Thfs»assumption
" has not been tested. Whatever their similarities or differences might'
be at the poinf of introduction, however, it can be stated that both
Pb-210 and stable lead are rapidly removed from‘the mixed layer.
Tatsumoto and Patterson (1963) calculated a 10-y residence'timé for
stable lead based on measured concentrations in surface water and
their.estimates of lead input rates. This estimate is probably some-
what too high, because later measurements of stable Tead in surface
sea water gavetlowér concentrations (Chow and Pattersoh, 1966). It
may be reasonably expected that, following a residence of a few yéars
in the mixed layer, both stable lead and Pb-210 would be transpbrted
to the deep sea in similar types of particles, and that no sfgnificant
amounts would dissolve at depth. If there is no appreciable supply of
dissolved stable lead in the deep sea, then the question of scavenging'
at. the boundary versus the water column is irrelevant in considering

the transport of stable lead to the sediments. The overall transit
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time for lead between the surface and the sea floor cannot be precisely
eva]uated.- One might, to arrive at a possible upper 1imit, interpret
the particle residence time in the mixed layer in terms of a 500 m/y
sinkinj velocity (see Chapter IV). This would give a transit time of
about 8 years. Lead isotope distributions in sediments are not conéis-
tent with apprec1ab1e mixing of isotopes from d1fferent continental
sources (Chow and Patterson, 1962), and a more rap1d trans1t via fecal
pe]]ets may be requ1red (McCave, 1975) '

A further note shou]d be added concerning est1mates of the mean
oceanic residence time of lead, given in a number of pub11shed tables,
wh1ch are on the order of several thousand years, in d1sagreement with
estimates from Pb-210 measurements. These figures were based on rates
of accumulation of lead in sediments given by Chow and Patterson (1962)
and on a value.of 20-30 ng/kg for the stable lead concentrétion of sea
watee (Tatsumoto and Patterson, 1963; Chow and Pattersoh, 1966). It
has recently been suggested (C. C. Pattekson, péréona1 communication)
that the true stable lead concentrations in deep ocean water are less
than 1 ng/kg and -that the higher results reported ear]ier"were simply
a measure of sample contamination. Concentrat1ons this Tow would lead
to greatly reduced est1mates of the stab]e lead residence t1me, in
| c1oser agreement with the Pb-210 data.

Any inyestigation of the sort presented here 1s necessarily incom-
plete and leads to the suggestion that further work be done. One of

the principal conclusions of this thesis is that the Pb-210/Ra-226
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disequilibrium in the deep water is maintained 1arge1y:by removal of
‘Pb-210>at the boundaries and is not significantly dfi?en by in'situ .
scavenging processes. One of the major arguments which led to this
conclusion is that vertical fluxes required to satisfy_the'ig.gigg
scavenging hypothesis cannot be maintained by particles sinking at
reasonable speeds. This argument is based on the interpretation of
vertical profiles of particulate Pb-210 concentration. A more direct
test of the in situ scavenging model could be made with sediment traps
placed at two or more depths in the deep water column. At any depth ‘.
in.the water, one would expect to receive a flux of Pb-210 originating
at the surface, even in the absence of in situ scavenging at depth.
This flux would be roughly equal to the local delivery raté of Pb-210
from the atmosphere, and it would be the background flux against which
increments resulting from deep scavenging would have to be detected.
In the North Atlantic the flux at the sea floor would be approximately
twice as large as this background if all of the Pb-210 removal from
the deep water occurred in particles. Greater sénsitiv{ty'to‘the
effects of in situ scavenging could be achieved in such an experiment
in the South Pacific, where the atmospheric production of Pb-210 is
Tower and where Ra-226 concentrations in the deep water are higher.

Additional mapping of the horizontal distribution of Pb-210 in
the deep ocean would be desirable. In particular, reliable samples
from points far removed from lateral boundaries, such as'1nAthe North

Pacific, are needed.
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'Specific regions of interest for more intensive sthdy are sugges ted
by Pb-210 data from the nepheloid Tayer of the western Nofth Atlantic
and by the anomalous mid-depth maximum in the partfcu]afe Pb-210 profile
near the Mid-Atlantic Ridge. In both cases there are indications that
Pb-210 may be rapidly scavenged in the water column by particles occur-
ring in these regions, but this must be verified by measurement§ of both
Ra-226 and Pb-210 in the particulate matter.

Identification of the site at which Pb-210 is removed from the
oceans, as well as fhe rate, is by no means avtriviaj‘pr§b1em. If it
could be verified that Pb-210 is not appreciably affected by in situ
chemfcal'processes and is removed from solutjon only at ocean boundaries
(both sea surface and sea floor), then it could be stated that the
behavior of Pb-210 approaches that of a radioactive conservative
tracer, as defined by Craig (1969), and potential app]icatiohs of

| Pb-210 as a tracer of mixing processes could be consideféd. |

Further 1nvestigatiohs utilizing the distribution of Po-210 in the
water column might be profitable but should be preceded by attempts to
improve the precision of the ana]ysés. The major Tlimitation in the
present study was the unavoidable time delay between‘samp1ing and ahé]y- :
sis. Also éignificant improvements in both Po-210 and Pb-210 analyses
ﬁou]d be made by subsfituting Po-209 for the Po-208 tracer; With
improved precision the possibility that Po-210/Pb-210 ratios in the

deep water show systematic variations could be further examined.




‘ . -160-
References

Antal, P. S. (1966) Diagénes1s of thorium isotopes in deep-sea sediments.
Limnol. Oceanogr., 11, 278-292. . : S

Applequist, M. D. (1975) Lead-210 in the deep sea: Pacific Ocean
investigations. Unpublished M. S. dissertation, University of
California, San Diego. ‘

Beasley, T. M. (1969) Lead-210 production by nuclear devices. 1946-1958.
_ Nature, 224, 573. A : '

Bernat; M. and E. D. Goldberg (1969) Thorium isotopes in the marine
: environment. Earth Planet. Sci. Lett., 5, 308-312.

Betzer, P. R., K. L. Carder and D. W. Eggimann (1974a) Light scattering

- and suspended particulate matter on a transect of the Atlantic
Ocean at 11°N. In: Suspended Solids in Water (ed. R. J. Gibbs)
Plenum Press. ‘ '

Betzer, P. R., G. W. Bolger, B. A. McGregor and P. A. Rona (1974b) The
Mid-Atlantic Ridge and its effect on the composition of particu-
late matter in the deep ocean. (Abstract) Trans. Am. Geophys. Un.,
55, 293.

Bhaf, S. G;, S. Krishnaswamy, D. Lal, Rama and W. S. Moore (1969)
. Th234/U238 patios in the ocean. Earth Planet. Sci. Lett., 5,
483-491. .

Blifford, I. H.; L. B. Lockhart, Jr. and H. B. Rosenstock (1952) On the
natural radioactivity inh the air. J. Geophys. Res., 57, 499-509.

Boyle, E. and J. M. Edmond (1975) Determination of transition metals in
aqueous solution by APDC chelate co-precipitation. A.C.S. Series,
in press.

Brewer, P. G. (1975) The distribution of particulate matter in the Atlantic

Ocean. Earth Planet. Sci. Lett., in press.

Brewer, P. G. and D. W. Spencer (1970) Trace element intercalibration
study. W.H.0.I. Ref. No. 70-62.

~ Broecker, W. S., J. Cromwell and Y.H.Li (1968) Rates of vertical eddy
diffusion near. the ocean floor based on measurements of -the dis~
‘tribution of -excess 22?Rn. Earth Planet. Sci. Lett., 5, 101-105.



-161-

Broecker, W. S., A. Kaufman and R. Trier (1973) The residence time of
thorium in surface sea water and its implications regarding the
rate of reactive pollutants. Earth Planet. Sci. Lett., 20, 35-44.

Broecker W. S., Y. H. Li and J. Cromwell (1967) Radium-226 énd
radon 222: concentrat1on in Atlantic and Pacific Oceans. Science,
158, 1307-1310. :

Broecker, W. S. and T. H. Peng (1971) The vertical distribution of radon
in the BOMEX area. Earth Planet. Sci. Lett., 11, 99-108.

Burton, W. M. and N. G. Stewart (1960) Use of long-lived natural
radioactivity as an atmospheric tracer. Nature, 186, 584-589.

Chestéer, R. (1972) Geological, geochemical and environmental implications .
of the marine dust veil. In: The Changing Chemistry of the Oceans
(eds. D. Dyrssen and D. Jagner) Nobel Symposium, 20, Wiley-
Interscience, pp. 291-305.

Chow, T. J. and C. C. Patterson (1962) The occurrence and significance
' of Tead isotopes in pelagic sediments. Geochim. Cosmochim. Acta,
26, 263-308.

Chow, T. J. and C. C. Patterson (1966) Concentration profiles of barium
and lead in Atlantic waters off Bermuda. Earth Planet. Sci. Lett.,
-1, 397-400.

Craig, H. (1969) Abyssal carbon and radiocarbon in the Pacific. J.
Geophys. Res., 74, 5491-5506.

Craig, H., S. Krishnaswami and B.L.K. Somayajulu (1973) Pb210-Ra226:

radioactive disequilibrium in the deep sea. Earth Planet. Sci. Lett.,

17, 295-305.

Cranston, R. E. and D. E. Buckley (1972) The application and performance
of microfilters in analyses of suspended particulate matter.
Unpublished manuscript, Report BI-R-72-7, Bedford Inst1tute of
Oceanography, Dartmouth, Nova Scotia.

Dymond, J., J. B. Cor11ss, G. R. Heath, C. W. Field, E. J. Dasch and
H. H. Veeh (1973) Origin of meta111ferous sed1ments from the
Pacific Ocean. Geol. Soc. Am. Bull., 84, 3355-3372.

Edmond, J. M. (1970) Comments on the paper by T. L. Ku, Y. H. Li,
G. G.-Mathieu and H. K. WOng, "Radium in the Indian- Antarctic
Ocean south of Australia"“. J. Geophys. Res., 75, 6878-6883.



-162-

~ Feely, H. W. and H. Seitz (1970) Use of lead 210 as a tracer of
‘ " transport processes in the stratosphere. J. Geophys. Res., 75,
+ 2885. - : '

Figgins, P. E. (1961) The radiochemistry of polonium. NAS-MRC Nuclear
.Science Series; 3037, 68 pp. ~ : 4 ’

Flynn, W. W. (1968) The determination of low levels of polonium-210 in
environmental materials. Anal. Chim. Acta, 42, 221-227.

Gb]dberg, E. D. (1954) Marine geochemistry I. Chemical scavengers of
the sea. J. Geol., 62, 249-265.

 Goldberg, E. D. (1963) Geochronology with Tead-210. In: Radioactive
- Dating, Int‘l. At. En. Agency, Vienhna, pp. 121-131.

Goldberg, E. D. (1965) Minor elements in sea water. In: Chemical
Oceanography, v.1 (eds. J. P. Riley and G. Skirrow) Academic
- -Press, pp. 163-196. -

Go]dbekg, E. D., W. S. Broecker, M. G. Gross and K. K. Turekian (1971)
Marine chemistry. In: Radidactivity. in the Marine Environment,
NAS-NRC, pp. 137-146.

Gorsuch, T. T. (1959) Radiochemical investigations on the recovery for '
analysis of trace elements in organic and biological materials.
Analyst, 84, 135-173. ~

Israel, H. {1951) Radioactivity of the atmosphere. In: Compendium of
‘ Meteorology. Am. Met. Soc., Boston, pp. 155-161. o

Jaworowski, Z. (]966) Temporal and geographic diétribution of Radium D-
(Lead-210).  Nature, 212, 886-889.

Junge, C. E. (1963) Air chemistry and Radioactivity. Academic Press,
New York. .

‘Kharkar, D. P.,J. Thomson, K. K. Turekian and W. 0. Forster (1975)
Uranium and thorium decay series nuclides in plankton from the
Caribbean. Limnol. Oceanogr., in press. :

Koblentz-Mishke, 0. J., V. V. Volkovinsky and J. G. Kabanova (1970)
"Plankton primary production of the world ocean. In: Scientific
. Exploration of .the South Pacific (ed. W. S. Wooster) NAS,
Washington, pp. 183-193. ‘



-163-

Koide, M., J. J. Griffin and E. D. Go]dbérg (1975) Recordé of plutonium
fallout in marine and terrestrial samples. J. Geophys. Res., 80,
4153-4162.

Krauskopf, K. B. (1956) Factors controlling the concentrations of
thirteen raremetals in sea water. Geochim. Cosmochim. Acta, 9
1 -32B.

Ku, T. L. and W. S.’ Broecker (1969) Radiochemical studies 'on manganese
nodules of deep-sea origin. Deep-Sea Res., 16, 625-637.

Ku,-T. L., Y. H. Li, G. G. Mathieu and H. K. Wong (1970) Radium in the
Indian-Antarctic Ocean south of Australia. J. Geophys. Res., 75,
5286-5292.

Kuo, H. H. and G. Veronis (1973) The use of oxygen as a test for an
abyssal circulation model. Deep-Sea Res., 20, 871-888.

Lambert, G. and M. Nezami (1965) Importance des retombees seches dans
le bilan du plomb 210. Ann. Geophysique, 21, 245-251.

‘Lambert, G., J. Sanak and B. Ardouin (1974) Origine marine des exces
de po10n1um 210 dans la basse atmosphere Antarctique. J. Rech.
Atmos . , 8 647-648.

McCave, I. N. (1975) Vertical flux of. part1c1es in the ocean. Deep-Sea
Res., 22, 491-502.

Martell, E. A. and H. E. Moore (1974) Tropospherié aerosol residence
times: a critical review. J. Rech. Atmos., 8, 903-910.

Matsumoto, E. (1975) 234Th-238U radioactive disequilibrium in the surface
layer of the ocean. Geochim. Cosmochim. Acta, 39, 205-212.

Menzel, D. W. (1974) Primary productivity, dissolved and particulate
organic matter, and the sites of oxidation of organic matter.
In: The Sea, v. 5 (ed. E. D. Goldberg) Wiley-Interscience, -
pp. 659-678.

Moore, H. E., S. E. Poet and E. A. Martell (1973) 222Rn, 210pp, 210Bj
and 21 9pg profiles and aerosol residence times versus a1t1tude
J. Geophys. Res., 78, 7065-7075.

Noshkin, V. E. and V. T. Bowen (1972) Concentrations and distributions
of long-lived fallout radionuclides in open ocean sediments. IAEA
Symposium on Interaction of Radioactive Constituents of the Marine
Environment, Seattle, July 1972.



-164-

Nbiaki; Y. and S. Tsunogai (1973) Lead-210 in the North Pacific and the
transport of terrestrial material through the atmosphere. Earth
Planet. Sci. Lett., 20, 88-92.

Ostlund, H. G., H. G. Dorsey and C. G. Rooth (1974) GEOSECS North
Atlantic radiocarbon and tritium results. Earth Planet. Sci.
Lett., 23, 69-86.

" Peirson, D. H., R. S. Cambray, and G. S. Spicer (1966) Lead-210 and
~ polonium-210 in the atmosphere. Tellus, 18, 427-433.

Poet, S. E., H. E. Moore and E. A. Martell (1972) Lead 210, bismuth 210,

and polonium 210 in the atmosphere: accurate ratio measurement and

~application to aerosol residence time determination. J. Geophys.
Res., 77, 6515-6527.

Pfospero, J. M. and T. N. Carlson (1972) Vertical and areal distribution
-of Saharan dust over the western Equatorial North Atlantic Ocean.
J. Geophys. Res., 77, 5255-5265.

Rama, M. Koide and E. D. Goldberg (1961)'Léad—210 in natural waters.
‘Science, 134, 98-99.
Shannon, L. V., R. D. Cherry and M. J. Orren (1970) Polonium-210 and
lead-210 in the marine environment. Geochim. Cosmochim.. Acta, 34,
701-711. ' - '

) She]don, R. W., T.P.T. Evelyn and T. R. Parsons (1967) On - the occurrence
and formation of small particles in sea water. Limnol. Oceanogr.,
12, 367-375. _

Si11, C..W. and D. G. Olson (1970) Sources and prevention of recoil
contamination of solid-state alpha detectors. Anal. Chem., 42,
1596-1607. '

" Somayajulu, B.L.K. and H. Craig (1973) Pb-210 and Ra-226 in Atlantic
and Pacific deep water (abstract). Trans. Am. Gcophys. Un., 54,
- 299. . 4 o

Spencer, D. W. and P. G. Brewer (1971) Vertical advection diffusion
. and redox potentials as controls on the distribution of manganese .
and other trace metals dissolved in waters of the Black Sea.
J. Geophys. Res., 76, 5877-5892, _

Stumm, W. and J. J. Morgan (1970). Aquatic Chemistry: Wiley-Interscience,
583 pp. '



-165-

Sverdrup, H. U., M. W. Johnson and R. H. F]em1ng (1942) The Oceans.
Prentice- Ha]] 1087 pp.

-Szabo, B. J., F. F. Koczy and G. Ostlund (1967) Radium and radiocarbon
in Caribbean waters. Earth Planet. Sci. Lett., 3, 51-61.

Tatsumoto, M. and C. C. Patterson (1963) The concentration of common
lead in sea water. In: Earth Science and Meteorites (eds. J.
Geiss and E. D. Goldberg). North-Holland Publ. Co., Amsterdam,
pp. 74-89. o

Tsunogai, S. and Y. Nozaki (1971) Lead-210 and polonium-210 in the
surface water of the Pacific. Geochem. J., 5, 165-173.

Tsunogai, S., Y. Nozaki and M. Minagawa (1974) Behavior of heavy metals
and particulate matters in sea water expected from that of radio-
active nuclides. J. Oceanogr. Soc. Japan, 30, 251-259.

Turekian, K. K., Kharkar, D. P. and J. Thomson (1974) The fate of Pb210
and Po210 in the ocean surface. J. Rech. Atmos.; 8, 639-646.

" Volchok, H. L. and J. L. Kulp (1956) The ionium method of age determi-
nation. Geochim. Cosmochim. Acta, 11, 219-246.

Weller, R. I., E. C. Anderson and J. H. Barker, Jr. (1965) Radioactive
~contamination of contemporary lead. Nature, 206, 1211-1212.

Wilkening, M. H. and W. E. Clements (1975) Radon 222 from the ocean
surface. J. Geophys. Res., 80, 3828-3830.

Zelenov, K. K. (1964) Iron and manganese in exhalations of the submarine
Banu Wuhu volcano (Indonesia). Doklady Akad. Nauk SSSR, 155, 94-96.



Hoods Hole QOceanographic Institution
WHOI-76-8

l APPLICATIONS OF PB-210/RA-226 AND P0-210/PB-210
DISEQUILIBRIA IN.THE STUDY OF MARINE GEGCHEMICAL PROCESSES
by Michael P. Bacon. 165 pages. February 1976. NSF
| Grant GA-41061 and U.>.A.E.C. Contract AT(11-1)3566.

The distribution of Pb-21C and Po-210 in dissolved

{<0.4 micron) and particulate (>C.4 micron) phases has been
measured at ten statiorns in the tropical and eastern Horth
Atlantic and at two stations in the Pacific. Both radio-
auclides occur principally in the dissolved phase. Un-
supported Pb-210 activities, maintained by flux from the
atmosphere, are present in th2 surface mixed layer and
penetrate into the thermociinz tc depths of about 500 m.
Dissolved Po-210 is ordinarily present in the mixed layer
at less than equilibrium concentrations, suggesting rapid
biological removal of this nuclide. Particulate matter is
eariched in Pu-210, with Po-210/Pb-210 activity ratios
greater than 1.0, similar to those reported for phyto-
plankton. Box-model calculations yield 2 2-y residence

I time for Pb-210 and a 0.6-y residence time for Po-210
in the mixed layer. These residence times are considerably
longer than the time calculated for turnover of particles

l in the mixed layer (about 0.1 y). At depths of 100-300 m,
Po-210 maxima occur and unsupported Po-210 is frequently

present. Calculations fndicaze that at least 50% of the

Woods Hole Oceanographi: Institution
WHOI-76-8

I APPLICATIONS OF PB-210/RA-226 AND PO-210/PB-210
-DISEQUILIBRIA IN THE STUDY OF MARINE GEOCHEMICAL PROCESSES

by Michael P. Bacon. 165 pages. February 1976. NS
I Grant GA-41061 and U...A.E.C. Conzract AT(11-1)3566.

The distribution of Pb-210 and Po-210 in dissolved
(<0.4 micron) and particulate {>0.4 micron) phases has been
- measured at ten stations in tke tropical and eastern North
Atlantic and at two stazions in the Pacific. Both radic-
nuclides occur principaily in the dissolved phase. Un-
supported Pb-210 activities, maintained by flux from the
atmosphere, are present in the surface mixed layer and
penetrate into the therrocline to depths of about 500 m.
Dissolved Po-210 is ordinarily present in the mixed layer
at less than equilibrium concentrations, suggesting rapid
biolegical removal of this nuclide. Particulate matter is
I enriched in Po-210, with Po-210/Pb-210 activity ratios
greater than 1.0, similer to those reported for phyto-
plankton. Box-model calculations yield a 2-y residence
I time for Pb-210 and a 0.6-y residence time for Po-210
in the mixed layer. These residence times are considerably
longer than the time calculated for turnover of particles
I in the mixed layer (about 0.1 y). At depths of 100-300 m,
P0-210 maxima occur and unsupported Po-210 s frequently
present. Calculations indicate trat at least 50% of the
(Cont. on back)

II.

Pb-210/Po-210
Distribution

Removal

‘Bacon, Michael P.

NSF Grant GA-41061

U.S.A.E.C. Contract
AT(11-1)3566

This card is UNCLASSIFIED

III.

Pb-210/P0-210
Distribution

Removal

Bacon, Michael P.
NSF Grant GA-41061

U.S.A.E.C, Contract
AT(11-1)3566

This card s UNCLASSIFIED

Hoods Hole Oceanographic Institution
WHOI-76-8

I APPLICATIONS OF PB-210/RA-226 AND P0-210/PB8-210
DISEQUILIBRIA IN THE STUDY OF MARINE GEOCHEMICAL PROCESSES

by Michael P, Bacon. 165 pages. February 1976. NSF
| Grant GA-41061 and U.S.A.E.C. Contract AT{11-1)3566.

The distribution of Pb-210 and Po-210 in dissolved

l (<0.4 micron) and particulate {>0.4 micron) phases has been
measured at ten stations in the tropical and eastern North
Atlantic and at two stations in the Pacific. Both radio-
nuclides occur principally in the dissolved phase. Un-
supported Pb-210 activities, maintained by flux from the
atmosphere, are present in the surface mixed layer and
penetrate into the thermociine to depths of about 500 m,

| Dissolved Po-210 is ordinarily present in the mixed layer
at less than equilibrium concentrations, suggesting rapid
biclogical removal of this nuclide. Particulate matter is

I enriched in Po-210, with Po-210/Pb-210 activity ratios
greater than 1.0, similar to those reported for phyto-
plankton. Box-model calculations yielc a 2-y residence

l time for Pb-210 and a 0.6-y residence time for Po-210
in the mixed layer. These residence times are consfderably
longer than the time calculated for turnover of particles
in the mixed layer {about 0.1 y)}. At cepths of 100-300 m,
Po-210 maxima occur and unsupported Po-210 is frequently
present. Calculations indicate that at least 50% of the

|__Po-210 removed from the mixed layer is recycled within _ (Cont. on back)

Woods Hole Oceanographic Institutfon
WHOI-76-8

I APPLICATIONS OF PB-210/RA-226 AND P0-210/PB-210
DISEQUILIBRIA IN THE STUDY OF MARINE GEQCHEMICAL PROCESSES

by Michael P. Bacon. 165 pages. February 1976. NS
I Grant GA-41061 and U.S.A.E.C. Contract AT{11-1)3566.

The distribution of Pb-210 and Po-210 in dissolved

l (<0.4 micron) and particulate (>0.4 micron) phases has been
measured at ten stations in the tropical and eastern North
Atlantic and at two stations in the Pacific. Both radio-
nuclides -occur principally in the dissolved phase. Un-
supported Pb-210 activities, maintained by flux from the
atmosphere, are present in the surface mixed layer and
penetrate into the thermocYine to depths of about 500 m.

I Dissolved Po-210 is ordinarily present in the mixed layer
at less than equilibrium concentrations, suggesting rapid
biological removal of this nuclide. Perticulate matter is

| enriched in Po-210, with Po-210/Pb-210 activity ratios
greater than 1.0, similar to those reported for phyto-
plankton. Box-model calculations yield a 2-y residence

| time for Pb-210 and a 0.6-y residerce time for Po-210
in the mixed layer. These residence times are considerably
longer than the time calculated for turnover of particles

I in the mixed layer (about 0.) y). At cepths of 100-300 m,
Po-210 maxima occur and unsupported -Po-210 is frequently
present. Calculations indicate that at least 50% of the

I Po-210 removed from the mixed layer is recycled within  (Cont. on back)

i

1. Pb-210/Po-210
2. Distribution

3. Removal

1. Bacon, Michael P.
II. NSF Grant GA-41061

U.S.A.E.C. Contract
AT(11-1) 3266

This card 1s UNCLASSIFIE)

e e -

i

1. Pb-210/P0-210
2." pistributior

3. Removal

1. Bacon, Michael P.
II. NSF Grant GA-41061

U.S.A.E.C. Contract
AT(11-1)3566

This card 1s UNCLASSIFIED




(Cont.)

the thermocline. Similar calculations for Pb-210 suggest much
lower re-cycling efficiencies.

Comparison of the Pb-210 distridution with the reported
distribution of Ra-226 at nearby GEOSECS stations has confirmed
the widespread existence of a Pb-210/Ra-226 disequilibrium in
the deep sea. Vertical profiles of particulate Pb-210 were
used to test the hypothesis that Pb-210 {s removed from decp
water by in situ scavenging. With the exception of one profile
taken near the Mid-Atlantic Ridge, significant vertical gradients
in particulate Pb-210 concentration were not observed, and it is

R necessary to invoke exceptionally high particle sinking velocities
(>10 m/d) to account for the inferred Pb-210 flux. It is proposed
that an additional sink for Pb-210 in the deep sea must be sought.
Estimates of the dissolved Pb-210/Ra-226 activity ratio at depths
greater than 1,000 m range from 0.2 to 0.8 and reveal a system- '
atic fncrease, in both vertical and horizontal directions, with
increasing distance from the sea floor. This observation implies
rapid scavenging of Pb-210 at the sediment-water 1nterfacs :’r:ﬁ is
consistent with a horizontal eddy diffusivity of 3-6 x 10 /s.
The more reactive element Po, on the other hand, shows evidence
of rapid in situ scavenging. In filtered sea water, Po-210 is
deficient, on the average by.ca.10% relative to Pb-210; a
corresponding enrichment is found in the particulate phase. Total
inventories of Pb-210 and Po-210 over the entire water column,

s however, show no significant departure from secular equilibrium,
and relfable estimates of particle sinking rates cannot be made.
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however, show no significant departure from secular equilibrium,
and reliable estimates of particle sinking rates cannot be made.
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