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ARSTRACT

Suspended particulate matter was collected by sediment traps deploved
in the Sargasso Sea (Site Sp), the north equatorial Atlantic (Site E),
the north equatorial Pacific (Site P), and the Panama Basin (STIE Site).
Additional samples of suspended particles were obtained bv in situ
filtration at Site ®, at the STIE Site, and in the Guatemala Basin.
Concentrations of dissolved Th and Pa were determined by extraction onto
manganese dioxide adsorbers at Site P, at a second site in the Sargasso
Sea (Site D), at the STIE Site and in the Guatemala Basin. Sediment
samples were obtained from cores taken near Sites E and P,

Results have shown unequivocally that suspended particulate matter in
the open ocean preferentially scavenges Th relative to Pa. This behavior
could not have been predicted from the known physical chemistry of Th and
Pa. Dissolved 2307h/231pg activity ratios were 3-5 at Sites P and D
and 3-8 at the STIE Site. 1In contrast, unsupported 230Th/231p,
ratios were 22-35 (average 29.7 for 7 samples) in sediment-trap samples
from greater than 2000 m at Sites S9, E and P. Ratios were lower in
particulate matter sampled at shallower depths. Particles filtered at

2600 m and 5000 m at Site E had ratios of 50 and 40. In contrast to the

open ocean samples described above, samples collected by six sediment
traps at depths of 667-3791 m in the Panama Basin had unsupported

23074 /231 ps ratios of 4~8, and the deepest samples had the lowest
ratios. Fractionation of Th and Pa that was observed at the three open
ocean sites either does not occur or occurs to a very limited extent in
the Panama Basin.

Particulate 2307h/231p, ratlios were negatively correlated with
the concentration of suspended particles. However, variable scavenging
rates, as indicated by variable particle cencentration, do not completely
control the ratio at which T™h and Pa are scavenged from solution. Major
biogenic and inorganic components of trapped material were found in
approximately the same proportions in the STIE samples and in samples
from Sites E and So. Tower 2301h/231ps ratios found in the STIE
samples must therefore result from subtle changes in the chemical
properties of the particles. Consideration of 230Th/231ps ratios in
several depositional environments indicates that no single factor
controls the ratio at which Th and Pa are adsorbed from seawater.

Fluxes of 2307h and 231p, were less than their rates of

production in the overlying water column in every trap at Sites S,, E,



aund P.  In the Pavnama Rasiu, fluxes measured with the same traps were
greater thau or egual to their rates of production. These results are a
stroug iandication that even extremely reactive elements such as Th aud Pa
are redistributed withiu the oceans. Redistribution occurs because
variable scavenging rates in different euviroameants set up horizountal:
concentration gradients. Horizontal mixiug processes produce a uet
borizontal traunsport of Th and Pa from areas of low scaveuging rates to
areas of high scavenging rates. Protactinium is redistributed to a
greater exteut thaa Th. Fluxes of 230Th can be used to set lower

limits for borizoutal trausport of Pa eveun when absolute trappiung
efficieacies of the sedimeut traps are not konown. Less than 504 of the
Pa produced at the open ocean sites is removed from the water coluwam by
scavenging to settling particles The remainder is removed by htorizontal
transport to other euvirduments. ' '

At Sites E and P, 230Th/231Pa ratios were identical iun the
deepest sediment Lrap samnle and in surface sediments. Howevef,
230Th/73?"’ and 23 Pa/2 <Th ratios were 2.5 times higher in :
trspped particles than in surface sedimeats. The 230th /2329h ratios
vere 5.5 times highar in particles filtered at 3600 m aad 5000 m at Site
E than in surface sediments. This observation is best explained by
dissoluticn of most of the 230Th and 23lpa scaveuged by settling
particles duriog remineralization of labile biogeuic phases.

The behaviovs of certain other radiolsotopes were also studied.
23240 is present only in detrital miuveral compouneuts of trapped
mateLlal. Concentrations of 2327h in trapped particles corvelate
closely with Al znd K, at ratios approaching that of average shale or
crustal abundances at Sites F and P aud basalts at the STIE Site. igh
specific activities of 2287y aua 239+240py were fouud in sediment
trap samples throughout the water columm at Sites F aund P and in the
Panama Basiu. . The dominant source of these isotopes is mnear the sea
surface and also near the sea floor in the case of 2287h. Thus it
appears that the bulk of the trapped material is receantly derived from
the sea surface where it incorporates these isotopes, with little loss
during rapid trawsit through the water columun. A biocauthigenic form of
particulate uranium is produced at the sea surface and remineralized in
the deep ocean aloag with its labile carrier phase(s) This flux of
uranium to the deep oceaun is 0.25-1.0 dpm/cm? 2103 years, which is
insufficient to cause a measurable concentration gradient in the uranium
distribution withiu the mixing time of the oceans. Tucreased
concentrations and fluxes of particulate uranium were not found in the
eastern equatorial North Pacific under areas of an intense oxygen
winimum. Therefore, reduction of uranium to the tetravalent state with
subsequent scavenging to settling particles in oxygen minima is not a
mechanism removing urauluin from the oceans. '
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CHAPTER 1.

GENKRAL INTRODUCTION

INTRODUCTION

The natural radioactive decay series, of which 238U, 235U, and

232Th are the parents (Figure 1-1), have been present in the

environment since thg fofmation of the earth. Geochemical processes act
upon the uranium-— ané thorium—series isotopes in'the same manner‘as they
act upon the stable elements. As geocheﬁical»processes separate elements
with differéntrchemical properties within the radioactive decay series,
radioactive decay tends to restore radioactive equilibrium at a well
defined rate. The degree of disequilibrium between a parent-daughter
pair can then be used to determine the rate at which geochemical
processes are separating the two elements.

Thorium-2230 and protactinium-231 are valuable tracers of processés
which scavenge reactive elements (elements that are rapidly adsorbed to
particle surfaces) from seawater. Both isotOpes'are produced in seawater
by radioactive decay of dissolved uranium, which has a long residence
time (4 X 105 years; Brewer, 1975) in the oceans because of the stable
complex it forms with carbonate ions (Starik and Kolyadnin, 1957;
Langmuir, 1§78). Because of its long residence time, the uranium
‘councentration is constant throughout the open ocean (Turekian and Chan,
1971; Ku et al., 1977). Thus, 2304, and 231 p, are produced at
constant rates throughout the ocean, greatly simplifying the modeling of
the rates and mechaniéms of removal of these isotopes from seawater.

History of Marine Radiochemical Research Leading to this Dissertation

Radioactive decay provides the ultimate clock against which all

geological time scales must be set. Some of the earliest marine
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Figure 1-1b.

The man-made 241

-1

5&

Am aecay series.
from Lederer and Shirley (1978).
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radioéhemical research involved attempts to determine deep-sea
sedimentation rates from uranium-series disequilibria. The early history
of this field has beén reviewed by several authors (Ku, 1966, 1976;
Thomson and Waltom, 1972; Goldberg and Bruland, 1974; Osmound, 1979).

Only the history leading up to this research on the marine geochemistry
of thorium and protactinium will be reviewed here.

The 226Ra content of deep-sea sediments was first measured by Joly
(1908) and later by Pettersson (1930) and Piggot (1933). Radium was
found to be present at much higher concentrations than in continental
rocks. Based on the limited number of surface sedimeunt analyses that had
been carried out, Piggot (1933) suggested that in the deep, well
oxygénated ocean uranium forms inéoluble éxides whicﬁ settle to the sea
floor, producing the high 226Ra contents of sediments. Uranium could
not be measured at that time and subsurface sedimeuts were not available
for analysis to determine if the radium contents rémained high throughout
the sediment column. Pettersson (1937) later suggested that the high

radium contents result from the precipitation of ionium (230

Th) from
seawater after production by uranium decay. This was confirmed when
radium distributions were measured in cores which had béen dated by the
1ithologicdl changes induced by glacial-interglacial cycles. Radium
contents of sediments were obsérQed té decrease according to the

230Th'(Piggot and Urry, 1939, 1941, 1942 a,b). Pettersson

230

half-life of

(1937) and Piggot and Urry (1941) suggested that Th is scavenged

from seawater by iron cxyhydroxides since Fe(OH)3 was a well known

carrier of thorium in laboratory studies.

By 1942 (Piggot and Urry, 1942a) the principles of the excess 230Th

(230Th unsupported by its uranium parent) method of determining

\
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sedimentation rates were well known (see Ku, 1976, and Osmond, 1979, for

.. L ; . 230 . ' ' o
a discussion of the meth@d)v Although “77Th could not yet be measured

226

L, e . O i. - . . . . .
directly, Ra distributions were used to ohtain sedimentation rates

.. 230 - . . '
from the decay of its 3 Th' parent with depth in sediments. Problems

associated with the method, including variable rates of precipitation of

230, . . .
Th from seawater and variable sedimentation rates, were also

discussed by Piggot and Urry (1942a). Kroll (1953; 1954) showed that
diffusion of 22°

230Th

Ra in sediments may lead to disequilibrium between

220Ra, so he (Kroll, 1953) encouraged Isaac and Picciotto

230

and

(1953) to make the first direct measurement of Th in deep-sea

sediments by an alpha track, nuclear emulsion technique. Picciotto and

Wilgain (1954) refined the method, including a correction for alpha

927 231

tracks produced by Th, a decay product of Pa, which they felt

might be enriched in sediments by precipitation processes much like

230Th.

] : .. .230 ; .
Several methods of normalizing JvTh_contents in sediments Lo other

elements or isotopes with a similar source by precipitation from seawater
were developed to compensate for uncertainties resulting from variable
sedimentation rates and variable rates of precipitation of reactiwve

clements from seawater. Picciotto and Wilgain (1954) suggested

normalization to 232Th while Bafanov and Kuzmina (1957, 1958)

normalized excess 2300, to Pe and Mn oxides. The 230, /231 p,

method was suggested by Sackett (1960) and Rosholt et al. (1961). The
basis of the method is that both isotopes are produced by uranium decay

in seawater and both are rapidly removed from seawater to the sediments.

Normalization of 230Th to 231

' 232 . 230
other methods, as 34Th has a very different source than

Pa was thought to be superior to the

Th, and
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. . . 2 23
Fe and Mn have very different chemistries than "HOTh. 1f "OTh and

2721 :
Pa are affected equallv hy scavenging processes, then the

22 721 . . .
unsupported Th/ 7 Pa ratio at anv depth in the sediment would be
onlv a function of time, and would not be affected bv changes in

sedimentation rate or changes in the uranium concentration of seawater.

varlv Comparisons of the Mavine Ceochemistry of Thorium and Protactinium

Thorium and protactinium were soon shown not to have identical

?
_30Th/231

chemical behaviors in seawater. Unsupported Pa ratios in
surfacé sediments were often greater than 10.8, the ratio expected from
their rates of production by uranium decay in seawater (Sackett, 1964;
Ku, 1966). 1In éontrast, ratios less than 10.8 were found at the surfaces
of manganese nodules (Sackett, 1966; Ku and Broecker, 1969)., Some type
of chemical fractionation of thorium and protactinium was clearly
occurring in the oceans.

Attempts at measurement of the 230Th and 231Pa content of
seawater were of little help in understanding the nature of the
fractionation. Farly thorium measurements /Fovn et al., 1939: Koczy et
al., 1957) were unsuccessful in accuratelv determining the low

. . . 230 . . .
concentrations. They did, bowever, confirm that the 3 Th activity 1in

seawater is verv low compared to the activity of its parent, QBAU,
because of the removal of thorium to sediments by scavenging processes.
¥oczy et al. (1957) produced the first indirect measurement of the low
. 231 . .. 227
concentration of Pa in seawater. An upper limit for Th set

. . . 3 2
during their thorium determination showed that either 2 1Pa or 277

Ac
was present in seawater at concentrations much lower than would be found

. 235 . . . . sqsy s
if the SU series was in radiocactive equilibrium.
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Very few measurements of Pa have been made. Levels of Pa measured by
Sackett (1960) and Moore and Sackett (1964) were close to their detection
limits, with very high analvtical uncertainties. Measurements of Pa by
Ruznetsov et al. (1966) and Tmai and Sakanoue (1973) produced results
that are questionable because of the high and internally inconsistent

values that they obtained. Without reliable data on the Pa content of

230Th 231

seawater, the fractiomation of and Pa could not be

explained. However, the work cited above, and the results of 230Th

measurements by Somayaijulu and Coldberg (1966) and Miyake et al. (1970},
showed that Th and Pa are removed from seawater on a time scale of
decades.

Some further understanding of the geochemistry of Th has been gained

228 234

by the study of Th and Th. These isotopes are also produced by

radicactive decay in seawater but are present at higher activities than

230Th because of their much shorter half-lives. Amin et al. (1974)

234 238

found Th to be in radioactive equilibrium with U in the deep

ocean. Therefore, Th is removed from the deep sea on a time scale much
greater than the 24 day half-life of 234Th. Scavenging processes act

at much greater rates in surface seawater and in nearshore enviromments,
bwhere Th residence times of months or less have been found (Bhat et al., - |
1969; Broecker et al., 1973; Matsumoto, 1975; Knauss et al, 1978;
Santschi et al., 1979; Ti et al., 1979; Minagawa and Tsunogai, 1980).

230 231

Attempts at constructing a mass balance for ~ Th and Pa in

the oceans have not been very successful (Ru, 1966; Scott, 1968; Ku and
Broecker, 1969; Turekian and Chan, 1971). While Pa is preferentially
incorporated into manganese nodules, there are not a sufficient number of

231

nodules on the sea floor to balance the deficiency of Pa relative to
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2 .
- OTh in deep-sea sediments (Scott, 1968; Ku and Broecker, 1969), 4

230 . . .
source of Th other than by decay of uranium in seawater or a sink

- 231 .
for Pa other than deep sea sediments and manganese nodules must be

found.
Scott (1968) showed that rivers contribute an insignificant amount of
230
excess Th to the oceans. Rydell and Prospero (1972) further showed
that transport on atmospheric dust is also an insignificant source of

230

excess Th. Thus the two most likely transport mechanisms were shown

. . 230 . .
to he ineffective as Th sources. Nearshore and hemipelagic
sediments were suggested as possible Pa sinks by the results of Joshi and
Ganguly (1976a,b) and Kraemer (1975). However, the extremely limited
nature of their results precluded any concrete demonstration of these

environments as preferential sinks for Pa.

Ouestions Concerning the Geochemical Behavior of Thorium and Protactinium

Many questions remain regarding the mechanism by which sea floor

230Th/231

deposits obtain their Pa ratios. These include:

1) Do all particulate phases scavenge Th and Pa from seawater?

2) Do all particulate phasés scavenge Th and Pa at the same Th/Pa
ratio?

3) Are Th and Pa removed from the water column primarily by
scavenging to large, rapidly settling particles, which dominate the
particle flux, orbby scavenging onto small particles, which form the bulk
of the standing crop of particles (McCave, 1975; Bishop et al., 1977,
1978)7

4) As a corollary to the above questions, where does the
fractionétion of 230Th and 231Pa take place?

'A) Do settling particles, or a component of settling

particulate matter preferentially adsorb dissolved Th from seawater?
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B) Do manganese nodules preferentially adsorb dissolved Pa from

seawater?

) Does fractionation occur by surface-surface competition as
sediments comé into contact with nodules?

D) Does some form of sediment diagehesis preferentially release
dissolved Pa, which is then incorporated into manganese nodules?

¥) Some combination of the above?

231

2 . . . :
5) Are the high “BOTh/ Pa ratios in sediments and apparent

mass balance problems an artifact of reworking of old' sediments? The

230 231

excess Th/“""Pa ratio increases with a doubling time of about

57,000 years. Reworking of old sediments could therefore produce, at
least locally, high 230’."h/ZBIPa ratios. |

Some of the above questions could be partially answered by a careful
consideration of available data for sediments and nodules. Ku and

Broecker (1969) and Krishnaswami and Cochran (1978) found higher

230 231

concentrations of "7 Th and Pa in the tops of nodules exposed to

seawater than in the bottoms buried within the sediments. This suggested

230Th 231

that nodules obtain their and Pa by adsorption from seawater

rather than from the sediments.

230

. . 23
Manganese nodules contain little of the Th and ~ 1Pa produced

in the overlying water column (Figures 1-2 and 1-3). Therefore, even if

nodules fractionate Th and Pa during adsorption, they should have little

5
effect on the ratio of the 230Th and 231

nodules obtain their 230Th and 231Pa from settling particles, and if

settling particles are the dominant transport mechanism removing 23OTh

2
and 2“1Pa from seawater, then the rate of supply of 230Th and 231Pa

Pa remaining in seawater., Tf

to the nodules should increase with depth. It can be seen in Figures 1-2
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Inventories of unsupported 231pa in deep-sea manganese

nodules, Data are from Ku and Broecker (1949). The solid
line represents the rate at which 231Pa is produced (atoms
per minute/ cm?) in the overlying water column by decay of

Figure 1-2..

uranium.
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Inventories of unsupported 230Th in deep-sea manganese

nodules. Data are from Ku and Broecker (1969). The solid
line represents the rate at which 230Th is produced (atoms
per minute/ cm2) in the overlying water column by decay of

Figure 1-3.

uranium.
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and 1-3 that inventories in nodules do not increase with depth, further

suggesting'that>nodules do not obtain their 230Th and 231Pé from

particles or sediments.
Two studies within limited areas of the oceans have shown highly

. 230 . . . . 4 e
variable unsupported Th inventories in sediment cores taken within

the same depth range (Cochran and Osmond, 1976; DeMaster, 1979). Thus,

230, . . . .
Th is not a strictly vertical process whereby settling

scavenging of
particulate matter removes Th from the water column to underlying

o . : e 230, - o

sediments. Calculated inventories of Th are very sensitive to
sediment densities assumed in the calculation. Therefore, absolute ..
inpventories will not be discussed further. Ratios of the inventory of
excess Th to the inventory of excess Pa are not sensitive to

errors in assumed sediment density. These ratios, determined for several
‘cores, are shown in Figure 1-4. There is no evidence that processes
fractionating Th and Pa are a function of depth. Most of the cores in
Figure 1-4 contain sediments with a ratio of the inventory of excess

230 o ' 231, - ] .
Th to the inventory of excess Pa greater than 25, the ratio
that would be expected from their rates of production in seawater (the =
- 234,235 . . .. ' . .

2 kU/i3DU activity ratio in seawater is 25). Of the cores with

ratios less than 25, all but two, those designated by B, are from areas
of siliceous ocozes in the Antarctic.

"Several arguments can be made against reworking of old sediments as a

230 231

mechanism producing high Th/ Pa ratios in surface sediments.

Ku (1966) found that excess 230Th and 231Pa distributions in.

sediments generally gave concordant sedimentation rates, even in cores

230 231

with high - Th/ Pa ratios at the surface, He used this as

evidence against reworking, because it would require a constant supply of

A



Figure 1-4.
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Ratios of inventories of unsupported 2307h (dpm/cm?) to
unsupported 231ps (dpm/cm?) measured in deep-sea

sediment cores. The dashed line represents the ratio that
would be expected from the rates of production of 230Th

and 231pa in seawater (23%4y/235y activity ratio is 25)

if thorium and protactinium were removed to sediments
without fractionation. Symbols indicate the references from
which the cores were taken: K: Ku (1966): B: Broecker and
Ku (1069); R: Ku et al. (1972); M: Mangini and Sonntag
(1977); D: DeMaster (1979).
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230 231

reworked material with a constant Th/ Pa ratio for several

hundred thousand years at the sites studied.

2 3
_BOTh/Z,l

Tt can be shown by a simple calculation that Pa ratios

of 20-30 do not likelv result from a mixture of modern settling

230 231

particles, with a Th/ Pa ratio of 10.8, and aged sediment eroded

from another location. ' If the eroded sediment initially had a ratio of

.. 2 23 . o C e
10.8, and initially had “BOTh and 1Pa specific activities equal to

modern settling particles, then the resulting ratio can be expressed as

.

o (l—X)AOTh " XAOThe_ATht
xs””OTh/xs Pa

p Z ’ , Y
(1-X0A "% + XAopae Apgt

o

where xs refers to OTh and 231Pa in éxcess of their uranium

parents, X is the fraction of surface sediment made up of reworked
material,.AO is the initial activity, Azh/Aza = 10.8, X is

the radioactive decay constant, and t is the age of the reworked
sediment. A plot of the ratio against t for several values of X is shown
in Figure 1-5. Fven if 80% of surface sediments consist of reworked
material, the maximum ratio at t = 120,000 yearsris about 19, still much
less than ratios that have been measured (Ku, 1966; Ku et al., 1972; this
work). This model is overly simplistic in that it assumes mixing of two

end members of discrete ages. However, it does show that unreasonably

large amounts of eroded sediments are required to produce the unsupported

"
;30Th/231

Pa ratios of 20-30 measured in surface sediments over large
areas of the ocean.

Bioturbation also mixes particles settling to the surface sediments

with older material. The effect of bioturbation on the unsupported

23OTh/231Pa ratio in the mixed layer can be shown by the following



Figure 1-5.

Unsupported 230Th/231pa activity ratio in surface
sediments as a function of age and amount of reworked
material. The percent of total sediment consisting X%
reworked material of age on the abscissa and (1~X)% modern
sediment with a ratio of 10.8. Curves are drawn for
different values of X assuming equal initial specifiec
activities of modern and reworked sediment.
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Figure 1--5.
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calculation. - The steady state distributions of unsupported 23OTh and

231
2 Pa can be represented as
Th Th Th
SA = A - '
c ThAm Xm * SAm (2)
and
Pa _ Pa Pa
SAo XPaAm Xm * SAm (3)
where S§ is the sedimentation.rate, A.o is the unsupported activity of
the settling particles, A is the unsupported activity in the mixed
laver, and Xm is the depth of the mixed layer. If high unsupported
2 31 . . . .
: 3O'I‘h/23lPa' ratios in the mixed layer result entirely from
. . . Th Pa .
bioturbation, i.e. A /Ao = 10.8, then Equations (2) and (3)
can be combined to givé
Th . :
. + S
Am _ (APa Xm 5) (&)
—5g = 10.8 , — .
Am (ATh Xm + 8)

The depth of bioturbation is probably less than 10-15 c¢m (Nozaki et al.,
1977; Cochran, 1980), and values of S for’cores studied by Ku (1966) and

230Th/23lPa rafios of 20 or more in

Ku et al. (1972) with unsupported
surface sediments range from 3-10 mm/lOBy. Inserting these values of 8
and a maximum X of 15 cm into Equation (4) gives a range of

Th Pa ' . .
Am /A.m of 13-16, much less than ratios measured in surface
sediments. Therefore, neither redeposition of eroded sediments nor
bioturbation can completely account for the high ratios commonly found in
surface sediments, and the high ratios must result from some process

fractionating the two isotopes between their production in seawater and

their burial in sediments.
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Objectives of this Dissertation

Several investigations of the marine geochemical behavior of Th
isotopes have have been carried out with the objective of better
understanding the fates of reactive elements in the oceans (Broecker et
ai., 1973; 1.i et al., 1979). 71t is implicit in the use of Th as an
analog of other reactive elements that all reactive elements follow the
same pathway of removal from seawater. Thorium-230 and 231Pa are ideal
for the study of scavenging processes in seawater. Their source by decay
of dissolved uranium is better known, and better quaﬂtified, than for any
other element.

Most of the studies of the geochemical behavior of Th have been
carried out in surface or nearshore wafers, where residence times with
respect to scavenging are a few months or less. Thorium may act as an
analog for other elements in these environments where many elements are
rapidly removed from seawater onto particulate phases. Geochemical
identities of different elements may be obscured in nearshore or surface
waters because of temporal variability in scavenging processes associated
with changes in primary productivity, rates of resuspension of sediments,
or other factors. Scavenging processes occur on a much slower time scale
in the deep ocean, so subtle variations in scavenging processes between
different enviromments, or hetween different elements, may become
measurable.

A study of the processes removing Th and Pa from the deep sea was
initiated because of the information that it would provide about the
rates and mechanisms of removal of reactive elements from the oceans.

Specifically, the means by which two extremely reactive elements, Th and

230

Pa, are fractionated in seawater was to be determined. Since Th and
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231

Pa are produced by the same source in seawater, their distributions
are valuable as an indicator of the limitations of the use of one
element, for example Th, to predict the fate of other reactive elements

introduced into the deep oceans. More generally, a study of the

scavenging of these elements in different environments would show to what

extent factors such as particle flux, particle composition, and proximity

to ocean margins affect the removal of reactive elements from seawater.

. . 230 231 .
Since the rates of production of Th and Pa in seawater are

230 231

well-known, fluxes of Th and Pa into sediment traps can be used

to set constraints on the trapping efficiency of the sediment traps.

Finally, a better understanding of the geochemical behaviors of 230Th

3 . . . . . .
and “1Pa could help explain discrepancies in chronologies determined
by the two isotopes, and even open up some new opportunities for their

use in paleooceanography.



"CHAPTER 2.

- . METHODS

INTRODUCTION

Uranium, thorium, and protactinium havé been measu;ed'in
epvironmental samples for many years. Howéver, anglytical methods
described in the literature tend to be very time consuming or require
elaborate 1aborato£y facilities (Ku, 1966; Roéﬁolt:and‘Szabo; 1569;
Kraemer, 1975; Sill, 1978). ‘Initial work on this dissertation involved
the development of a simpler analytical procedure fér the measurement of
‘U, Th and Pa isotopes in small environmental sampiés; As the work

: ' 2
progressed, the method was altered to allow the measurement of ?7Ac,

24'lAm, and the alpha-emitting Pu isotopes.

Objecti&eé of this method are basicallyvthe same as in the references
listed above. Samples must be brought into solution to allow isotopic
equilibraticn of the natural isotopes with isotopes added as yield
monitors. Elements of interest are first éeparated from the ma jor
elements constituting the bulk of the éample and subsequently from each
other to allow counting without interferences. Each purified element is
then plated és a thin sburce suitablé for alpha spectrometry. Isotopes

of interest were shown in their radiocactive decay schemes in Figure 1-1.

SAMPLE PREPARATION

Liétie prepération was required fér sediment saumples, which were
‘taken so as to avoid contaminatién at the edges of gravity and piston
.cores and the bottoms of box cores. Several grams of sediment were dried
at 110°C to a constant weight, ground with an agate mortar énd pestle,

and stored in air-tight plastic vials.
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A detailed description of the procedures for recovery of sediment
trap samples at sea, transport of the samples to Woods Hole, and
distribution of sample fractions to various investigators has been given
by Honio (1978&,-1980), A portion of each sample for chemical analvsis
was obtained from the less than 1-mm size fraction of the trapped
particles. These samplé fractions were vacuum filtered on O.AS—pm
Nuclepore filters, dried to a constant weight at 6OOC, removed from the
filters, ground with an agate mortar and pestle, and gtored in plastic
vials in a desiccator.

Samples obtained by the Massachusetts Institute of Tecﬁnology Large
Volume Filtering System (M.7.T.-L.V.F.S.) were handled according to the
procedure of‘Bishop and Edmond (1976). fhese samples were collected on
Mead 935-BJ glass fiber filters.

Samples of particulate matter obtained on R/V ENORR Cruise 73, Teg
16, and R/V OCFANUS (ruise 78, Teg 1, were obtained by in situ filtration
with 293-mm Nuclepore filters with a 1.0-um pore diameter., Filtering
was carried out by means of battery-powered pumps which have been
described by Spencer and Sachs (1970) and Krishnaswami et al. (1976).
Filters were pre-weighed after equilibration with air for several days.
Tmmediately upon recovery of the pumps at sea, the filters were rinsed
with distilled water, folded, and stored wet in plastic bags for return
to Woods Hole. Filters were dried at room temperature in a constant
humidity weighing room and weighed periodically until they reached a
constant weight. The weights were used to determine the quantities of
particulate matter filtered. Dried filters were stored in plastic bags

until time of analvsis.
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Manganese oxide-coated Nitex was exposed to seawater to allow
adsorption of Th and Pa isotopes as a means of determining their
concentration. Siﬁilar methods have been used for several vears (Moore
and Reid, 1©73: Moore, 1976; Knauss et al., 1978; Reid et al., 1979
a,b). VNitex fabric (Tohler, Frnst and Traber, Tnc.) was coated with
MnO2 according to the method of W. M. Hao (personal communication).
Sheets of 62-micron mesh Nitex fabric of approximately 30 cm x 80 cm were
leached in 0.1W HCl for 24 hours. Upon removal from the HCl, the Nitex
was washed with distilled water and then soaked in 0.3N KMnO4 for 19
hours. This formed a thin coating of cryptomelane (R. Burns, personal
communication to P. Brewer) on the WNitex. The MnOz—coated Nitex was
then washed with distilled water, dried, and stored in plastic bags.
Upon recovery from seawater, the MnOZ—Nitex samples were stored wet in

plastic bags until time of analysis.

ANATYTICAL TECHNIQUES

Dissolution of Sediment and Sediment Trap Samples

Dried sediment, sediment trap, and glass fiber filter samples were
first weighed in Teflon beakers. Glass beakers were avoided throughout
this procedure to prevent adsorption of Pa. Sample sizes were 0.1-0.6 g
of sediment trap material and 1-3 g of sediment. Appropriate amounts of
236U, 229Th, and 233?3 tracers were added, along with enough 9N HCL
to:dissolve any CéCO3 present and to initiate the breakdown of the

. ‘e . . . 242
aluminosilicate matrices. Certain samples also received 4 Pu and

243Am tracers and stable Sr and Cs carriers. Samples were then
evaporated to near dryness, whereupon 5-15 ml 70% HClOA, depending on

sample size, was added, and heating was continued to fuming HClO4 to

destroy organic matter. After fuming in covered beakers for 20-30
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minutes, the samples were cooled hriefly and 15-20 ml 48% HF was added.
To insure that all of the Si was veolatilized as SiFA, three additions
of HF, with subsequent heating to HClO4 fumes, were made. Beakers were
then rinsed with concentrated HNO3 and taken to fuming HClO4 twice to
remove all traces of HF. This is important, because protactinium forms
stable fluoride complexes (Reller, 1966) whiéh could interfere at later
stages of the procedure. Finally, samples were dissolved in the minimun
amount of 2N HCl required to achieve complete dissolution of the HClOA
sludge. TIf the HClO4 was heated to a crust, heating in a larger volume
of 2N.HC1 for 1-2 hours was required to bring the samples back into
solution.,

Precipitates of unknown composition occasionally formed later in the
procedure, particularly in HNOé solutions. Since isotopic equilibrium
should have been achieved once samples were in solution, no special
efforts were made to prevent later precipitates from forming. Chemical
vields were not seriously affected on occasions when these precipitates

formed.

Dissolution of Nuclepore Filters

A slower and more gentle dissolution procedure was required for
Nuclepore filters. Filtérs placed in hot, concentrated HNO3 oxidize
rapidly (burn), leaving charred, soot-covered beakers. Filters placed in
hot; fuming HClO4 explode, resﬁlting in loss of samples.

Dried, weighed filters were folded into 50 ml Teflon beakers, and
appropriate yield monitors were added. Decomposition of Nuclepore

filters was initiated by soaking in concentrated NH,0H for

4

approximately 12 hours. Ammonia was driven off by repeatedly heating the

samples to near dryness and adding water. Organic residues from the
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filters were gently oxidized by adding 4N HN03 and heating to gradually

-concentrate the HMO, as the sauples evaporated. Concentrated HNO

3 3

was added as the samples neared dryness, and the beakers were covered

with Teflon watechglasses to reflux the HNO When residues were

3
removed fromrfhe sides of the beakers and it appeared that the samples
were in solution, watchglasses were removed, approximately 5 ml

. concentrated HClO4 was added,.and the samples were heated slowly to
vfumingVHClOa. Explosions were successfully avoided by this slow.
oxidation procedure.v HF was added. to remove $i, and the samples were

heated to concentrated HNO_, and then fuming HC104 to remove HF.

3

Samplés in fuming HClO, were heated to a crust to remove as much Cl as

4
possible and were subsequently dissolved in 5 ml 1.6N HNOB. Aliquots
(2%) were removed and evaporated on 37-mm Nuclepore filters, which were

then pelletized for neutron activation. The remaining 98%Z of each sample

was bheated agaih to a HC10, crust, dissolved in a minimum amount of 2N

4

HCl, and treated thereafter like sediment and sediment trap samples.

Coprecipitation of Hydrolyzable Metals

Alkali and alkaline earth metals were separated from the actinides by
coprecipitationbof hydrolyzable metals. The samples, now in 2N HCl, were
brought to pH 7 withvconcenprated NHaoﬂ. Aluminum and iron were the
ma jor cations forming hydroxide precipitates, and even in the case of the
smallest amount of filtered particulate material, there was sufficient
precipitate to carry the actinides. Only during blank determinations was
it necessary to add Fe to carry the tracer isotopes throughkthe
‘coprecipitation steps. Precipitates wgre_céntrifuged, decanted,

resuspended in distilled water, and centrifuged again. Samples were
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further purified bv re-dissolving with ON HC1 and repeating the
coprecipitation procedure.
. . en. 90 137
Certain sediment trap samples were analyzed for Sr and Cs.
These were the samples to which stable Cs and Sr carriers were added
along with the radioisotope vield monitors. Strontium and cesium are not
significantlv coprecipitated with Al and Fe hyvdroxides. Supernates from
the coprecipitations and distilled water washes were combined and saved
. 2N 137 .
for analysis of Sr and Cs in the laboratory of Dr. V. T. Bowen

at W.H.0.T. according to published methods (Wong et al., 1970).

Ton Exchange Procedure for Sediment and Particulate Samples

Most of the remaining purification of the actinides was carried out
by selectively using the anion exchange resin Dowex AG 1X8, 100-200
mesh. Both chloride and nitrate forms of the resin were used to make
columns of 10-12 cm length and 7 or 13 mm internal diameter. larger
diameter columns were used for the first and second columns in the
analysis of large sediment samples. For smaller samples and subsequent
clean—up steps the 7-mm diameter columns were used. Slightly different
elution.séﬁemes were used, depending on whether or not plutonium was to
be measured.

Columns were prepared by pouring resin suspended in distilled wéter
into the columns and rinsing the résin with several column volumes of
di%tilled‘water. Resin in the first column for each sample was converted
to the chloride form by washing with 3-4 column voluﬁes of 9N HCL.
Sample precipitates were dissolved in enough concentrated HCl to bring
the total volume to at least 9N in HCl, and samples were loaded on the
columns. Several column volumes of 9N HCl were added.in small increments

to wash ﬁﬁe bulk of the samples through the columns. If Pu was to be
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measured, concentrated HCl was substituted for 9N HCl. Thorium, Am and
Ac passed through the resin along with Al, which constituted the bulk of
the sample at this point. Some Pa alsoc passed through the resin in HCI
when large samples were analyzed. Protactinium retained by the resin was
eluted with 9N HC1+0.13N HF, or with concentrated HC1+0.13N HF if Pu was
to he measured. Plutoﬁium was eluted with 6N HC1+0.26N HF, and U and Fe
were eluted with 0.1N HCl(l). Uranium was separated from Fe and other
contaminants on 7-mm diameter nitrate columns prepareq like the chloride
columns described above except that 8N HNO3 was used to wash the resin
rather than 98 HCl. The 0.1N HCl fractions from the firsé columns were
evaporated, taken to concentrated HNO3, diluted with distilled water to
approximately 8N in HNOB, and placed on nitrate columns. TIron was

eluted with several increments of 8N HNO, wash and U was eluted with

3
0.1N HCl. The 0.1N HCl fractions were again taken to small volumes of
concentrated HNO3. At this point U fractions were usually clean enough
to electroplate. Tf too much Fe remained, as judged from experience,
nitrate columns wererrepeated before plating. Iron fractions were saved

for certain sediment trap samples for analysis of 55Fe in the

laboratory of V. T. Bowen by the method of Labeyrie et al, (1975).

lTwo alternatives to the method in the above paragraph have been tried
and discarded. First, ethyl and isopropyl ether were used individually
to extract most of the Fe from the 9N HCl before the first column. This
step was replaced by using the wider diameter columns which could
accomodate all of the Fe in any of the samples analyzed. FEther
extraction of Fe was not quantitative and another column was necessary to
separate U from residual Fe whether or not an ether extraction was
performed. Second, it would have been desirable to have used the nitrate
form of the resin in the initial column since theoretically U, Th, and Pa
should be retained by the resin while most other elements pass through.
However, some Pa passed through the initial nitrate column and low U
yields resulted when a nitrate column was used first.
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Sample fractions containing Th, Am, Ac, and some Pa were heated to
evaporate the BCl. When precipitates began to form, 3-4 times that
volume of concentrated PN03 wag added. As HCl boiled off, more white
precipitate often formed, particularly in large sediment samples. After
3 équal volumes of

distilled water were added so that the resulting solutions were

samples had been heated to concentrated HNO

approximately /N in FNOB. Precipitates usually dissolved with gentle
heating if sufficient 8N HNO3 was used., After cooling to room
temperature, &N HN03 fractions were placed on 7~ or 13~mm diameter
nitrate columns, depending on sample size. When large sediment samples

were analvzed, only about one column volume of 8N HNO, wash was passed

3
through thevcolumns after the samples since Pa would eventually begin to
elute in 8N HNO3. Thorium was eluted next with 9N HCl. Once the

washing solutions were changed to 9N HCl, Pa was strongly bound to the
resin and Th could be eluted with 4-5 column volumes of 9N HCL.
Protactinium was eluted with 3-4 column volumes of 9N HC1+0.13N HF and
combined with the Pa fractions from the first (chloride) columns.
Plutonium andramericium were only measured on small samples where Pa was
strongly bound by the resin so that several column volumes of 8N H.NO3
wash could be used. Thg 8N HNO fractions contained Am and Ac and were .
saved for later analysis.

Poor retention of Pa by the resin in 9N HCl and 8N HNO, was a

3
problem only for large sediment samples. Protactinium was strongly bound
by the resin in both acid solutions when smaller sediment trap and
filtered particle samples were analyzed. Poor retention of Pa by the

resin in HCl was also observed by Kraemer (1975), and it appears that Pa

is less strongly adsorbed to the resin, or more easily displaced from
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resin binding sites, in more concentrated sample solutions. If is not
‘clear whether this is due to cbﬁpétition"fof tesin binding sites or if
the speciatiqn_ofvPa is changed in the more concentrated solutions.
Thorium fractions were heated‘to‘Conéentrated‘HNO3, diluted with
distilled water to approximately 8N HNOB, and placed on 7-mm diameter
»ﬁitrateAcolumns. Enough SN HNO3 wash was used torremOQe esséntially
all interfering elements. Thorium was eluted with 9N HCI, Heated to -
_émall volumes of concentrated HNO3; and electroplated.’ Any'Pa'that'may"-
have been in the Th fractions after the first nitrate columﬁs was eluted
~with 9N HCI + 0.13N HF. ~Usually no Pa was found, as determined by

. 3 : . .
'gamma-—countlng"-2 3Pa. When 234Th was measured, it was essential that

no 233fa be present in the Th fractibns té'interfgré withvthé
beta-counting. Therefore, when 234Th was measured, the Th fractions
were put through third nitrate columns, identical to the second, to
remove any residual Pa.

Macroscepic améunts of impurities present in the Pu fractioms after
the first ion exchénge-columﬁsinecessitéted additional clean-up columns
"before Pu .could be.electroplated. Plutonium fractions were heated to
near dryness several times in concentrated HNO3 to remove any HF, taken
up in concentrated HCLl, and heated to remove as much HNO3 as possible’
Samples in concentrated HCl were cooled and placed on 7-mm diameter
‘chloride columns. Impurities were washed off with 9N HCl, and Pu was
eluted with 6N HCl + 0.26N HF. 'If residue was-still present on.heating
the Pu fraction to dryness, the clean-up columns were repeated.  However,

this was seldom necessary, and the Pu fractions at this point were ready

to electroplate.
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Manganese Oxide-Coated Nitex Samples

An acid-reducing agent was used to bring the MnO?—Nitex samples
into solution, Aoﬁropriate amoﬁnts ofltracer isotopes were added to
samples in Teflon or polypropvlene beakers. Manganese oxide was
dissolved by leaching in a mixtﬁre of 200 ml 3% HNO ,, lO ml 20%
NHéOH-HCl, and 1 ml 48% WF. Leaching solutions were decanted from the
Nitex into 2?50 ml Teflon beakers and evaporated. Meanwhile, the Nitex
was 1eéched again in 200 ml 3% HNO3 + 1 ml 48%Z HF. The second
leachates were added to the first, and third leaches were performed using
200 ml 3% HNOS. Fach leach required about 12 bours. ZLeachates were

combined and evaporated to small volumes of concentrated HNO Beakers

3
were washed several times with concentrated HNO3 and heated to mnear
dryness to remove all HF. 1If samples were accidently heated to dryness,
concentrated HCl was required to dissolve the precipitates and the

samples were heated back to concentrated HNOB. Distilled water was

added to bring the solutions to 8N HNO

3 and samples were loaded on 7 mm

x 12 em nitrate columns, prepared as previously described. The bulk of
the samples consisted of Mn leached from the Nitex. Manganese passed
through the resin in 8N HNO3, along with Am, Ac, Ra, and any transition

metals which may have been adsorbed from seawater onto the MnO_-Nitex.

2
Several column volumes of 8N HNO3 were used to rinse the Teflon beaker
and wash the coluﬁn, and the combined &N HNO3 was stored for later
analysis. Thorium was eluted with concentrated HCl, Pa with concentrated
HCl + 0.13N HF, Pu with 6N HWCl + 0.26N HF, and U with O.1N HCl.
Approximately 20-25 ml wash was used in each elution. Subsequent

purification followed the anion exchange procedures described above.

Protactinium was strongly retained by the resin prior to its elution step.
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Actinium and Americium

. R ‘ . . 227
Actinium was measured indirectly by allowing its daughter, Th

(tll? = 18.7 days), to grow into radiocactive equilibrium for 3-5

227 . e . . .
months. The Th initially present in the samples was isolated with

. 227 . . .
the Th fractions. Attempts to count Th in the Th fractions of

several samples proved unsuccessful because of interferences in the Th

Q 2
alpha spectra by 22'Th and 2L8Th daughters. Thorium-free 227Ac was

eluted from the first nitrate columns in the above prqcedure in 8N

HNO,. Thorium-230 tracer was added to the samples in 8N HNO,, and

3
after ingrowth of 227Th, the samples were passed through 7 mm x 12 cm

nitrate columns. Actinium and Am passed through the resin, while Th was

retained. Thorium was eluted with 9N HCl and electroplated. Counting of

2 - .
the “27Thvsamp1es was started four days after plating to allow 212Pb

and its alpha-emitting daughter 212Bi, which interferes with 227Th,

to decay.
Tt is necessary to assume a quantitative recovery of Ac, since no Ac
vield monitors were added to the samples. To test the assumption, a

sample of Pacific red clay from several centimeters below the sediment

2 . .
surface was analyzed for ~31Parand 227Ac. This sediment was

227 227

sufficiently old that Ac and Th should have been in radioactive

]
equilibrium with 231Pa. The 23“Pa and 227Ac (227

indentical within counting error (227Ac = 2,17+ .19 dpm/g, 231Pa =

Th) were

2.23 = .05 dpm/g). Similar agreement of the two methods has been

observed by Y. Nozaki (personal communication).
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. . 227 . . .
After isolation of Th, americium was measured in certain samples

in the laboratorv of V. T. Bowen according to published methods (Wong et

al., 1970; 1ivingston et al., 1975; Anonymous, 1975).

Solvent Extraction and Plating of Protactinium
Protactinium required purification beyond the above ion exchange
steps, since its activity was much lower than other potentially

interfering isotopes. Five drops of concentrated H,_SO, were added to

2774

Pa fractions, which were heated first to concentrated HNO, and then to
? 3

fuming HZS('\/+ to remove all of the HF. After a brief cooling, samples

were taken up in 7.2N HCl and transferred to Teflon separétory funnels.

A second portion of 7.2N HCl was used to rinse the beakers and was added

to the separatory funnels so that the combined volume of HCI + HZSO4

was 10 ml. Protactinium was extracted twice with 6 ml of methyl isobutyl

ketone (MIBR) and then back extracted from the combined MIBK with two

washings of 5-6 ml 7N HCl + 2N HF.

One drop of comncentrated HZSO4 was added to the coﬁbined HCl + HF

washes. Samplés were heated first to concentrated HNO3 to oxidize

residual MIBK and then to fuming HZSO4 to remove any remaining HF.
Samples in one drop of H,80, were taken up in 1.5 ml 0.0LN HNO

and Pa was extracted into 0.4M TTA (Thenoyltrifluoroacetone or A

4,4, 4-Trifluoro-1-(2-thienyl)~-1,3~-butanedione) in benzene. The organic

phdse was evaporated onto silver discs, which were then flamed. Two

1-1.5-ml TTA extractions were sufficient to remove at least 90-95% of the
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Pa from the acid phase. Silver discs were used for uniformity since all

. . (
of the other elements were electroplated onto silver discs 2).

Flectroplating

Flectroplating was carried out on l-inch diameter silver discs in a
‘cell designed by C. T.. Smith and 8. Tsunogai. A coil of platinum wire
placed horizontally aone the silver disc within the plating solution
served as the anode. Plating solutions were stirred continuouslv by
means of a magnetic stir bar placed on top of the anode. Uranium, Th,

.

)
and Pu samples(3’ were heated to small drops of concentrated HNOq,

7protactinium was mounted for alpha-counting by three different methods
"during the course of this work. Initial attempts to electroplate Pa by
" the method used for U, Th, and Pu were unsuccessful, so other methods
were developed. Two methods were used on some early samples. In one
_case, the drop of H,80, was taken up in 1 ml 1.5N HNO3 and

extracted into 1.0~1.5 ml 0.4M TTA-benzene. The organic phase was
evaporated on a stainless steel disc and flamed. 1In the other case, the
H»S0, was taken up in 1 ml 6N HCl and Pa was extracted into MIBK,

which was also evaporated onto a stainless steel disc and flamed. The
TTA-benzene gave a much cleaner plate after flaming but required three
extractions from tHe acid, and- even then up to 30% of the.Pa remained in
the acid phase. Protactinium extracted quantitatively into the MIBK in
one extraction, but some residue remained on the disc after flaming. The
small amount of residue did not appear to affect the resolution of the
alpha spectrum of Pa.

Extraction into TTA-benzene proceeded to a much greater extent if the
drop of HQSO4 was taken up in 0.0lN HNO3 than in higher
concentrations of HNO3.

3A method of electroplating Pa was developed part-way through the

work. To the drop of cooled H9SO4 was added 100 yl of 9N HCl +

0.13N HF. Plating then proceeded exactly as for the other samples. Pure
Pa tracer would plate well by the standard method described above.
However, following isolation from a sample less than 10% of the Pa would
plate without the addition of HCl + HF. Unfortunately, the
electroplating method was not selective for Pa, as was the TTA-benzene

- extraction, and there was frequent cross-contamination of small amounts
of Th in the electroplated Pa fractions. The electroplating method for
Pa was only used on a few sediment samples and was abandoned in favor of
the TTA extraction to prevent cross-contamination.
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taken up in 1 ml of 0.01IN HNOB’ and transferred to thevelectroplating
cell. Beakers were washed with 3 ml of 2N NE, Cl (taken to pH 2 with
HC1) and this was also transferred to the cell. FElectrical current was
provided bv a Hewlett-Packard 6296A DC power supply. Plating started at
0.8 ampé and 3-4 volts, and was‘terminated after about one hour when the
current had dropped to 0.3 amps at 7.0 volts.

SAMPIF COUNTTNG

Alpha Spectrometry

Counting of alpha-emitting isotopes was by alpha spectrometrv with
silicon surface-barrier detectors (Princeton Camma-Tech PD—400—26-100)
mounted inside Xicksort vacuum counting chambers. Vacuum was provided by
- a GCA/Precision Scientific Model DD-20 vacuum pump. Detectors had an
‘active surface area of 400 mmz'and a miniﬁum depletion thickness of 100
microns. Detector bias was supplied by a Kicksort Model 504 N Quad Bias
Suppiy. Signals from the detectors were amplified by Ricksort Model 601
FET preamps and Model 211 Q Quadampé.

Two multichannel analyzer systems were used during the work., For the
early samples, the amplified signals were sorted by a Tracor Northern
Model TN 1710-5 four-input multiplexer-router and fed into a Tracor
Northern Model TN 1710 £096-channel pulse-height anaiyzer. The ﬁajoriﬁy'
of the samples were cbuﬁted on an expanded counting system in which tHe
amplified signals were fed trough a Tracor Northernm NS-459 D
‘ sikteen—inbut multiplexer-router into a Tracor Northern NS-720
4096—chaﬁne1 pulse-height analyzer. Spectra were printed out by a

Computer Terminal Corporation Model 2300P thermal printer.
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Reta and Gamma Counting

. 233 ’ 234
Beta-counting of most the Pa tracers and some of the Th

szamples was performed on a Nucleer Measurements Corporation Model POC-11T
proportional counter coupled to a NMC Model DS-1T decade
scaler/timer/high voltage supplv. Union Carbide 10% methane/ 90% argon
was used as the counting gas. Background for beta counting was 10-12 cpm
in the plateau region of 1750V. During the course of this work it was
necessary to change the center wire and preamplifier of the proportional
counter, after which the beta plateau was shifted to ; higher voltage and
counting was carried out at 1950V.

Muring the later part of this work a low-level, anticoincidence
beta~counting system was acquired. Thé detector was similar to that
described by Lal and Schink (1960). Voltage was supplied to the sample
detector andba guard detector by Canberra Model 3002 High Voltage
Supplies. Signals from the sample and guard detectors were first
amplified by Pelagic Electronics Model 7030-2 preamplifiers. Sample
signals were further amplified by a Canberra Model 2012 amplifier.
Signals from the guard detector were sent to a Pelagic Flectronics Model
7030-4 Gate Driver set for a 100-microsecond gate. Amplified signals
from the sample detector were fed through a Canberra Model 2032 dual
discriminator, which was coupled to the Gate Driver, and further through
a Canberra Model 2035A single-channel analyzer and a Canberra Model 14764
scaler. Sample and guard counts were recorded by a Canberra Model 1790C

234, 233

Counter/Timer. Most of the Th and some of the Pa counting was

performed on this system.
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Protactinium could be followed through the procedure by

gamma-counting the "~ 7"Pa tracer in various sample fractions. Sample
solutions were placed in test tubes and counted in a NMC Model US-1R
NaT({T1) well-type scintillation counter coupled to the DS-1T
scaler/timer /voltage supplv. Background was 250-300 cpm at 1300V.
During alteration of the procedure to allow measurement of Pu isotopes,

237 . . .
3 Pu was used to monitor the Pu behavior through the various steps of

233Pa 237

the method. Gamma-counting of and

Pu greatly simplified the
development of the methods for Pa and Pu.

SOURCES -OF ERROR.

Sample Size
Dried sediment and sediment-trap samples used for radioisotope
“analyses were accurately weighed on a Mettler semi-micro balance. FErrors
in weighing were negligible compared to other errors. Weights given for
sediment samples include residual sea salt from pore waters. Sediment
trap samples were split while still wet with a precision of better than
1% for particles less than 62 microns, and A% for 250 micron particles
(Honjo, 1978). One-quarter splits of the samples were filtered, dried,
and weighed as described under sample preparation. Total amounts of
material collected in the traps were calculated from the wéights‘of
one-quarter splits. dther errors 1n sample preparation prior to weighing
aré unknown, but should be small,
| large Volume Filtration System samples were weighed at MIT by R.

Collier.' Weights of particulate matter are given to two significant
figures, althoégh the precision is ﬁnknown. A better indicator of sample
size is the volume of water filtered, which is known to * 3% (Bishop

and FEdmond, 1976).
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Volumes of seawater filtered and weights of particulate matter
collected were measured for samples obtained using the battery-powered
pumps. Several small sources of error in sample size exist, the
magnitude of which cannot be accurately determined., Flow meters used
with the pumps (Kent Meter Sales, Tampa, FL) to determine the volumes of
seawater filtered were éccurate to within * 2% (P. Sachs, personal
communication). No leaks in the pumping systems were ever detected.
Unfortunately, particulate matter could not be quantitatively recovered
on the filters. Water within the filter holders was agitated as the
pumping systems were brought on deck. Some particulate material was
resuspended from the filters and adsorbed to the filter holders. This
material could not be observed directly on the filter holders, but became
“visible on wiping the filter holders with a white tissue paper.
Quantities of material lost in this way were very small relative tolthe
total sample sizes but cannot be accurately determined.

Errors in Qeighing Nucleporé filters most likely result from
incomplete equilibration of the dried filters with air in the weighing
roém. Unexpected changes in the humidity of the weighing room air could
also cause errors in the weights of the filters. Filters were weighed
repeatedly to minimize this error, which was probably less than 10% of
the calculated weight of particulate material.

-Nitex adsorbers were

234

Effective volumes of seawater sampled by MnO2

calculated from the measured amounts of adsorbed

234

Th with the

238

assumption that Th is in radioactive equilibrium with U in the

deep ocean (Amin et al., 1974; Bacon, unpublished data) at 2.5 dpm/1 (Ku

234

et al., 1977). Particulate Th was determined in samples obtained by

in situ filtration. Effective volumes of seawater sampled by
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Mn0,_-Nitex adsorbers placed in-lire behind the filters were calculated

2

/
. oL . .
from a dissolved Th concentration estimated as the total

concentration (2,5 dpm/1) less the measured particulate concentration.

Fffective volumes of seawater sampled by MnO,-Nitex adsorbers attached

. . . 3
to sediment trap moorings were calculated using the total 2 4Th

concentration (2.5 dpm/1). If no particulate 234Th was sampled by the

adsorbers on the moorings, the error introduced by this calculation is

o . : . 2
about 2%, as the concentration of particulate 34Th measured at

open-ocean stations on RN 73-16 was about 0.05 dpm/1 (Chapter 5). A 2%

uncertainty is small compared to counting errors. Absolute amounts of

234 234Th

Th in the samples were calculated from the ratio of sample
. 234 T

activities to standard Th activities (see below) where both were

.plated and counted under identical conditions. Therefore, corrections

were not necessary for counting efficiency and geometry factors.

i )
Chemical yields for Th in samples counted for “34Th were determined

o , . .
—29Th tracer. Detector efficiencies

9
23'Pu

from the recovery of the added
- . 27() - . ; - - - .. .

used to calculate Th recoveries were determined by counting
241 234

and Am standards. Errors reported for Th measurements, and

apparent volumes of seawater sampled by MnO_,-Nitex, are the result of

2
propagation of counting errors through several steps, including

. 234 . . . . . .
beta-counting 7 Th and determination of thorium chemical yvields, which
includes uncertainties in the alpha-detector efficiencies. Other

~uncertainties in the method are discussed in Chapter 4.

Counting Statistics

The standard counting error (l-v) is given by YW, where N is the
number of counts (Friedlander et al., 1964)., Propagation of counting

errors in a derived result, f(x,y), is made by use of the equation
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2
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Detector falibration and Chemical Vields

Counting efficiencies of the detectors used for alpha spectrometry

9 A
23 Pu and 2‘1Am standard

were determined to within % 1% by counting
sources that were borrowed from the laboratorv of V. T. Bowen
(W.H.0.1I.). Detector efficiencies were needed to calculate sample

231 233

“"Pa activities since the Pa added as a chemical yield monitor

was a beta emitter. There are no alpha-emitting Pa isotopes available to

23]Pa

use as a yield monitor for . Detector efficiencies were also

required to determine the chemical yield of Th in samples for which

234Th was to be measured. Natural alpha-emitting U, Th, and Pu

iisotopes were measured relative to known amounts of alpha-emitting tracer
isotopes added to the samples, It was assumed that chemical yields and
detector efficiencies were the same for all alpha-emitting isotopes of an
element in a given sample»fraction.

Chemical vields of Pa were"determined by beta-counting samples and
standards plated on the same kind of dise. Thus, unknown detector
efficiency and geometry factors would cancel in yield calculations.
Back-scatter of beta particles is-a function of the atomic weight of the -
element on which samples are plated and can give an increased apparent
counting efficiency in a 2 1 proportional counter. Back-scatter ranges

from 30% for an Al disc to 80% for a Pb disc (Friedlander et al., 1964,

p. 108).

Preparation and Calibration of Standards

Uranium-236 and 229Th tracers (Oak Ridge National Laboratory) were

calibrated against .standard solutions prepared from weighed amounts of
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23

8 , ’ .
- U (U0, NBS 9504) and 232, (Th0,, Lindsay Code 116, 99.9%
minimum purity, American Potash and Chemical Company). Sténdard 234Tb

plates were prepared periodically from theiU3O8 standard solution in

23

e 34 . . . cise s .
which Th had grown into radioactive equilibrium. Thorium—-230 tracer

was added to known amounts of the U308 solution and Th was separated

from U apd_electroplated, Chemical yields for the standard Th plates

230

were determined by alpha-counting the "

Preparation of 233Pa was by neutron activation of 1-5 mg
Th(N03)44H20 which had been pressed into a pellet in a Nuclepore

filter. Irradiation was performed at the M.I.T. Nuclear Reactor in a

neutron flux of 8-x 1012 n/cmz—sec for 8 hours, resulting im a

233 . - . . N . .
Pa activity of about 5-20u Ci. The irradiation reaction 1s

2320 m,y, 2335, B, 233, B, 233

After irradiation, the pellet was fragmented in hot, concentrated NHAOH
for several hours before wet combustion in hot, concentrated HNO3.

232 233

Only a small amount of the Th was converted to Pa. To remove

the Th, the HNO, was heated to dryness, taken up in 9N HCl, and placed

3

on a Dowex AC 1X8 €1  column. Thorium was eluted with 9N HCl and Pa
with 9N HC1 + 0.13N HF. The Pa fraction was heated to concentrated

HNO., to remove HF, and the above column procedure was repeated.

3
., . 232 . v
Complete removal of Th was verified by alpha spectrometry.

. . N . . - '; : .
Radioactive decay of one ‘33Pa standard plate over a period of five

months is shown in Figure 2-1. A least squares fit through the points is

indistinguishable from the'233Pa half;life of twenty-seven days.

233

Pa plétes were made by pipetting tracer solution

233

Standard

directly into an electroplating cell and plating, as the Pa solution
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Figure 2-1. Radioactive decay of a _33Pa standard. A least
squares fit through the points gives the correct
half-life of 27 days.
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could not be evaporated on a silver disc. Several plates were made from

: . 233 . -
each batch of -Pa tracsr. ALl of the plates usually agreed within .. ..

couditing statistics. Any that did not agree were discarded. It was

assumad that electroplating efficienéy was 100%. One of the purpeses of

testing the accuracy of this procedure (see below) was to insure that the
233, o - |
“7Pa standard plates were properly -prepared. . .. -
. L 242 . 243 . .
Calibrated Pu and Am tracers used during this work were

obtained frowm the laboratory of V. T. Bowen.

Peak Overlap

Typicai U, Th, Pa and Pu spectra are shown in Figures 2~2,-2—3, 2-4,
and 2-5. —Enefgyrresolution,vexpressed as: peak width at half maximum -
height, was 30—40 KeV for mbnoeﬁergetic'élbha—emitting isota?es, Tail
corrections were sometimes necessary in Th spectra, particularly for
samples in which one Th isotope was present in a much greater activity
than the othars. ‘Occasionally, small amounts of impurities remained in
the samples when they were electroplated, causiug degraded peak
resolution. Tail corrections were made by assuming that'theftéils of'all
of the»isotopeé'in a given spectrum have the.same shape. These
corrections seldom amounted. to ﬁore than a few per cenﬁ, so it was
agsumed that differences in peak tail shapes of the different isotopes
added a negligible error to the calculations. An example of a Th
spectrum for which tail corrections were necesgsary was giveh-in,Figure.
2-3. Overlap’of'zngh'énd 23OTh peaks was the most common corraction
of this type and was seldom greater than shown in Figure 2-3. ’Similafity
of peak tail shapes is also illustrated in.Figure 2-3, A Th tail
correéction was required for the Th spectra of the standard OCB 66-15

during the test of the accuracy of the method (see below). Results
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Figure 2-2. A uranium spectrum from CH75-2, Pilot Core 8, 0-4 cm.

840 860

820

234 -
U
800

780

760

236
U
700 720 740

238
u.

680

660

800-
7004
600
500-
400-
300
200
1001
840

S1NNOJ -

CHANNEL NUMBER




Figure 2-3. A thorium spectrum requiring corrections for peak tail
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overlap: CH75-2, Pilot Core 8, 0-4 cm.
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Figure 2-4.
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A protactinium spectrum from PARFLUX P,
KK1 Core 4, 4-5 cm.
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A plutonium spectrum from a sediment trap sample:

PARFLUX P, 5500 m.

Figure 2-5.
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calculated after the tail corrections were made agreed with the published

Th values within the error of the counting statistics.
Well-purified samples with the best resclution bad some unavoidable

9 272¢ ..
peak overlaps. In Th spectra, 5% of ~~'Ra activity (tl/?
228

daughter of "7 Th) occurred at an energy that was not resolvable from

228

= 3.66d,

. .2 .
Th. Since the main ~2‘ﬁRa peak was cut off at the high energyv end

of most Th spectra, this contribution was subtracted as 4.5% of the total

228 229 230

Th peak. Similarly, 0.4% of the """Th peak fell under the Th

peak., Finally, about half of the 235U peak fell under the 236U

236U

. 235 . . '
peak. Correction for the U contribution to the peak was

235U/238

based on the natural U activity ratio.

Background Corrections

Tnitial background count rates on detectors used for alpha
spectrometry were near zero. Significant background contamination built
up over time due to recoil of daughter isotopes onto the detectors.

229

i 2
Short-lived daughters of "7 Th and-2~8

Th (Figure 1-1) were
responsible for virtually all of the background counts except for two
. 232 : 228 .
detectors on which T had been counted and its daughter, Th, was
present as a contaminant. Although the peak energies of these daughters
were higher than the energies of the isotopes being studied, they did
contribute an increased background at all lower energies. This increased
background was most significant for counting Pa because of its low
activity in these samples, so separate detectors were maintained on which
232
Th samples and U were not counted.
Background for beta counting on the proportional counter was 10-12

cpm. Sufficient 233p, tracer was used so that background corrections

were very small. Background corrections were more significant for
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234Th counting, but were still less than 20% on the proportional

counter. Background on the low-level beta counter was 0.52+.02 cpm.

234
Ne Th samples were counted on the low level counter at a net count
rate of less than 1 cpm, so the uncertainty in the background correction

was small.

Contributions from Tracers

. 29 . . .
Tracer 1sotopes 236U and 2 Th used in this work contained some

. o 36 . 234 . .
impurities. The 2 U contained a 3 U activity in an amount equal to

7 o 2
12.4% of the “36U activity as well as small amounts of “38Pu and

D 3 9
2“9Pu or 240Pu. The 229 228

Th in an amount

234

Th activity. Contributions of "7 U and

Th initially contained

equal to 7.7% of the 229

228Th‘in the tracers were determined to within = 1% and were

subtracted from the sample activities. Plutonium was removed from the

2 .
“36U tracer after the first few Pu analyses. Because nearly all of the

236 238Pu 239+240P

Pu in the U was R u could be determined in samples

to which the unpurified 236U had been added.

Protactinium-233 decays to 233U, which could interfere with

4 . . .
measurement of 23'U. This was a problem with some particulate samples

with very low U activities, and uranium blanks, where the 234U/238U

ratios could not be determined. A more serious problem resulted in

certain particulate samples with very low 231Pa contents., A

. g 3 .
- significant amount of 2 3U was produced between the time Pa was plated

and the time it was counted. The 231Pa alpha spectrum is divided

roughly into two parts (Figure 2-3), a high energy part containing 897% of

the total ‘activity and a low energy part containing 11% of the activity.:

2 . . s
Decay of 23“U occurs at the same energy as the part containing 117 of

231

the Pa activity. Therefore, it was sometimes necessary to calculate
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2 g . . .
,'31Pa activities based on the 89% peak. This resulted in an additional

. . o - 23
uncertainty of approximately 2% in the calculated 231

Pa activity since
any degradation of the resolution of the Pa spectra tended to cause less
than 89% of the total activity to be found in the high energy peak.
Blanks

Distilled, deionized water and reagent grade acids were used
throughout this work., Several sets of blanks were run. Blank
corrections of more than a few percent of sample activities were seldom
necessary except for samples obtained with the in situ filtration
systems.

Blanks were determined for the Mead glass fiber and Millipore HA
filters (Table 1-1) before a reagent-only blank analysis could be carried
out., Blanks for the Millipore filters plus reagents and FeCl3 carrier
were so 1§w that even if the entire blanks were due to reagents, they
would be negligible compared to the activities of the samples requiring
- reagent-only blank corrections (sediments and sediment~trap samples).

Several types of glass fiber filter material were tested during this
work. All had unacceptably high contents of uranium and thorium series
isotopes, so glass fiber filters were not used except for the two

2
M.T.T.-L.V.F.S. samples. Blanks for 232

230

Th were 40 and 47%, for uranium

Th 24 and 27%, and for 228Th 7 and 9% of total

60 and 70%, for
activities of the two M,T.T.-L.V.F.S. samples. A Pa peak could not be
resolved above the background noise in the Pa spectrum of the Mead glass
fibervblank. Sample A165-Pa and the Pa blank were counted consecutively
on the same detector. Background and filter blank were subtracted

together in this case. Sample Al63-Pa was counted on a different

detector. Protactinium was assumed to be in radioactive equilibrium with
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. 235, . . . .
1ts parent U in the glass fiber material and this value was used as

the Pa blank. Both methods of blank correction gave similar results for
sample Al65-Pa.

Blank values for a 293-mm diameter Nuclepore filter and two analyses

of MnOz—Nitex are alsc presented in Table 2-1. lranium and 230Th

were found in significantly greater amounts than in the Millipore blank.

230

Thekhigher Th blank in one Nitex analysis may have resulted from

contamination in the electroplating cell. During the early part of this

S

work, the same cell was used for all samples. An effort was made

throughout this work not to plate a Th sample after another Th sample,

230

particularly a Th sample to which a Th tracer had been added. Tn

addition to standard washing procedures, plating reagents alone were

9
plated in cells after samples with large amounts of added “BOTh or

234Th tracers as a precaution against contamination from previous
samples. Tater in this work,‘when the second Nitex blank ;nd filtered
particles from KN 73-16 and OC 78-1 were analyzed, a separate plating-
cell was used for samples with low activi;ies.

Blank corrections were most significant for samples obtained with the
in situ filtration systems. Nuclepore filter blanks reported in
Table 2-1 amounted to 4-167 (average 9%) of sample activities for

2 2 ’ . v e, .
2~OTh “BOTh were a2 maximum of 20% of the activity

. . 2
of two samples. The average Nitex blank correction for 30Th samples

. Nitex blanks for

obtained Vith the in situ filtration systems was about 9%. Corrections
for Pa blanks were a maximum of about 28% in one filtered-particle sample
and 227 in two Nitex samples. Filter and Nitex Pa blank corrections
averaged about 10% and 13% of sample activity respectively. Particulate

232

and dissolved "“"Th and particulate uranium are present at extremely
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low concentrations in seawater, and large blank corrections were usually

272
Th ranged from less

required. Blanks for dissolved and particulate
than 207 to more than 100% (not by more than the counting error) of the
total sample activities. Blanks were approximately 30+10% of the total
uranium activity in filtered particle samples. ' Concentrations of

. . 228 . L.
dissolved and particulate Th are very low at mid depth in the open
ocean, and maximum blank corrections for particulate and dissolved

l)
“28Th were 16% (average 8%) and 35% (average 16%) respectively. The

major emphasis of this study is on 230Th and 231Pa for which blank
corrections were overall the least significant. The average blank

corrections listed above only refer to Nitex samples obtained with the in

situ filtration svstems. Nitex blanks were less significant for samples

obtained from the sediment trap moorings (Sites P and D, Chapter &) as
the effective volumes sampled, and therefore the total activities
sampled, tended to be greater than for the samples ohtained by in situ
filtration.

ACCURACY AND PRECISTON

Accuracy of the method was determined by duplicate analyses of the

volcanic glass OCB 66-15 in which the U and Th isotopes have been

measured both by mass spectrometry and alpha spectrometry, and 230Th
was found to be in equilibrium withﬂ234U and 238U (Rosholt et al.,
231

19%1). It was assumed that Pa should therefore also be in
eqﬁilibrium with 235U.7 Results by this method are compared with the
published resulté in Table 2-2. Agreement is within errors due to
counting statistics.

Precision of the method was determined by replicate analyses of

several sediment samples and one sediment-trap sample. A box-core sample
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TABLE 2-2

Duplicate Analvses of Volcanic Glass Standard OCB A6-13.

Literature? 238y 230,b 231p,n
U (ppm) 6.70£0.11 f.A7.1S A.71%.16 A 24 .28
6.76+.12 6.70£.16 6.94+ 20
Th (ppm) 29.7£0.7 30.39%.62
30.68:.68
Activity Ratios
0.998.027 .096+.024
0.992t.012 0.965.020°

dRrosholt et al., 1971.

Equivalent ppm U based on measured isotope activity.
Cpoor high energy resolution on detector used.
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was analyzed twice for U and Th, and each plate was counted twice on
different detectors. The results are presented in Table 2-3,

Variability due to counting errors is as great as the variability between
replicate analyses. Agreement between duplicate analyses of the standard
OCB 66~15 mentioned ahove 1is further evidence for the good precision of
the method.

Sediment trap samples were generally tco small to allow duplicate
analyses for U, Th, and Pa. VFowever, sample sizes from PARFLUX Site E
were sufficiently large to allow duplicate analysis of one sample as part
of this work. Material from 389 m at Site F was chosen since it had the
lowest svecific acti&ities and therefore was considered likely to be the
most difficult sample to precisely measure. Results of duplicate
analyses are given in Table 2-3. FErrors are larger on the second
analysis Eecause a smaller sample size was used. Agreement between the
two analyses was good.

CONCT.USTONS

This procedure allows the accurate and precise.measurement of U, Th,
Pa, Pu, Am, and Ac isotopes in small environmental samples. It is also
possible to include the measurement of 90Sr, 137Cs, and 55Fe. The

portion of this procedure for analysis of 1', Th, and Pa isotopes is

simpler and shorter than methods in the literature.
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CHAPTER 3.

PROCESSES REMOV

ING THOBTUM AND PROTACTINIUM FROM SEAWATER:

OPEN. OCEAN ENVIRONMENTS

INTRODUCTION .

. e , 231 . L. s . :
Thorium-230 and Pa are produced in seawater by radioactive decay -

of dissolved uranium isotopes. ' Once produced in seawater, both are

rapidly hydrolyzed and subsequently removed to sediments in times much

shorter than their radioactive half-lives (230Th

231 o s . .
Pa=32500 years; Lederer and Shirley, 1978). " Production rates are

=7520C years;

well known -for several thorium isotopes from the known distributions.of.
their radicactive parénts in the oceans.- Several‘in?estigators.have
tékén‘advahtage of these well Rnown soﬁfces'and the rapid removal of
thorium to medel the scavenging of reactive élements from seawater Based
on tbe distributions of thorium isotopes (Broecker et al., 1973;

Kristnaswami

o

t al., 1976; Li et al., 1979; Brewer et al., 1980).

- . . . . . 230, .
In spite of their short residence times in seawater, Th and

231 Ty Frme b o . L
Fa are chemically fractionated during their. incorporation infto sea
floor deposits. If there were no fractionation, thorium aud protactinium

\ - 230 231
would be removed from seawater at a Th/™

Pa-activity. ratio of
10.8, a ratio fixed by the constant conceﬁtration and isotopic
composition of uranium in the oceans. ‘However, many deep-sea surface
sediments have activity ratios of 20-30 or higher (e.g. Sackett, 1964;
Fur,- 1966; Kn et al., 1972; this.chapter), whereas manganese nodules and
soﬁe sediments bave surface ;atios less than 10.8, occasionally as low as
three (Ku and Broecker, 1969; DeMaster, 1979; Cochran, 1979).

. o . 231 . . .
Particulate 2301h and z Pa distributions measured at three open

ccean sites are used in this chapter to determine where the separation of
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230 231 . . . .

Th and Pa 1s taking place, and to determine the effectiveness
with which settling particles remove Th and Pa from seawater.

SAMPTF DROCUREMENT AND HANDTTNG PROCEDNURF

Most of the samples discussed here were taken as part of the PARFLUX
program (Honjo,‘1°78, ]QSO:'Spéncer’éf al., 1978: Bre&er et al., 1980).
Tocations of the PARFLUX sedimeﬁt—tfap Sites S, F; and P are shown in
Figure 2-1. Water depths and site coordinates are presented in .

Table 3-1. Sediment trap samples used in this study were from the second
occupation of Site S, designated SZ' Two samples of particulate

material were collected by filtration in situ at Site E during the
sediment-trap recovery cruise with the Massachusetts Institute of
Technology Large leume Filtration Syétem (MIT-LVFS; Bishop and Edmond,
1976). Site E was reoccupied in February, 1980, during R/V Oceanus,
Cruise 78-1. Tlarge volumes of seawater were filtered in situ (293-mm
diameter, !.0-um pore size, NMuclepore filters) with a battery-powered
pump described by Spencer and Sachs (1970) and Krishnaswami et al. (1976).

Sediment samples were available in the WHOI core library from a
piston core and a pilot gravity core taken 50 km to the north of Site F
af a slightly greater water depth on R/V Chain, Cruise 75-2. Three box
cores were taken on the sediment trap deployment cruise near Site P. Two
cores were red clay from deeper than 5800 m, and the third was taken at a
depth of 2701 m approximately 100 km south of Molokai Island.

Hydrographic conditions at Site S were described by Spencer etval.
(1978). Site E is between GEOSECS stations 36 and 37 and is
hydrographically similar to those stations. Site P will be described by

Brewer et al. (in preparation).
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All of the sediment trap results reported here are from the less than
l-mm size fraction. The greater than l-mm size fraction was a
significant portion of the total sample only in the shallowest trap at
each site (Honio, 1980).

Sediment-trap samples were kept refrigerated from the time of their
collection until thev were returned to Woods Hole, where thev were split
wet into four equal subsamples by a rotating sample splitter (Honjo,
1978). One or two quarters of the less than l-mm size fractioms,
depending on the sample, were filtered onto 0.5-micron Nuclepore filters,
rinsed with distilled water, dried, and weighed (Brewer et al., 1980).
ngghed samples were homogenized‘in an agate mortar and dispensed to
various investigators. Filtered particle samples oBtained with the
MIT-LVFS were handled according to standard procedures (Bishop et al.,
1077). Filtered particles obtained with the battery-powered pump were
rinsed with distilled water immediately upon recovery at sea. Excess
water was removed from the filters by suction supplied with an
aspirator. Wet filters were folded into eighths and stored in plastic
bags for return to WHOT, where filters were dried and Qeigﬁea.

Samples collected with the MIT-LVFS were prefiltered through
53-micron mesh Nitex fabric. Prefilters were not used with the
battery-powered pump. However, since the bulk of the standing crop of
marine particulate matter is of less than 53-micron diameter (Bishop and
Edmond, 1976), filtered samples should consist predominantly of the less
than 53-micron fraction whether or not a prefil#er was used.

The chemical procedure for the analysis of U, Th, Pa, Ac, and Pu

isotopes is described in Chapter 2.
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RESULTS

Mass fluxes of the less than 1-mm size fractions and radiochemical
results for sediment~trap samples are given in Table 3-1. Frrors
reported are one standard deviation counting statistics. -~ There was too
little sample material to run duplicate analvses on each sediment-trap
sample. The Site F-389 m samb]e was cbosen‘for duplicate analysis since
it had the lowest specific activities of samples with sufficient material
for duplicate analysis, and was therefore considered the most difficult
for which to obtain reproducible results. Good agreement was found for
all isotopes.

An accurate measurement of the flux in the Site S,y 5206-m trap
could not be made because the sample contained large amounts of aluminum
hydroxide precipitate that resulted from the corrosion of the sliding
door sealing the sample container at the end of the deployment period.
The volume of seawater from which actinides were scavenged by the
aluminum hydroxide was estimated to be only a few liters, as indicated by
the quantity of uranium collected. Assuming that U is scavenged with the
same efficiency as Th andrPa,-the Th and Pa isotope ratios in the trapped
particles were not significantly affected by dissolved isotopes scavenged
by the aluminum hydroxide. .

Plutonium was initially measured in samples from Sites S, and E

2
238 236

2

with Pu (present as an impurity in the U spike) as a yield

239+240 238

monitor. - The Pu/“""Pu ratio in the spike was approximately

2 2394240

0.05.  Since the natural 38Pu/ Pu ratio could not be measured

in the samples, it was assumed to be 0.04 (Hardy et al., 1974).
Uncertainty in this ratio resulted in a small additional uncertainty in.

the Pu values. The activity of 238Pu added was of the same order of
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. .. 239+2
magnitude as the activity of 40

23049240

Pu in the samples, so the

Pu added with the spike was small relative to the amounts in the
. . . . . 242 .

samples. Pl'ntonium was measured in Site P samples with a Pu yield

. 236
monitor and a Pu-free

. 21

U solution so that 'SPu could be measured.
. ) .

??8PU/?39+7q0

Measured Pu ratjos ranged between 0.038 and 0.054
(Table 3-1),
Results from particulate samples obtained by in situ filtration at
Site F are presented in Table 2-2. Depths given in Table 3-2 represent
wive out during pumping. True depths of the battery-powered pump
(0078-1, 3600 m and 5000 m) could not be determined, and probably varied
somewhat during the course of the 10-12 hour pumping periods due to
changes in the rate of ship drift. Errors in the estimated depths are
probably not too large as wire angles were kept vertical at tﬁe surface
and wire angles at depth were small during Niskin casts as determined
from reversing thermometer data.
0f the sampies diSCUssed in thié chapter, blank corrections were
—significant only for filtered particle samples. Glass fiber material
‘contained fairly high amounts of uranium.and thorium series isotopes.
Nuclepore filter blanks were much lower, but because of the smaller
sample sizes, the blanks were significant. Glass fiber filter blanks for
the two samples in Table 3-2 (975.m and 1400 m) averaged 657 of total

sample activity for the uranium isotopes, 43% for 232Th, 25% for

230Th, and 8% for 22STh. A protactinium blank could not be resolved

above background. Nuclepore filter blank corrections for the two samples

23 228

in Table 3-2 (3600 m and 5000 m) averaged 7% for 232Th, 2% for 228th,

230 231Pa

4% for Th, and 15% for
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Radioisotope results from sediments taken near Sites E and P are
presented in Table 3-3, Only results from the pilot core of CH 75-2,
Core 8 were used as it appeared that the top of the piston core was
lost. Results from three box cores taken during the Site P sediment trap
deployment cruise are also given in Table 3-3. XK1 Core 2 was a hard,
compacted sediment, very différent from Core 1, which consisted of normal
deep-sea clay. The compact nature and low specific activities of

?30Th 231

unsupported and " "Pa suggest that Core 2 may have been taken

in an area of outcropping Tertiary sediments which occur in the
equatorial Pacific (Johnson, 1972). Two cores from near Site P studied
by Riedel and Fumnell (1964) contained Eoéene sediments‘withip a few
centimeters of the surface. Core & was taken at a depth of 2701 m on the
slope of Molokai Island to compare the sediment trap sample at 2778 m
with sediment accumulating at a similar depth on the sea floor.

- Sediment trap samples from Sites S, and E were analyzed for

2

radioisotopes by Brewer et al. (1980) by slightly different analytical
procedures. fheir results are reproduced in Table 3-4. Agreement of the
two sets of results is generally good. Smaller relative errors reported
here result in part from the much larger sample sizes used in this work
(100-500 mg vs. approximately 50 mg ), and in part because their errors

include variability between Yale and WHOI results.

Uranium isotope activities in the shallowest sediment-trap samples at

Sites E and P were greater than the activities of their 230Th and

231?3 daughters (Table 3-1), suggesting that part of the uranium was

recently derived from seawater. It was necessary to resolve the

contributions of detrital and seawater-derived uranium in the samples to

Y
determine the amounts of 2"'O’I_‘h and 231Pa scavenged from seawater. Tt
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738,232

. TR Y A 3. .
was assuwed that the detrital * U/°7"To ratio was constant at each

site and ‘equal to the ratio measured iu surface sediments. It was also

assumed fthat the uranium series were in secular. equilibrium in the

- . . . . - ,230"; ) ] g . ‘ . R
detrital phases. Excess Th  (that scavenged from seawater,

*

désignated XS ZJOTh) was calculated for each sample of suspended

‘particles as

230, 23

XS Th = OTh - [(238
z z

232Th) : 232

u/ sed X Thz]

“Udsupportéd 231Pa was calculated as -

2 2 :
S_31Paz . 238,232,

X X 23

~ 0.046[ ( ceg X P

“where z identifies the sample and sed refers to the ratic measured

in

sediments. Sediment samples were not available at Site §,, so the U/Th

ratio from Site E was used. . Results of these calculations are presénted

230T 231

in Table 3-5. Uranium-supperted h and Pa, calculated from

iquations ¥ and 2, amouunted to 6-20% of the total sample activities at

Sites 52 and E. With the exception of the 378-m sample, the

corrections for Site P samples were less than 10% of the total sample

-activities.

Much of the seawater—~derived uranium is remineralized in the water

column (see discussion section), so it must be associated with very

labile particle phases that would not remain for long periods of time at

the sediment surface. While it canuot be proven that all of the uranium

in the sediments is detrital, ‘the above procedure was the best available

" means of estimating the detrital uranium content of suspended particles.

DISCUSSION

Particle Fluxes

The flux of particulate waterial {Table 3-1) was constant throughout

the water column at Site E and was more than two times higher than

'\

at

(D

(2)

the -~



-83~

TABLE

3-5

Unsupported 230th and.23lpa in Suspended Particles?.

x323QTh/xsz31Pa

Sample AxsZBOTh A x3231Pa
- dpm/g Activity Ratio

Site S,, 3964 m 7.41+.20 0.270+.017 27.4+1.9
Site 8,5, 5206 m 1,14 .05 0.034%.005 33.5%5.1
Site E, 389 m 0.250:.018 0.021%£.003 11.9+1.9
3ite E, 988 m 0.907+,033 0.073t.006 12.4+1.,1
Site E, 3755 n 4.28t.08 . 0.197:£.010 21.7¢¥1.2
Site E, 5086 m 5.04t .15 0.170t.009 29.6+1.8
MIT-LVFS, 975 m 3.11£,.18 0.242t,027 12.9+1.6
MIT-LVFS, 1400 m 2.59:.13 0.203:.018 12.8+1.3
0C 78~1, 3600 m 11.19t.64 0.226+.060 5013
0C 78-1, 5000 m 14.94+ .68 0.375+.068 407
Site P, 378 m 0.331.046 < .03 > 11
3ite P, 978 m 1.88:.07 0.103+.009 18.3+1.7
Site P, 2778 m 10.34x .2 0.341%.007 30.3+0.9
Site P, 4280 m 16.468,32 0.472+.021 34.9+1.7
Site P, 5582 m 27.25% .52 0.899+.043 30.3+1.6

2Calculated as described in text.




-84~

Site 8,, whereas concentrations of suspended particles measured in

Niskin bottle water samples were about two times higher at Site S
(Spencer et al., 1978; Brewer et al., 1980). Fluxes of particles through
_ the water column are not strictly correlated with thé concentrations of
particles measured in standard water samples. Therefore, the efficiency
of removal of reactive elements from the water column by settling
particles may likewise not be proportional to the measured concentration
of particles.

Fluxes at Site P were less at all depths than ;t the Atlantic sites,
as would be expected from its remote location and low biological
productivity. A mid-depth maximum in the particle flux was observed at
Site P. It is not possible to determine if this was an artifact of
variable trapping efficiencv or if it was due to horizontal input of
particles.

The mid-depth flux ma%imum probably did not result from sampling a
slow moving wave or pulse of increased particle flux that happened to. be
at mid-depth during the deployment. Pulses of increased particle flux,
such as are induced by seasénal variability in primary productivity,
travel with sufficient rapidity (Deuser and Ross, 1980; Deuser et al., in
preparation) that they would have been sampled equally by traps at ali_

depths.

Nature of the Particles

Sediment-trap samples were dominated by large, rapidly settling
particles of sea surface origin (Honjo, 1980). Plutonium and 228Th
results support this conclusion. The plutonium distribution in the

Pacific exhibits a pronounced maximum at 500-800 m (Bowen et al., 1980).

Plutonium specific activities in trap samples at Site P were low at 378 m
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and increased hy a factor of -8 to a nearly constant value below this
depth (Figure 3-2). Most of the plutonium in samplés below 378 m must
have been scavenged between 378 m and 978 m, as the plutonium
concentration deeper in the water column is very low. These observations
are consistent with a near surface origin for the bulk of the particles
trapped at all depths.

. s P 22
Specific activities of 28

Th were nearly constant in the upper

three traps at Site E and in the middle three traps at Site P

(Table 3-1)., There is little production of 228Th at mid-depths in the
open ocean because significant amounts of its parent, 228Ra, are

present only near the sea surface and the sea floor (Trier et al., 1972;
Sarmiento et al., 1976). 1In order to maintain the constant specific
activities in particles trapped at mid-depths, particles must have
scavenged 228mh at or near the sea surface and then settled through the
water column in considerably less time than the 1.9-year radioactive
half-1ife of 22OTh.

An average particle settling rate of 21 m/d (7665 m/yr) was
caiéulated by Brewer et al. (1980) for samples at Site E. Settling
velocities of 20000 m/yr or more can be inferred from the "immediate"
reflection of seasonal surface productiviﬁy cycles.in sediment traps
placed at 3200 m_in the Sargasso Sea (Deuser and Ross, '980; Deuser et
‘al., in preparation). These rates are consistent with the rapid settling

velocities predicted fron the radioisotope distributions discussed

above.

CHFMICAL BEHAVIOR OF THORIUM-230 AND PROTACTINTIUM-231

Scavenging by Settling Particles

.o PP 3 . .
Specific activities of 23OTh and 2']Pa in trapped particles

increased with depth at Sites E and P (Figures 3-3 and 3-4), with the
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counting statistics.

SITE P 2°"%*%y  (dpm/g)

1.O 2.0
1

L

Concentration of plutonium in sediment trap samples
at Site P. Error bars indicate one standard deviation

30
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Figure 3-3. Concentrations of 230Th in sediment trap samples at
Sites F and P. F%rror bars indicate one standard deviation
counting statistics. Where error bars are not drawn, the
size of the symbol approximately indicates the counting

error.
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Figure 3-4. Concentrations of 231Pa in sediment trap samples at
Sites E and P. FError bars indicate one standard deviation
counting statistics. Where error bars are not drawn, the
size of the symbol approximately indicates the counting
error.
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, 231 , y .
exception of the deepest Pa sample at Site E. This behavior is
consistent with continuous scavenging of these isotopes as particles
settle through the water column, and is in contrast with the behavior of

Pu (Figure 3-2) which has its primary source in the upper 1000 m. The

230

near linear increase with depth in the specific activities of Th and
231 . . 230
Pa at Site P suggests that the particles accumulate Th and
231 . , o
Pa at a constant rate over any depth interval.
230 231 .. . .
Uinsupported Th/%" Pa activity ratios from Sites S, and E are

2

shown in Figure 3-5. Two samples of trapped particles and two samples of
filtered particles above 1500 m at Site E had nearly ideﬁtical ratios at
about 12¢1.5. Below 1500 m the ratio increased with depth to 30 in
sediment trap samples and sediments and 40-50 in filtered particles.
Similar results were observed-in sediment trap samples at Site P

(Figure 3-6). Sample P-378 m was too small to accurately measure

. . 2 L.
?31Pa. Only an upper limit for 31Pa could be set with a

23 231

corresponding lower limit for the "OTh/ Pa ratio. The

230 231

Th/"" " Pa ratio increased with depth as it did at Site E; although

at Site P .the ratio was two times higher at 1000 m than at Site E, and it
decreased in the bottom trap at Site P,
Suspended particles more than 1500 m above the sea floor contained
230 231 . . .
unsupported Th/ Pa ratios of 27 or higher at all three sites.
Similar ratios are commonly found in deep-sea surface sediments, and are

231

: . . 2 .
5-10 times greater than dissolved 2"O'I‘h/ Pa ratios (Chapters &

and 5). Filtered particles at Site E and trapped particles at Site P
. . 230 231 . .
contained higher unsupported Th/ Pa ratios than underlying

sediments (Figures 3-5 and 2-6). Resuspended sediments, with a ratio of

30, cannot be mixed with a primary flux of particles with a ratio of 10.8
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Figure 3-5. Unsupported 23071h /231 pg activitv ratios in sediment trap
samples, filtered particles, and sediments at Sites S, and
F. The vertical dashed line indicates the ratio at which Th
and Pa are produced bv uranium decay. Hatched areas
represent water depths.
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Figure 3-6. Unsupported 230Th/23lpa activity ratios in sediment trap
samples from Site P and KKl Cores 1, 2, and 4. The vertical
dashed line indicates the ratio at which Th and Pa are
produced bv uranium decay. Hatched areas represent water
depths. '
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to produce raties of 35 (Site ?-4280 m trap) or 40-50 (Site E, filtered
particles). ‘Therefore, processes fractionating Th and Pa are not of
sedimentary origin, but wmust be oceurving Ln the water rolumn. ettixn;

particulate matter preferéntially scavenges Th relative to Pd from

seawater in open ocean envitonments.

>Actiyity_ratios iQASurfacg sgdiments of_thpge,box cores taken in
association with Site P are also showu in- Figure 3-6. Core 1 was taken
approximately 180 km southwestvof Site P aﬁd vepresents reccnt sediment
accumulation in the area. Core 2 was taken-witﬁinva few kilometers of
the sediment trap site. Sediments in both cores contained unsupported

0., 231 : . . .y .
Th and Pa at a ratlo consistent with a source by settling

B
Lo

™S

particles liike those collected with the sediment traps.  Although Core -

may have been taken in exposed Tertiary sediments, as previcusly

-

. o in L he e k) . £ N - 230!" !
’Iﬂ‘liiLi.UI’!'ﬁ‘d, 1T contained measurable amounts of unsuppor_ted Th and

23

B ,.“‘

Pa in & ratio idihflcﬂl to that found in the deepest trap. 1If
erosion ceased at the end of the last glaciation (Johmson, 1972) and if
L . . s , 103 ; e -
the sedimentation rate is less than 1 ww/107yr, then pecrhaps only one
cm of recent sediment has accumulated since erosion ceased. Bioturbation

to = depth of approximately 10 cm would disperse recently accumulated

material within a wmuch greater volume of oid Scdlm€1t producing the low
' . 230 1 . e 230, 231 .
unsupported Th and Pa activities. . The» Th/ Pa ratio

would not have changed much from that in the sediment trap samples if

rena2wed sedimentation had on}y occurred for a few thousand years.

Alternatively, there may be no net accumulation of gediment even today,

. Lo : : v . 23 S . s ,
in wihich case unsuppcrted Oih and 231Pa present in the sediment

would have been adsorbed directly from seawater by surface sediments.
Unsupported ZjoTh/Zlea cratics in KE1 Core 4 were much lower than 1n

Cores | and 2 and will be discussed later.
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Regeneration of Thorium—230 and Protactinium—-231

Specific activitiegrof uranium isotopes, 232Th; 230Th and 231Pa i

st

were lower in trapped particles than in surface sediments at Sites E and

P (Tablesz—lraﬁd 3~3)."Highe% specific activities of423oTh ahd

231 '

Pa in the sediments indicates that either wmost of the Th and Pa are
scavenged by the refractory fraction of the trapped material, or part of

the Th and Pa scavenged by biogenic particles remains with the detrital

material as the biogenic particles are remineralized. However, the
230, ,232 . " . .
excess Thy Th ratio was 2.6 and 2.5 times greater in the deepest

trap sample than in sediments at Sites E and P respectively. 1If the
. ' . L . ,: 230, ..
decredase 1s due to radicactive decay of excess Th, the calculated

231?& ratio

age of the sediment is 105,000 years.. The excess 2JQ'[-‘h/'
increased only slightly, if at all, between the 5086 m trap sawple and

the sediments at Site E and may have actually decreased between the 5582

m trap sample and the sediments at Site P, contradicting the sediment age

o . 230, 4,232 .
calculated from the change in the excess 3 Th / ™ ratio.
e R : : 230, 4232, e e s
Filtered particles had an excess Th/ Th ratio 5.5 times

greater than surface sediments at Site E. If the lower ratio in

1e . . . 230, '
sediments 1is due to radicactive decay of excess b, the calculated

age of the sediments is 185,000 years, and there should be little or no

31 e . . o
excess 7 Pa remaining in the sediments. However, the excess
230, 1, . . . : . .
Ol’h/z3 Pa ratio was lower in surface sediments than in particles

filtered in the overlying -water column. These changes in isotope ratios’
petween suspended particles and sediments clearly cannot be explained by
radiocactive decay.

: . ” , 231 : rface P .

Thorium—-230 and Pa are probably adsorbed to the surfaces of all
232

types of particles whereas Th is associared with detrital minerals
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{see discussion below). Two processes could be responsible for lower
230 232 2131 232 . . .

Th/ Th and Pa/“""Th ratiocs in surface sediments compared
to sediment trap samples. First, if the flux of detrital minerals, the

. 32 . o .
carrier of 2 Th, is todav only 40% of the average flux during the late

230Th

. 231
Quaternary, and if and Pa are removed from seawater at the

same rate regardiess of the flux of detrital minerals, then the higher

ratios in trapped particles may simply result from the present lower flux

232Th

of . Alternatively, since sediments at Sites P and E contain

negligible amounts of biogenic material compared to the sediment-trap

3 3
samples, some of the 2“O'T'h and 2’1Pa scavenged by suspended material

may be regenerated with the labile biogenic particles, resulting in lower

1,232 . .
232 23 Pa/“""T ratios in the

excess ?30Th/

Th and excess
sediments,

While the former possibility cannot be disproven, the latter is
chosen on the basis of two recent studies. Bowen et al. (1980) found an
increase in plutonium concentration near the sea floor at several
stations in the North Pacific. After a careful consideration of
circulation patterns, they concluded that the concentration maximum at
the bottom did not result from sinking of shallow water with higher
plutonium contents. Rather, the plutonium must have been released during
remineralization of biogenic particles at the sea floor which had
scavenged the plutonium from seawater at shallower depths.

Nozaki (in preparation) has recently measured a profile of 23OTh
concentrations at a étatién in the central north Pacific. The
concentration increased with depth from 1000 m to the sea floor (about

5500 m) with a gradient of 3-5 ¥ 10—9 dpm 230

230
Th, FT

Th/l-cm. A flux of

n avay from the sea floor can be calculated
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Foq = K (dAy /dz) )
where K, is the apparent vertical eddy diffusivity near the sea floor and

"

. . . 230 .
A.. 1is the concentration of Th, aud 2z 1s the depth.

s . 222 .. 5 . N
K_has been determined from Rt profiles at several locations

(Sarmiento et al., 1976), and of the stations at which Kz was measured,
‘ : . : 2,

the one closest to the site studied by Nozaki tad a KZ of 45 cwm”/sed.
The apparent vertical eddy diffusivity is largely determined by mixing along
isopycnals (Sarmiento and Rooth, 1980). Since the flux of regenerated
230, . . ) : .

Th away from the sediment-seawater interface is to be calculated, X
is the appropriate parameter to use. It is of no consequence whether mixing
away from the sea floor occurs along or across isopycnals.

s - i ) : . 230 232 .

it is estimated .from the decrease in the STh/% 7 Th ratio between
trapped particies and surface sediments at Sites E and P that about 60% of
230, ]

Th is regenerated. FTh calculated from equation (3) . .

the scavenged

with the dakta

&}

£ Hozaki is 4.3-7.0 dpm/cmz—lo3 years, which is 30-50% of

230

the rate of production of Th by uranium decay in a 5500 w water

column., Other facters wmay also be involwved. . K2 varies frowm site to site

{8armiento et al., 1976), so the calculated FTh is only as good as the

approximation of Kz._ F.. should be compared with the rate of delivery
230, . s . .

of Th to the sea floor by settling particles rather tham its rate of

230

Th

production by uranium decay. Part of ‘the Th produced by uranium decay

230

at the site where the Th profile was measured may be removed from the

water column by horizontal mixing processes (see discussion below) without

ever having been scaveanged by particles, in which case FTh would be more
wnlEAT g — e . 230k L o

than 30-50% of the rate of delivery of particulate “7 Th to the sea

floor. These uncertainties are of minor importance. The concentration

gradient measured by Nozaki is consistent with regeneration at the sea floor
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. . 30, L )
of a large portion c¢f the fh delivered by settling particles.

Sarmiento et al. (1976) showed that &  decreases by an order of
: . Lo RS B - T
magnitude or more above the bottom mixea 1ayer. The nearly linear dATh/dZ

measvred by Nozaki {(in prepavarlvq) thrOLphOut the water column implies that

. 230 :
the vert1c31 flux of Th also dﬂcrea<eu by an order of magnitude, and

conseque 1y there must be a sink for‘230Th at the upper boundary of the

mixed layer. It is difficult to reconcile such a sink with present

understanding of scavenging proceses. A detailed study of near-bottom

230 . . . . .
Th concentration gradients coupled with measurements of mixing rates

LY

. ) .. . . . .
from “""Rn distributions will be required to accurately assess the

230

magnitude of the flux of Th away from the sea floor.

Unsupported 2304 / 231

S

Pa ratios were nearly the same in the deepeo

trap sawmple and in surface sediment at Sites E and P while filtered
230 231

5
- 4. . . -) »
pavticles” had a higher ekcess Th/ Pa rvatic than the underlyiug

sediments at Site E (Figures 3-5 and 3-6). Therefore, 1f sediments are

formed almest entirely by particles similar to those collected by the

2

. 0 . 231 .
sedimeat tiraps, then 23 Th and 2 Pa are regenerated with ual

4]
«£2

efficiency. Alternatively, if particles similar to those sampled by in situ
filtration form a significant portion of the accumulating sediments, then

)30Th must be pLeferentl 11y regenerated relative to Pa.

(1)The 2307h/231pa gnd ?’OID/‘3¢Th ratios in filtered particles may
actually be biased too low. Site E was reohcupleu as the last statiom of
R/V Oceanus, Cruise 78-1 and the only remaining, functioning pressure switch
was activated at a water depth of 1000m. Therefore, seawater was pumped-
through the filters between 1000m and the indicated depth of the sample.

“Thé pump was raised and lowered at 50 m/min and pumped at depth for 10 hours
so that most of each sample was collected at the indicated depth. Particles
filtered at 975 @m and 1400m had lower - xs2307h /x5231Pa and

x52301h /23271 yatios than particles filtered at 3600 m and 5000 m. Thus
contamination of the deep samples by particles sampled at shallower depths
would tend to reduce the true difference between filtered partlcleu and

sediments.
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Efficiencv of Scavenging “v Settling Particles

Particles obtained with sediment traps clearly scavenge thorium and

protactinium from seawater. An estimate of the efficiency of removal of

230 231 . ‘ . .
Th and Pa by these particles can he made bhv comparing their

fluxes ‘into sediment traps with their production rates in overlying

‘ 3 231
seawater. Tn every case, fluxes of unsupported 2'0Th and 3 Pa were

less than their rates of production (Figures 3-7 and 3-8). Variable

undertrapping of the true flux of particles could have been responsible,

7
230Th 31P

in part, for the low fluxes of and """Pa. However, if the

total particle flux into each trap is scaled up until the flux of 230Th

231

exactly equals its production, the scaled-up Pa flux into the deeper

traps at all three sites is still less than 50% of its rate of production

230Th/231

in overlying seawater (Table 3—6). High Pa ratios in the
filtered particles at Site E reveal that protactinium is not
preferentially adsorbed to small particles which might be less
efficiently collected by the sediment traps. Protactinium that is not
removed by the vertical flux of particles must be removed from seawater
by-anothér process, since radioactive decay in the water column is

insignificant relative to its rate of production (Chapter 4).

Horizontal Transport of Thorium-230 and Protactinium-231

210Pb/226

Bacon et al. (1976) showed that Ra disequilibria in

seawater decrease with distance, both vertically and horizontally, from

the sediment- seawater interface. They concluded that mixing of

210Pb to ocean basin margins, with subsequent scavenging at

. . . . . 10,
the sediment-seawater interface, is an important process removing 2 OPb

from the'déep ocean. Similar processes appear to be affecting 230Th

231Pa

dissolved

and




Figure 3-7.
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Flux of unsupported 230Th in the less than l-mm size
fraction of particles collected at Sites S,, E, and P.
The solid line is the rate at which 270Th is produced in
overlying seawater by uranium decay. Error bars indicate
one standard deviation counting statistics. Where error
bars are not drawn, the size of the symbol approximately
indicates the counting error.
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Figure 3-7
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‘Figure 3-8.
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Flax of unsupported 231ps in the less than l-mm size
fraction of particles collected at Sites S9, E, and P.
The solid line is the rate at which 231pPa is produced in
overlying seawater by uranium decay.  Error bars indicate
one standard deviation counting statistics. Where error
bars are not drawn, the size of the symbol approximately
indicates the counting error.
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Figure 3-8.
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TABLE 3-6

Scaled xs23lpa Deficiencv®,

Atlantic Pacific
Sample Deficiency Sample Deficiency ‘
(% of Production) ' * (Z of Production)
site 5, 369 m 61 Site P, 278 m W
Site E, 389 m 9 Site P, 978 m 40
Site E, 988 m 12 " Site P, 2778 m 64
Site E, 3755 m 50 Site P, 4280 m 69
Site E, 5086 m 63 Site P, 5582 m 64
3The deficiency is calculated as:
230Th Production xs231pa Flux
1 - 730 —_— x 100"
xs230Th Flux 231pa Production

byot Determinable.
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Approximate limits can he set for the relative importance of
scavenging onto settling particles and horizontal mixing as mechanisms
removing Th and Pa from seawater. One limit is set by assuming that
sediment traps are 100% effective at trapping the true vertical flux of

. P e . 2
particles. Another limit is set by assuming that 30

Th is completely
removed from seawater by settling particles, and that the low flux to
production ratios in Figure 3-7 are a result of undertrapping the true
flux of particles. The relative importance of vertical and horizontal

2
230Th and 231

removal of Pa at these two extremes is presented in
Table 3-7. Removal attributed to horizontal processes is simply the
production rate of the isotope less its measured or calculated flux into

231

the sediment traps. The horizontal flux of Pa in the

23OTh—norm.alized model is then equal to the scaled Pa deficiency in
Table 3-6.

Three points can be made from the above discussion. First, at these
sediment trap sites, horizontal mixing and scavenging to particles remove
roughly equal amounts of the 231Pa produced by uranium decay at Sites
Sz; E, and P. Second, because of the preferential adsorption of Th by
particles, horizontal mixing is less effective at redistributing 230Th
than 231'Pa. Third, if sediment traps overtrap the true flux of
particles, then thorium and protactinium are removed by horizontal mixing
to a greater extent than predicted by the two models in Table 3-7.

Tt has been assumed in médels in the literature (Krishnaswami et al.,
1976; Brewer et al., 1980) that the rate of scavenging of reactive
radioisotopes onto settling particles can be approximated by their rates
of produétion by decay of their radioactive parents. Horizontal mixing’

23

‘ 1 .
accounts for over half of the removal of Pa in the open ocean, and
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TABLE 3-7

~-Relative Tmportaance of ¥ertical aad Herizontal Removal Processes.-

Vertical (%)a  Horizontal (%)P

iOOZ Trap Efficieuncy Model

’ Sitesw52 énd E

2307y, . . 47-86 14-53
231pa . - 20-50 : 50-80
_Bite P
2307 - 6-87 (67-87)% 13~96 (13-33)¢
231pa 21231 (24-31)2 . 69-88 (69-76)¢

230Th~Normalizéd Model

Sites S9 and E

230, " 100 o
231pq . 36-92 8-64
230y, B 100 0

231p, 30~60 - 40-70

4By scavenging to setiling particles.
bBy horizoutal mixing down concentration gradieuts.-
CThree deepest traps.
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270 2731
conversely, represents a source of Th and

Pa to environments
which act as sinks for horizontally transported elements. Therefore, the
above approximation is in error by more than a factor of two for Pa, and

may be generallv ilnaccurate.

Consequences for Calculated Sediment-Trap Trapping Efficiencies

Brewer et al. (19280) calculated trapping efficiencies of the sediment

230

traps at Sites S, and E from the measured Th flux into each trap as

TE = FTh/PTh (4)

where TE is the trapping efficiency,

230

is the measured flux of excess

230

Th, and PTh is integrated rate of production of Th by uranium

Frh

decay in the water column above the trap. It is assumed in the use of

230,

Equation (4) that all of the Th produced by uranium decay is

scavenged locally by settling. particles, and that production by uranium
. 230
decay is the only source of Th.
A more accurate representation of TE would be
TE! = '
TE Fon /S, (5)

q
where STh is the integrated rate of adsorption of 2‘OTh to settling

particles in the water column above the trap. Horizontal mixing may act

locally as a source or a sink for 230Th and the upward flux of 23OTh
regenerated at the sea floor also acts as a source of 230Th.
| 230

Horizontal mixing probably acts as a sink for

231

Th at Sites 82 and E

230

as it does for Pa. Tf the flux of regenerated Th is negligible

at these sites, then S, < P, and TE' will be underestimated by an

Th Th
amount equal to the percent of the 230Th production that is removed by
horizontal mixing (Table 3-7).
23¢ .
The magnitude of the upward flux of regenerated '30Th at Sites S

2

and E is unknown, but a reasonable limit of its effect on the calculated
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230

trapping efficiency can be set. Tf horizontal transport of Th is

assumed to be negligible, if 60% of the flux of particulate 230

230 2

Th is

23 . . . o .
Th/” " "Th in surface sediments is 40%Z of the ratio in

the deepest sediment trap sample), and if regenerated 230Th is

regenerated (

rescavenged equally throughout the water column, then STh =1.6 PTh’

and the trapping efficiencv is overestimated by TE = 1.6 TE'.
The above two sources of error have counteracting effects on the

estimated trapping efficiency at Sites S, and E and may be of similar

230

magnitude. Ouantification of these fluxes of Th will allow more

accurate estimates of trapping efficiencies to be made from measured

230Th

fluxes of particulate

Locations of Sinks for Horizontally Transported Elements

1f more than half of the Pa produced in the deep ocean is removed by
horizontal mixing, then some environments must exist where: 1) the rate
of incorporation of Pa into sediments is greater thanm its rate of

production in the overlying water column, and 2) the excess

2 .. ;
“30Th/231Pa ratio 1s less than 10.8. KKl Core 4, taken near Site P

is one example of such an environment. Specific activities of 230Th

231 .
and Pa were constant to a depth of 20 cm (Table 2-3), which was the
maximum depth of core penetration. TIf the constant activities are not a
result of bioturbation or some other sediment mixing process, then a

. . . . 3 . .
minimum sedimentation rate of 3 em/10” yr is derived from the excess

231 210

““Pa distribution. Activities of Pb measured in three samples

) 3
(Table 3-3) show an excess of 21OPb with respect to 2“OTh at the

surface, a deficiency at 10-15 cm, and equilibrium at 19-21 cm. This

. 21 . .
reflects an input of excess ]OPb at the surface, a 226Ra deficiency

deeper in the core, and finally radioactive equilibrium of 230Th



-112-

daughters at 20 cm, similar to cores studied by Cochran (1979).

Therefore, bioturbation is not active below 10 cm, and the constant

230 231

Th and ‘Pa activities result from rapid sediment accumulation.

23 23 . .
Fluxes of OTb and 1Pa into Core 4 are at least four times

their rates of production in the overlying seawater given the above
estimate for the sedimentation rate. Fven if the sedimentation rate is

overestimated by a factor of two because of bioturbation above 10 cm, the

230,,

fluxes of and ”31Pa are greater than their rates of

production. Therefore, the first criterion above for a sink for

horizontally transported Th and Pa is satisfied. Wowever, the second,

230 /231

that the excess Th Pa ratio must be less than 10.8 is only

partially fulfilled. The ratio in Core 4 is about 10, much less than in
typical deép-sea sediments such as KKl Cores 1 and 2, but these sediments
do not provide a preferential sink for Pa relative to Th.

A situation similar to that observed in Core 4 has been reported for
two cores from the FAMOUS area on the mid-Atlantic ridge (Cochram, 1979)

230 23

1 P
where nearlv constant Th and Pa activities were found to a

?.30Th 231

depth of at least 20 cm. Fluxes of and Pa into the

sediments were greater than their rates of production in the overlying

2
seawater, while the excess 230y, 42

Pa ratio ranged from 4-8. Thus
both criteria for a sink for horizontally transported Th and Pa were
satisfied.
An extreme example of one of these sinks was found in the area of
rapidly accumulating siliceous oozes in the Antarctic (DeMaster, 1979).
. . . 230 231 .
Sediment inventories of unsupported Th and Pa were up to six

and fourteen times their respective production rates in overlying

seawater. Activity ratios as low as three were found, and ratios less
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than eleven occurred as deep as 15 m in some of the cores studied.

DeMaster (1979) also studied a core from the Argentine Basin where

230

. . 231 .
sediments contained an excess Th/ Pa ratio of about 10 to a

depth of 500 cm. The sedimentation rate could not be unambigously

2
2.0Th 231

determined from the and Pa distributions, but it was very

high, and 230Th and 231Pa are accumulating in these sediments at

rates much greater than their rates of production by uranium decay in the
overlying water column.

A final example was found in the Panama Basin (Chapter 5). Fluxes of

23 . . . . .
230Th and “”1Pa into sediment traps identical to those used at Sites

S F, and P were greater than their rates of production in overlvin
5 Fa g produ ying

230 231

seawater, aund Th/“”"Pa ratios in filtered and trapped particles as

low as 3-5 were observed.

One factor common to all of the areas described above where low

!
2°0T /231

h Pa ratios (less than 10.8) have been found in sediments and

231Pa are both accumulating in

suspended particles is that ?ROTh and
sediments or in sediment traps at rates greater than their rates of
production by uranium decay in the overlying water column. Therefore,
areas where Th and Pa are scavenged at low ratios also act as sinks for
Th and Pa transported horizontally from the open ocean. Scavenging rates
must be greater in these areas than in the open ocean, setting up
concentration gradients down which Th and Pa are transported by mixing
processes.

231

Particulate 230Th/ Pa Ratios: The Effect of Scavenging Rate

Scavenging rates are much higher in surface waters than in the deep

234Th 228Th

. . 210 .
ocean. Residence times for s . and Pb in the surface

3

layer of the oceans are as low as a few months (Bbat et al., 1969;
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Matéumetd,-1975; Bacon et al., 19763 quaki et al., 1976; Knauss et al.,
1978; Li et al., 1979) where biolqgicai'aCtivity results in the
incorporation of reactive elemehts‘info'1arge,'rapidly sinking fecal
matter (Turekianjét al., 1974; Cherfy et al., 19753 Kharkar'etfal.;’1976;
Beasliey et al., 1978; Bishop et al:, 1977, 1978; K. Bruland,.pers§nal
com&uﬁicatién); Scé&éﬁging onto settliné’particies isbprobabiy'thé
dominant process removing reactive elements like Th and Pa from surface
séawater. Scavenging rates are too rapidvto allow for reﬁistribhtion by
horizontal éransport to be effective. 1If the sea surface acts as a
closed system, with only one process removing Th and Pa, then the rates
of removal of Th and Pa must equal their rates of production or input.

'230Th

Production by uranium decay is the only significant source of and

231 . , 230,231
“2Ypg to surface seawater. Consequently, the average Ta/

Pa
activity ratio in particles settling from the sea surface must correspond
to the ratio at which they are produced by uranium decay, 10.8.

‘Szmples were not obtained im the surface mixed layar at any’of the
sediment trap sites. However, this effectléan be seen'at Site B and to a
lessef extent at 8ite P. 1In both cases, the 230Th/231Pa yatio
decreases towards the surface’(Figures 3-4 and 3—5). At Site E,
pérticﬁléte ratios above 1500 m were within counting error of 10.8.

Lover bioiogiéél productivity at Site P may accouﬁt for the lesser effect
at that site.

-éérﬁicles at the sea surface may fractionate Th and Pa to the same

230 231Pa

sxtent as particles in the deep ocean, where particulate’ Th/.

ratios are approximately ten times greater thaun dissolved ratios (compare.
: - . 230,, ,231
Table 2-1 with Table 4-3). If so, theo the dissclved Th/ Pa

ratio in surface seawater wust be about one. Dissolved ratios 1in surface
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seawater -have not been measured, but they should indicate whether or not
fractionation occurs. Tn either case, when one mechanism dominates the
removal of Th and Pa from a parcel of water, the ratio at which Th and Pa
are removed must equal the ratio of their combined inputs. In surface
seawater this ratio is 10.8.

In the deep ocean;‘horizontal transport may act as a source of
dissolved Th and Pa at a ratio of 3-5 (Chapter 4). Therefore, in areas

of the deep sea where scavenging onto particles is the only significant

mechanism removing Th and Pa from the water column, the particulate

2

2 . . .
O’T'h/2 Pa ratios must be hetween 3-5 and 10.8, the ratios at which
they are supplied by mixing and uranium decav respectively. However,

increased scavenging rates alone cannot account for the low

230 21

2 . . . . .
Th/ Pa ratios in suspended particles in the Panama Basin

. : 2
(Chapter 5), and presumably in the other areas where low 23OTh/z"l.Pa

. . 2
ratios have been found as well. Other factors affecting “SOTh/231Pa
ratios in sediments and suspended particles will be discussed in more

detail in Chapter 6.

Contributions to Trapped Material by Resuspended Sediments

Tn certain environments where intense bottom currents are present,
sediment traps near the bottom have collected large amounts of
resuspended sediments (Spencer et al., 1978; Richardson, 1980).
Resuspended sediments in the trapped samples could be responsible for

high 230Th/231

Pa ratios, regardless of the mechanism initially
causing high ratios in sediments.

Several lines of evidence demonstrate that the observed
230"‘h/zgllPa ratios at sites E and P were not a result of

incorporation of resuspended sediments. Concentrations of particulate
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matter measured in Niskin bottle samples at Sites F and P (Figures 3-90
and 3-10) were low throughout the deep water, and although there was a
alight increase néar the hottom, values énly reached 10 ug/kg.
Particle fluxes were constant with depth at Site E and decreased with
depth in the lower three traps at Site P (Table 3-1). Particle fluxes
and concentrations would have increased near the bottom if there was a
significant input of resuspended sediment.

‘Spencer et al., (1978) concluded that resuspended sediments
constituted a large proportion of the material collected in a trap
situated 214 m above the sea floor during the first occupation of
Site S. Radioisotope results from Site S

conclusion. The 228Th/232

9 samples support this

Th activitv ratio in Site 82 samples

decreased dramatically from 82 at 3964m to 9 at 5206m because of dilution

of the primary flux of particles with resuspended sediment lacking

228 228

232
unsupported Th. - If the

Th/“""Th ratio was one in resuspended

sediments at Site S,» and if the ratio in the primary flux of particles

Y
2”2T

did not change between 3964 m and 5206 m, then about 20% of the h

in the 5206 m sample was resuspended from the bottom. As the ratio in

the primary flux of particles probably increased near the bottom, as it

did at the other sites, more than 90% of the 232Th was actually derived

from resuspension. The proportion of the total trapped material derived
from resuspension cannot be determined as the specific activities of the
thorium isotopes in resuspended sediments are unknown and most of the

82 5206. m sample consisted of aluminum hydroxide. Contributions by

resuspended sediments are not apparent at other sites where the

232

79 . .
“L8Th/ “Th ratios increased near the bottom.
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Figure 3-9. Concentration of particles at Site E.

From Brewer et al. (1980).

SITE E PARTICLE CONCENTRATION (pG/KG)
4 8 I? 16 "
, /0/0_
/ °
(o]
)
/ 678
, —2
/
/
/
O\
o}

O\O

S



(KM)

DEPTH

—
!
‘\)
-/

4}

5t .

-118-

Figure 3-10.
From Brewer et al.

Concentration of particles at Site P.

(in preparation).
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Fluxes of detrital material increased with depth at Sites E and P
“(Honjo, 1980; Brewer -et.al., 1980, in.prep&ration); however, detrital
minerals constituted less than 10% of the total flux ét‘SiteAP even in the
deepest trap, sc the portion of ﬁhe total flux potential1y derived by
resuspension of surface sediments, which consist almost entirely of
detriral minerals, would be negligible. -

Concentraticns of plutonium in deep-sea surface sediments are an order
of magnitude lower in the Atlaetic (queyrie.et al., 1976) than in Site E
samples, and two orders of magnitude lower in the Pacific (Bowen et al.,
1976) than in Site P samples. Dilution of the primary flux 6f7partic1es
with resuépende& sediments wouldAhave.resuited in a decrease in plutonium
coﬁcentrations with depth. However, plutcnium concentrations were‘nearly
constant in the deepest three tfap samples at both sites, indicatiung that
there was little, if any, contribution of resuspended sediments older than
a few decades.

CHEMICAL BEHAVIOR QF OTHER ISOTOPES

Thorium=-228

' . . 2
Many of the important aspects of the 2’8Th results have already been

228

discussed. Councentrations of Th in sediment—trap samples are

C . ' . 22 )
consigtent - with its scurceé by decay of ° SRa in surface seawater and near
1. ’ Eray 228r . by . + f
the sea floor. The Th. results were also used as evidence that most o
the particles collected by sediment traps settle rapidly from the sea
~surface. . - S e S _ S
Particles coilected with the sediment trap at 3755 m at Site E

230Th activity ratio of 2.9 while particles filtered

contained a 2ZST‘&/
at 3600 m at Site E contained a ratio of 1.1 (Tables 3-1 and 3-2). This is

consictent with the source of the Th scavenged by the two samples of
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particles. Trapped particles have settled rapidly from the sea surface
. . 228: ;'." , .
where waters typically contgzin hxgh‘zsthfzjaTn ratios (Knauss et al., ™

1978; Bacon, uupublished.data)’whereas smaller filtered particles have

- probably been at.mid-depth (3600 m) whgfe concentrations of_ZZSRa, the . . ...

228 - \ ' s : ' B,
‘source of 77 Th, are very low. Thus; filtered particles more accurately

228 230Th

represent the ratio at which “7 Th and are scavenged at 3600-3755

-m than trapped particles.

Disaggregation of trapped particles at mid-depth would act as a source

228Th/230

of particulate Th with a Th ratio greater than would be

expected if the particles had siuply scavenged dissolved Th at the
' N ',-? . ‘. .
mid~depth dissolved 228Th/ZJOTh ratic. - 1f adsorption of Th is a
reversible process (see Chapter 5), then particles secttling from the sea. .
. ] . . 228 : ..
surface would azt as a source of dissclved "7 Th at wid-depths. Since Ra
is not significantly scavenged by particles, an equivalent source of

228 ZZSTh/ZZSRa

Ra from settling particles would not exist. Dissolved
ratios. greater than one at mid-depth would provide convincing evidence for
the reversibility of thorium scavenging. Unfortunately, mid-depth

228 228

dissolved “""Th/“" Ra ratios have yet to be measured.

Ehprium—232

2 . .
23“Th increased with depth at Sites E and P.

Specific activities of
Detrital components of trappéd material also increased with depth at both
sites, and detrital elementsvwere present at constant ratios in all of the
sediment trap samples at Site E (Brewer et al., 1980).. Correlations of K
.232Th with Al and K in sedimgﬁtAtrap samples are shown in Figureg 3-11
and 3-12, and indicate an average shale-like rock as the sgource of the

detrital minerals. Sediments from Ch 75-2 and atmospheric dust sampled at

Barbados (Rydell and Prospero, 1972) follow the same Th/Al and Th/K
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Correlation between 232Th and Al in sediment trap
samples, sediments, and atmospheric dust (Rydell and
Prospero, 1972) at or near Site E. Solid lines represent
average ratios for crust (C), shale (S), basalt (B), and
granite (G) from Krauskopf (1979).
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Figure 3-11.
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Correlation between 232Th and X in sediment trap samples,
sediments, and atmospheric dust (Rydell and Prospero, 1972)
at or near Site E. Solid lines represent average ratios
for crust (C), shale (S), basalt (B), apd granite (G) from

Krauskopf (1979),

Figure 3-12.
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Figure 3-12.
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correlations (Figurés 3=kt and 3-12).. The similarity in composition

‘suggests that atmospheric transpert of Sahiaran Dust, which“also has a

o

shale-like composition (Glaccum and Prosperc, 1980), is an important .

source of the detrital material sampled at Site E. - Furthermere, the

232

increase in the “Th countent of trapped material with depth was simply

a result bf‘the increasing abundance of-detriral minerals, and it is not
necessary to postulate scavenging of dissolved 232Th’from seawater.

With the exception of the shallowest sample at Site P, the Th/AL
ratio is similar to that at Site E (Figure 3-13), with a composition
consistent with average crustal rocks or shales as a source. However,
‘the correlation is not as good as at Site E. Brewer et al.;(in
preparation) féund that the correlation among other detrital élements ét'
Site P was likewise not as good as at Site E. If horizomtal transport
influenées the distribution of detrital particles at 8Site P, then the
variable composition of the detrital elements wmay indicate that detrital
particles are transported from different sources, i.e. from different
directions, at different depths.

Uranium

Uranium concentrations in trapped particles were ﬁearly constant with
depth, with the éxception of samples Sz~5206 m and P-378 m. Uranium in
the Sé-5206 m sample was scavenged from seéwater by the aluminum
hydroxide precipitate, which could not be separatéd from normal-
sediment. The P-378 m sample may have becomé anoxic from decomposition
of organic material before—précessing (A. Fleer, perscnal

communication). Uranium would then have been reduced from the (VI) to

the (IV) valence state and scavenged by trapped material. There was
. |
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Figure 3-13. Correlation between 2321h and Al in sediment trap samples
from Site P. Solid line is the slope through the points at
Site E. Note change of scale from Figure 3-11.
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Figure 3-13.
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aﬁple uranium in the seawmtér in the two liter sample cup to bhave
provided the amount of ﬁrénidm in the ééméled particles.
1t was previously-showpffhét some of the uranium in sediment-trap
sampies must have been recently~éexived.from seavater. Bioauthigeniec
"~ uranium (Table 3~8):was'céiéulatéd ag the difference between total and
detrital uranium:
232, 232,

-~ 1 - T ~
UBA_z UT—z (u/ Th)sed X Th, (6)

where UT'is the total uranium, z is the sample depth, and sed refers to’

the ratio in sediments. Values of UBAAwere similar at Sites E and P,
even though“UT was aBout two times greater at Site E because of the
greater contribution of detrital uranium. Site P lacks a source of
detrital matérial aé pronounced as the transport of Saharan dust by the
trade winds to. Site E.

»Eioauthigenic uranium carmot be an artifact of incomplete removal of
sea salt from tﬁe sédiment trap material or scavenging of dissolved
uranium from seswater in the sample-containers. Trapped material.had
higher specific activities-of uranium than would bé found in pure sea:
salt. Sample sizes and volumes of seawater in which the samples were
stored were about the same for all of the saﬁples from a given site.
Bioauthigenic uranium should have been found at approximately the same
concentration in all samples if it resulted from uptake of dissolved
urawium during sample storage. Biocauthigenic uranium concenfrétionsw
decreased with depth at Sites E and P, suggesting that it is a real "
phenomonon -

Uracium appears to be a conservative élement in open ocean oxygenated
seawater {Turekian aund Cham, 1971l; Ku et al., 1977). Bioauthigénic

uranium concentrations in trapped particles decreased by over 50% with
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TABLE 3-8

Bicauthigenic Uranium Content of Sediwent Trap Material - Sites B and P.

) Site ©B Site P :
Depth Biocauthigenic Uranium Depth Biovauthigenic Uranium
{m) (m) . ’
238y : T 738

dpm/g U dpm/g

5086 0.17 . 5582 0.26
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depth at both sites, presumibly due to regeneration with very labile
particulate carrier.phases. This is in contrast to the behaviors of

PaAwhich are scavenge d thron:hout the water column. "A

P

UB% with depth is consistent with its incorporation into

bipggnic_materials agrthé'SGa surface rather than s;avenging of uranium
“from seawater. = Ik ig.of interest ﬁo‘determine;whether_measurable
concentration gradients should recult flom the rate of regeneration of
bicauthigenic uranium in the d»en sea. Lf UBA isg takenrast.S dpm/g in
particles originating at:the surface (Table 3-8), rand typical particle
fluxés are Q_5—2¢0 g/cmzlozyr (Table 3-1), then the bioauthigenicb
uranium flux is 0“25—1;0 dpm/cm2103yr. Regenération of thisruraniuﬁ.
evénly throughcut 2500 n‘of~deep ocean changes the uranium concentration
by 0.001-0.004 dpm/l~103years, an insignificant change compared to the
uranium concentration in seawater of 2.5 dpm/1 (Turekian and Chan, 1971;

Ku et al., 1877) if the maximum mixing time of the deep ocean is

1000-2000 years

2 . .
The immediate decay product of 231 p, is 2 7Ac (Figure 1-1), which

is itself radiocactive with & half life of 21.7 years. Three prccesses

5

227 ~ . . o ..
could account for Ac found in trapped particles. First, if
. 231

partizles act as a closed system with respect to Pz daughters, Ac
will begin to grow into equilibrium once protactinium is adsorbed.
Second, sediments older than 100 years incorporated into sediment-trap

\ 227 ,231 . ,
samples would have a Acs Pa ratio equal to one if both elewents
are retained by the particles. Th11 d, since most of the protactinium in

seawater is dissolved (Chapter 5), there is significant production of

dissclved actinium which may itsalf be scavenged by particles.
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it appears that the bulk of the material caught in sediment traps
settles very rapidly through tha water column, vperhaps in less’ than a
227

S SRR 1
Ac would have been produced by decay ofv23“Pa

year. Very little.
an"thése particles,‘andrtéé fir;tvbrgcess aﬁove would be negligible.
Plutonium results indicatea tbatjtgére Waélminimal contribution to the

Atrapﬁed material Hy'resﬁspended éediments'greater than 100.years old.
Therefore, the third process above may 5e the dominank source of
particulate Ac in the -sediment trap sgmples;- if particulate Ac. {Table
3-9) ié derived entirely by scavenging of dissclved Ac, then the steady
state distribution of particulate Ac can be represented by

-

od F 3. X
Hpcl9t Ac¥ac

ﬁTHAcAAc —S(dXAc/dz) | 7

where: X concentration of particulate Ac

Ac
1 = gcavenging rate constant for dissolved Ac
A, = concentration of dissolved Ac

. . . . 227
A = radioactive decay constant ot Ac
§ ~ average particle settling rate

z = depth

Then:

_ oo ', _ . ~MAcZ/S : (8)
XAC (¢Aq AAC/AAC)(l = ) .

Similarily for Pa:

!

. et | —ApaZ/Sy : ()
Kpy = (g Ap Ap )1 - e T ) ' '

Thus

XAC _ APawAcAAc - _ (10)
' L ~xpaZ/ 8
Xpa Mac¥patea A -e :
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 TABLE 3-9

2274¢/231pa Ratios at PARFLUX Site P.

' Sample 227, 231?3 '227Ag/23;Pa
-~ (dpn/g) Activity Ratio
P~ 978 m <0.012 0.105+.009  <0.117 . .
P - 4280 m 0.204+.018 0.476+.021 0.429+.042
P -~ 5582 m 0.519+.035 0.907+.043 0.572+.046
KKL Core 1, 3.8-5.1 cm 2.17+.19 2.23+.05 0.973+.088
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which for large, rapidly settling particles (i.e. X z/S<<1.0)
reduces to -

XPa | mPaAPa

1f ‘the only source of dissolved Ac is by decay of dissolved Pa, then

- \ .
. AAC S lpAf_AAC L Lo ' ' B . (11)

Mpolhpy € 1:0 o o an
Combining Egquations 11 and 12,

X, /X%

Ac’ TPa 2. Ac A Pa

Qr

Vo ¥ pa (X, /Ep ) = (0.1-0.6) | (14)

The residence time of protactinium p

a)_at Site P is about 130
" .years (Chapter &), and scavenging represents about 40% of the removal of

the Pa produced by uranium decay (Table 3~7). Then:

s -1 , ;

Vpa ~ 0.&(1/:Pa) = (1/325) years ; | (15)
and

b, 7 (0.1-0.6)(1/325) years T . - | (16)

_or the minimum residence time cf actinium with respect teo scavenging at

Site P, v = 1ﬂ)Ar’ is 540-3250 years. A range of values is

Ac

derived for the minimum scavenging residence time of Ac because
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X, /X, increases with dewntt Teure 3-14). X 11d he
ac’%ea 3 with depth (Figure 3-14) XAC/}gPa should he

.

e & k4 . - '»"‘ 1" . . o ". K . N " . g e S
constant with depth if 1) the approximatior used to derive Equation 11

trom Equation 10 is valid, 2) scavenging is the only source of Koo 3)

is constant with depth,»and:é) AACZA' is constant

wlAcﬁ‘U Pa Pa

‘with‘éepth. Since XAélea increééés;with depth, one of the above
criteria is not fulfilled. 1f some offthe particulate‘Ac is derived by -
tesuspension of old sediments or by decay of Pa on the particles, then:
the scaveﬁging residence time of Ac is longer tbah~calcu1ated—above, and
540-3250 years wmust be viewed as a lower limit for the scavenging
residence time of Ac.

COMPARISON OF FILTERED AND TRAPPED PARTICLES

. el . 231 . .
Specific activities of excess ZBOTh and 23 Pa were higher in
filtered particles than trapped particles at all depthis at Site E (Table

231 .
Pa are present in samples of suspended

3-5). - Thorium—-23G and
particles primarily adsorbed at particle surfaces and particles collected
by filtration tend to be smaller than particles collected with sediment

traps. The greater specific surface area of smaller particles provides a

greater number of sites for adsorption, resulting in the higher specific

activities of 230Th and 231Pa in the filtered particles.
e o230, ,231 . , . . o
Unsupported Th/ Pa ratios were nearly identical at Site E

among two trapped and two filtered particle samples above 1500 m {Figure

3-5); at about 1z1.5. Particles trapped at 3755 m and 5086 m had

. . . : 31 . -
raties of 22 and 30C. " Some of the 230Th and 23 Pa contained by the

particlés trapped at these depths was scavenged above 1500 m at a ratic

.
of about 12. The ratio at which ‘30Th and 231Pa were actually

scavenged at depths of 3000-5000 m by trapped particles must have been
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Ac/231Pa'Ratio in Sediment-Trap Samples

RARFLUX P

ACTIVITY RATIO 227ac/ 23pg
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Figure 3-14. Particulate 227
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much greater than the measured ratios of 22 and 30. Particles filtered
at 2600 m and 5000 m had probably been at depth for considerably longer

than the trapped particles, and may have obtained most of their scavenged

73 X
Th and Pa at those depths. Unsupported JOTb/“']Pa ratios of 40-50

measured on filtered particles (Table 3-5) may be a more accurate
representation of the ratio at which these isotopes are scavenged in the
deep ocean, and are consistent with conclusion that trapped particles

2 23 .
must have scavenged “BOTh and ““1Pa between 3000-5000 m at a ratio

230Th

23 .
greater than 22-30. Therefore, and ““lPa are scavenged at

similar ratios by filtered and trapped ("small" and 'large') particles at
all depths at Site E, although the ratio increases by a factor of 2.5-4
between 1000 m and 5000 m.
CONCT.USTONS

(1) Sediment traps catch large particles formed near the sea surface
which scavenge significant amounts of reactive elements from seawater.
The average transit time of the particles through the water column is

less than a year.

230

(2) Settling particles preferentially scavenge ~~ Th relative to

231 230 231

Pa from seawater, resulting in the high Th/“ " Pa ratios found

. 1 . .
in many deep-sea sediments. Unsupported 23OTh/Zg'Pa ratios as high

as 50 were measured in suspended particles.

23 231

(3) The high ““OTh/ Pa ratios in suspended particles did not

result from resuspension of sediments.

(4) Settling particles in low-particle-flux, deep open-ocean

231

environments remove Pa at rates less than its production by uranium

decay in the water column. This is probably true for other elements such

as 230Th and 21OPb as well.
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(5) Reactive elements that are not removed from seawater by settling
particles are transported horizontallv tc environments where scavenging
rates are greater than in most of the open ocean. At the open ocean

sites studied, horizontal transport is relatively more important for

2
“

: 31 . . . . .
removal of Pa whereas scavenging by settling particles 1is relatively

. 230 .
more important for removal of Th produced by uranium decav.

Sediments in enviromments with especially high rates of scavenging

?3OT 231

contain inventories of h and Pa greater than would be expected

from their rates of production by uranium decav in the overlying water
column because of their input by horizontal mixing processes.

(6) Suspended particles near the sea floor have higher

231 32

9 2
230Th/L32“h and Pa/”

23

Th ratios but identical unsupported

OTh/?Bl

Pa ratios compared to nearby surface sediments at Sites E
and P. This 1is best explained by regeneration of most of the excess
230Th and excess 231Pa associated with suspended particles before

they are incorporated into sediments.

(7)Y Thorium-222 in sediment trap samples is associated with detrital
minerals in a Th/Al ratio suggestive of an average shale composition at
Sites E and P. Atmospheric transport of Saharan Dust, with a shale-like
composition, probably acts as the source of the detrital minerals at
Site E. ”

(8) A bioauthigenié form of uranium is incorporated into particles
collected with sediment traps. Bioauthigenic uranium is remineralized in
the water column at Sites E and P. This flux of uranium to the deep sea

is insufficient to cause measurable concentration gradients of uranium

within the mixing time of the oceans.
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(9) Fstimates of the scavenging residence time of actinium are not
well-constrained. However, results from sediment-trap samples show that
the scavenging residence time of actinium is much greater than that of

protactinium, by as much as an order of magnitude.
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CHAPTER 4.

CONCENTRATIONS OF THORIUM AND PROTACTINIUM IN SEAWATER

DETERMINED BY ADSORPTION ONTO MANGANESE-OXIDE-COATED FABRIC

- INTRODUCTION

S 23 228 230 2
Scurces of lJATh, 2 Srh,'zjgmh and 3y

awater by decay

M-

a Lt
of dissolved uranium and radium parents ave well-defined. Rates of
removal of these isotopes from seawater can then be determined from the
degree of radicactive disequilibrium between the reactive dauvghter and
soluble parent. The thorium isotopes listed‘above have a wide range of
radiocative half-lives (234Th: 24d; 228Th: 1.9yr; 230Th: 75200yr)

and. thus are useful iﬁ the study 6f scavenging processes occurring at
rates varying over several orders of magaitude. Several studies have

beer made of the 234‘1"{1>~238U and 228Tb—248

Ra disequilibria in

surface scawalbsr and nearshore environments (Bhat et al., 1269, Broecker
et al., 1973; Matsumcto, 1975; Knauss et él‘, 1978; Li et al., 1979
Santschi at al,; 1979; Minagawa and Tsunogai, 1980), where thorium
residence times of days to mouths héve been observéd.

Scavenging is much slower in the deep ocean, where 230Th is the
best isctope to use in the studies of processes removing thorium from
seawater. Tts source is well known, and its half-life is long enough
that~the'230Th/234U ratio can be used to accurately determine the

removal rate of thorium from the deep ocean, typically on the time scale

of & few decades. (Moore and.Sackett, 1964; Brewer et al., 1980; this

7%
LSV,

work). Few reliable Th data are avalilable because of the large
volumes of seawater required to accurately weasure its extremely low

concentration. The recent work of Wozaki (in preparation) is an
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, 230 . . . .
exception, where Th was measured with sufficient precision to show

230Th concentration.

230

systematic trends with depth in the
One means of measuring the concentration of Th without

. processing large volumes of seawater is to employ an adsorber which

extracts thorium in situ. Several investigators have used

Mn02~impregnated fibers to extract Ra and Th isotopes from seawater
{(Moore, 1976; Knaués et al., 1978; Reid et al., 197%a,b); however,
thorium measurements were only made to depths of 150 m. This work was
initiated with the following objectives:

1) To measure the concentration of thorium isotopes in the deep
cocean, and calculate residence times of thorium from the measured
concentrations.

2) To determine whether the method could be accurately used to

7
231P 230

measure the concentration of a as well as Th.

3) Te compare residence times of Th and Pa, after successful

21 . . S .
Pa, and test for consistency with the conclusions

measurement of 2
derived from sediment trap results (Chapter 3).

LABORATORY ADSORPTION FXPERIMENTS

A matural isotope yield monitor for the efficiency of extraction of

234

. . . . 3 . . e
thorium from seawater onto MnQ, exists in Th, which is in

2
238

radioactive equilibrium with its parent U in the deep ocean at 2.5

dpm/1 (Amin et al., 1°74; Bacon, unpublished results). Activity ratios

2% 224 2
of ““STh/”“4Th and ”BOTh/234Th on MnOQ adsorbers can then be:

. 234, . .
used with the known Th concentration to calculate the concentrations

of the other isotopes, which are present at much lower specific

activities.
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No suitable natural isotope yield ﬁonitor of protactiniuﬁ exists in
seawater., However, 234Th can be used as a yield monifor for Pa if it
can be shown that Th and Pa adsorb to MnO2 without fractionation.
Scott and Nuzzo (1975) found no fractionation of thorium and protactinium
during adsorption to MnO2 in a 1éboratory experiment. Additional
laboratory experiments were carried out to confirm that Th and Pa are not
fractionated during adsorption to the Mnoz—coated Nitex adsorbers used
in this work. Adsorbers were prepared by precipitation of Mno2
(cryptomelane) on acid-leached Nitex nylon fabric from a KMnO4 solution
(Chapter 2).

Approximately 10 liters of natural, pH 8, filtered (v 1lp

234

glass fiber filter) Vineyard Sound seawater was spiked with ‘Th and

233?3. The p¥ was measured before and after addition of the spikes‘tOt
insure that the pH was not significantly changed. B3everal hours: wera

allowed for spike equilibraton. Strips of MnOZ»Nitex were then placed
in the seawater for various lengths of time. Thorium and protactiniﬁm

. . 234
adsorbed to the Nitex were measured by gamma counting (93 keV for "éTh

and 312 keV for 233?&) on Ge(li) detectors coupled to a 4096-channel
analyzer. The thorium and protactinium remaining in the seawater and
adsorbed to the container walls at the end of the experiment were also
counted. Counting &as semi-quantitative, since counting geometries were
not identical in each case. As the-only concern was possible
fractionation of thorium and protactinium during adsorption to Mnoz,
determination of Th/Pa ratiocs was sufficient. Ratios were first measured
on the mixed spikes before addition toAthe seawater. - Seawater was

contained in an acid-washed plastic (Rubbermaid No. 29634) bucket and was

. stirred with a magnetic stir-bar throughout the .experiments. -At the end
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of the adsorption period (one-half to two hours) the MnOz-Nitex was
removed and counted. The seawater was then transferred to another

and FeCl, carrier

plastic container to which 30 ml concentrated HNO 3

3
were added, The pH was adjusted to 7 with.NHAOH to precipitate
Fe(OH)3. Activity ratios in the Fe(OH)3 were used to indicate the
Th/Pa ratio in solution at the end of the experiment, and the counting
rate was used to compare approximately the amounts of thorium and
protactinium in solution with the amounts adsorbed to the Nitex.
Finally, the bucket used in the adsorption experiment was washed with a

mixture of HNC, + HF, and the acid wash was evaporated to a small

3

volume and gamma counted.

Results from two adsorption experiments are shown in Table 4-1.

233

There is a peak in the gamma spectrum of Pa at 95 keV that is not

234 .
resolvable from the 93 keV " 'Th peak. The 95 keV peak is equal tc 73%

of the activity in the 312 keV 233Pa peak with the detectors used in

+o
P~

2
this work. Sufficient “~ Th was used so that the contribution by

234Th to the 93-95 keV peak could be easily resolved.

The Th/Pa activity ratio in solution did not remain constant
throughout the adsorption experiments, as can be seen by comparing the
aétivity ratio in the imitial spike solution with the’ratio iﬁ the
Fe(OH)S-(Table 4-1). The change is caused by adsorption of thorium to
the plastic container with very little éorresponding adsorption of
protactinium. Significant amounts of the thorium added to thé seawater
were adsorbed by the containers, perhaps as much as 20%, as indicated
semi-quantitatively by the count rates given in Table 4-1. Thus thorium
“and protactinium were adsorbing onto Mn02 from a solution with a

continuously changing Th/Pa ratie.  The final ratios found on the Nitex
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TABLE 4-1

Adsorption of 2341h and 233p, onto MnOs-Coated Nitex.

Run No. Fraction . Activity Ratio Count Rate (cps)

234, /233, 234, 233,

1 Initial Spikes® 1.70+.07 1.35 0.79

2 Initial Spikes® 1.62+.08 0.86 0.53

1 Mn0,-Nitex© 1.64+.03 0.40 0.24

2 MnO,-Nitexd 1.13%.08 - 0.054 0.048

1 Fe(OH)5® 1.25+.03 0.44 0.3%

2 Fe(OH)3® 0.95+.04 0.37 0.39

1 Container Washf 2545 . 0.45 0.013

2 Container Wash* A~ 40 0.33 0.0085

Background 0.005+.004  -0.0006+.0018

Run No. 1 Run Ne. 2

Nitex (Th/Pa)8 0.97-1.32 0.70-1.19

Solution (Th/Pa)

3Activity ratio of the 93-95 KeV peak to the 312 KeV peak. . The ?3—99 KeV
peak is corrected for the contribution by 233pa of 0.728+.020 times the
312 KeV peak.

bBefore addition to the seawater.

€Two-hour exposure to seawater, 2 x 12 cm strip of Nitex.

done-half-hour exposure to seawater, 2 x 12 cm strip of Nitex.

€Represents Th/Pa ratio in solution at end of adsorption experiment,

fReptesents To and Pa adsorbed to the walls of the container in which
the adsorption experiment was carried out,

"8The range of values is derived by substitution of the initial spikes and
the Fe(OH)3 Th/Pa ratios for the solution Th/Pa ratio.
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‘were between the initial and final values in solution. The variation of
the Th/Pa ratio in so]ﬁfionllimits the precision with which fractionation
of thorium and protactinium can be estimated. However, comparison of the
activity ratios on the Nitex with the.initial and final values in

solution (Table 4-1) indicates that the fractionation effect is less than 20%.

METHODS AND SAMPLING LOCATIONS

Passive adsorbers were prepared by rolling or félding approximately
40 X A0 cm sheets of MnOZ—coated Nitex to fit into a 6 x 40 cm acrylic
tube perforated with 30 l-cm holes. Polycarbonate Swin-Tok (Nuclepore)
47-mm filter holders were fixed to the ends of the tube to allow seawater
to pass through the ends and to allow easy replacement of the Nitex
sheets during sequential deplo}ments. Tn every case; acryvlic tubes

containing sheets of MnO,-coated Nitex were attached at a depth of

? .

3700 m on a sediment trap mooring deployed for approximately 2 months.
Results from samples obtained at two sites are reported here. The

first sample was taken as part of the PARFLUX Program at Site P (Homjo,

1980, 15021'N, 151028'W,‘5792 m). The other five samples were

obtained from sequential two-month deplovments at a site 25 nautical

miles southeast of Bermuda (Site D, 4200 m; Deuser and Ross, 1980). The

first sequential sample was recovered in July, 1979, and the last in

April, 1980. Upon recoverv at sea, samples were stored wet in plastic

bags and returned to Woods Hole for analysis by the procedure in Cbapter 7.

- RESUTTS

Calculatiov of Volumes Sampled

234 e . ,
Measured Th activities, ATH, were corrected for radiocactive

decay according to Fquation (1):

- At -2 : ’
Ay = Ay (T ()71 - &MY ; (1)
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where A, is the amount of 234Th adsorbed, A is the radioactive
decay constant of 234T'h, ty is the time elapsed between recovery of
the sample and the measurement of the 234Th activity, and t_ is the

2

duration of the deployment. Calculated values of A, vere divided by
2.5 {dpm/1) to arrive at the effective volume sampled (Table 4-2),

Approximately 0.05-0.10 dpm/1 of the total 234

Th is particulate

(Chapter 5). 1If particulate thorium is not sampled by the Nitex
adsorbers (see discussion below), then the calculated volumes may be too
low by 2-4%. Variations in the uranium content of seawater are small
compared to other sources of error, and amounts of uranium adsorbed on
the Nitex were negligible as a source of 234Th.

A constant rate of adsorption of thorium during exposure of the Nitex
to seawater is assumed by the use of Fquation (1). Since-all of the
deployments were for about the same length of time, this assumption
cannot be tested. 1t is possible that theanO2 comes into an
adsorption-desorption equilibrium with seawater on a time scale of a few
days or less. The maximum error in the calculated total amount of

234Th adsorbed would be the factor ltz/(l—e—ktz) used to correct for

decay of 234

Th during deployment. For a two-month deployment this
correction would cause the calculated volumes to be too high by a factor
of approximately two. The concentration of each of ‘the long-lived

234Th effective volumes 1is affected

isotopes calculated from the
equally by any error resulting from the assumption of a constant uptake
rate, - Therefore, isotope ratios are not affected by this uncertainty,
Dates of deployment of the MnOZ—Nitex adsorbers and fluxes of
particulate matter through the water column at the time of each

deployment are. given in Table 4~2 along with the effective volumes

- sampled.
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TABLE 4-2

MnOp-Nitex Sampleé Analyzed for Thorium and Protactinium Isotopes.

Site/Sample Deployment Date Effective Volume? Particle Flux®

Sampled mg/m2:yr
(liters)

P 9/17-11/20/78 2240+169 16.6

D-A 5/31-7/30/79 1452497 23.6

D-B 8/3-10/5/79 647443 NA

D-C 10/12-12/5/79 325:}7 19.9

D-D 12/5/79-2/6/80 601+32 ' . 48.8

D-E 2/6-4/15/80 590430 ' 49.8

8Gee text for method used to calculate volumes sampled.

brotal fluxes were measured at Site D. Fluxes of the less than 1 mm
size fraction were measured at Site P.

NA = Data not available because of malfunction of sediment trap.
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Concentrations of . Thorium .and Protactinium

Concentrations of thorium and protactinium isctopes in seawater
{Teble 4-3) are calculated for each sample from the total amount of each
isotope adsorbed to the sheet of Nitex and the effective volume of

seavater sampled.  Few reliable data are available in the literature with

which ‘to compare the~230Th and 231Pa results. Reported
. 2 23] . .
concentrations of 3pTh and ‘31Pa in seawater are preseated in

| - 230 P .
Table - 4-4. Values for Th activities in the deep ocean range from
3.5 3 A . . 230, . , 5

0.5 to 3.5 dpm/10~ 1. Concentrations of Th determined by means of
the MnO,-Nitex samples (Table 4~3) fall within the lower third of the
range of values in the literature. Part of the variability may be
geographical, as the concentration varies by about a factor of two

. .. iy . . . 231 . , ,
betwean Sites D and P. Concentrations of Pa reported by Moore and
Sackett (1964) (Table 4~4) fall within the range of those in Table 4--3;
however, the sample locations and depths are not directly comparable.
Concentrations of protactinium in surface seawater measured by Imai and
Sakanoue (1973) .(Table 4-4) tend to be higher than those in Table 4-3.
There is 1o consistent trend to their data, and the high values are
inconsistent with the much greater scavenging rates in surface seawater
compared to the deep occeans

. . . 232, e . \

Concentrations of Th measured at 8ite D are slightly greater

.than the upper limit ﬁor_?32

Th of 0.016 dpm/lOSI in surface seawater

analyzed by Kaufman (196¢). Turekian et al. (1973) used Th/La ratios in

.. - 3
pteropscd tests to predict an upper limit of 0.0017 dpm/1071 for the:

ry u ey

. ‘ 232 . N - . . - . .
covcentration of Th (see their Table 3, the wvalue in their text is a.

. _ . 3 . 232, .
misprint). The upper limit of §.0019 dpm/10°1 for dissolved Th in
the Site P sample is the same as the pteropod data as corrected and is an

order of magnitude lower rhan the upper limit of Kaufman (1969).
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230, 232,
'JOIh/L “tnh Ratios

e e e . 232 .
Threre’ ig no preduction of dissolved "7 “Thiin seawater By decay cf a

dissolved radicactive parent. However, there must be a finite == -
' e T 232 o e,
concentration of dissolved Th as evidenced by its ilncorporation intc
authigenic manganese nodules’at concentrations greater than in

. . . oy . 230,, 232 .
surrounding sediments (Calvert and Price, 1977). Typical Th Th
ratios in manganese nodules ave compared with ratios in MnDZ—NiCex
samples in Table 4-5. The MnOZ-Nitex sample at Site P has a ratic much
greater than that reported for any nodule. Ratios measured at Site D

fall within the range of values for nodules. However, the nodule :sumpled

nearest Site D has a ratio much less than the ratios measured in Nitex

e
3 : . ~ [ e . 230, ;232,. P
samples from Site D {(Table 4-5). The range of Th/ Th ratios may

represent varving dggrees of mixture of dissolved and parﬁicﬁlate
thoriuvm. The dissolved end member would. tlien be best reﬁreﬁeﬁtediby the
ratic at Site P. Lower ratios at Site D may result from ianclusion of
Vsomevparficulaté'mate}ialﬂin the Nitex éamples; Manganese nodules have
.even lower ratios because they contain even greatervamounts of
particulate therium associated with detrital minerals. Tae alternative

232

possibility, that the concentration of dissolved Th is greater at

[$2]

ite D than at Site P, cannot be disprovern without-additional data.

Particulate Thorium and Protactinium:.in fhe Nitex Samples

| . o 93 231
~Several lines of evidence indicate that the 2J()Th and 2 Pa

dsorbed to the MnO,-Nitex were predominantly dissolved.  Most of the

- 2
30 231 230,

a
230, ] . . . . .
Th and Pa in seawater is dissolved. Particulate

concentrations measured by Krisbnaswami et al. (1976) at GEOSECS Station

9 . . 230
226 were less than 20% of the total concentrations of
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*
TABLE 4-5
2301y /2327y, Activity Ratios? in MnO~-Nitex Samples Compared to
Ratics in Deep-Sea Mangzanese Nodules.
_Sample ' 230032320, pcrivicy Rario
Locatxon/Referen;e Average Range
Site P, MnOjp-Nitex > 500
Site D, MnO,-Nitex 30 20-50
All oceans - 17 nodules 44 o 6-200
Ku & Broecker (1969)
8°18'N, 153°05'W ~ 3 nodules v 45 23~59
Somayajulu et al. (1971)
Equatorial Pacific - 3 nodules o 111(29)b 87(86)-149(116)"

Krishnaswami & Cochran (1978)

Individual Nodules Near Sites D and P

230, ,232 o "
3 Th/ 3 Th Nesr Site:
€58 - 100; 33°S57'N, 65°47'W 6 p
Ku & Broecker (1969)
V21~D4; & 13°N, ~ 147°W 67 p
Ku & Broecker Two Nodules > 34
AL7-16; 9°2.3'N, 151°11.4'W 87(86)P P

Krishnaswami & Cochran (1978) Two Nodules 149(116)b

8Ratios are extrapolated to nodule surfaces.

bValues;reported were for unsupported 230'I'h/232T'n. ‘There was some
uncertainty in the uranium-supported 230Th value. k23OTh/232Th ratios
would increase by < 5% if total 230, activities were used.




during a reoccupation of the site by Nozaki {in preparation).
o 230, 231 . |
Measuremenl of particulate and dissolved Th and P2 on the same

vater samples in the Panama and Guatemala Basins’ (Chapter-5) showed that-

“-both isotopes are predominantly dissolved.

. . G 9232 _ .
The Site P-Nitex sample had an immeasurably low 23‘Th—content, and
the 23074 /232, activity ratio was greater than 500. The
23 32 . . .. ' .
DOTh/ZJ‘&l ratios for trapped particles at a similar depth and in

nearby surface sediments were 93 and 50, respectively {Chapter 3). - Then,

particulate 230Th could account for at wost 10-20% (50/560~93/500) of

2300, The particulate 231?&/230Th activity ratio at
Site P was approximately 0.033 (Chapter 3), and the 231?3/430

- the total
Th ratic

in the Mnoszitex sample was 0.3 (Table 4-3). Thus, even if»ail.nf'xhe

230, ' . . 231 ; g
Th were particulate, particulate Pa could account for a maximum

=}

£ about 11% (0.033/6.3) of the total. Since at least 804992ybfft5e

230, S : . . 231 .
Th was dissolved, a maximum of 1-2% of the Pa was paxticulate.

Similar arguments hold for Site D samples; however, upper limits on
contribution by particles to the measured thorium and protactiniumrcar be
set only if particulate activity ratios determined at Site 82

(Chapter 3) are used, as particulate radioisotopes were not measured at

230 232

~Gite D. At Site‘S?>(3694 m) the pértiéUlate Th/™77Th activity

231 230

ratio was 13.5, and the particulate Pa/" " Th ratic was 0.037. The

230, ,232

M /77 TH ratios in the Nitex samples at Site D range from 20-30.

‘1f an average value of about 30 is adopted and it is.assumed that all of
32 230

.. 232 . . . .
the Th was particulate, then the maximum particulate. "~ "Th was.

slightly less than half (13.5/30) of the total. The average ratic of

231 230 . . . ‘
Pa/ Th .in the Nitex samples at Site D was 0.19. If at wmost
. i 0., . . 231
(13.5/30) of the 2304y yas particulate, the maximum particulate Pa

\
\

was about 9% of the total.
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230'T'h/231Pa Activity Ratios

') .
Thorium-230 and ~31?3 are produced at a constant rate throughout
the open ocean because of the constancy of the concentration and isotopic
composition of uranium in seawater (Ku et al., 1977). 7If thorium and

protactinium were scavenged from seawater at the same rates, then

a
230Th/2’1P

?31Pa

dissolved thorium and protactinium would be present at a

23

activity ratio of 10.8. Moore and Sackett (1964} found OTh,/

ratios in seawater of 1.4 and 3.4, with large uncertainties (Table 4-4).
All of the Th/Pa ratios observed in MnOZ—Nitex samples fall in the

range of 3-6 (Table 4-3).

230Th/231

Deep-sea surface sediments commonly have Pa activity

ratios of 20-30 or higher (Sackett, 1964; Ku, 1966; Ku et al., 1972;

Chapter 3). Manganese nodules also act as a sink for many. trace elements

231

230

in seawater. Nodule surfaces commonly have Th/ Pa activity

ratios less than 10.8, sometimes as low as 3 (Table 4-6). ‘A1l of the

above information is consistent withk the conclusion in Chapter 3 that

settling particles preferentially scavenge 230Th relative to 231P

230

a2,

. . . 2 . v
resulting in a dissolved Th/ 31Pa ratio less than 10.8. As

previously discussed, thorium and protactinium appear to be adsorbed onto

230Th/231

MnO, without fractionation. Therefore, the Pa ratios in

2

manganese nodules simply reflect adsorption of dissolved thorium and
protactinium onto nodule surfaces at the ratio present in seawater.
. Processes Removing Thorium and Protactinium from Seawater

2
23043, ana 23!

Concerntrations of Pa are 2-3 times lower at Site D
than at Site P {Table 4-3)., Two mechanisms dominate scavenging of

reactive elements from the deep ocean: adsorption to settling particles

and transport by mixing processes to ocean basin margins (e.g. Brewer et



TABLE 4-6
Unsupported 2301h/231p; Ratios in Manganese Nodules.

: b
Nodule xsTh/xsPa oa IxsTh/IxsPa (IxsTh/Ista)/(xsTh/stao)
Activity Ratio
Ku and Broecker (1969)
v21 D2 A 12.5 30 2.4
ViI0 D& A 4.0 6.1 1.5
V20 D 4 B < 5.5 6.5 > 1.2
64 5.0 13 2.6
vi8 D 32 ~ 5.9 13 ~ 2.2
vi8 Til9 < 9.3 20 > 2.2
vig T119 B 40 40 1.0
€58 100 5.0 6.08 1.8
vie T 3 8.0 12 1.3
D6253 2.5 5.4 2.2
vVie T 19 A §.9 20 2.3
vie T 19 A 8.6 19 2.2
E17 36 7.0 11 1.6
Krishnaswami & Cochran (1978)
- AL7 16 2 8.5 14 1.7
C57 58 1 9.2 16 1.7
Moore et al. (in press)
Mn7601 20 2 14.2 22.1 1.56

8y3Th/xsPa is the unsupported 2307y, /231p, activity ratio
extrapo‘a;ed to the surface of the nodule.

besTh;IxsFa is the ratio of the inventory of xs 2307 . (domffm )
to the 1nvento vy of xs 3lpa (dpm/em?).
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al., 1980; Bacon et al., 1976; Chapter 3). Only rough éstimates can be
made of the relative magnitudes of the two‘removal processes based on
sediment trap data (Chapter 3), since absolute trapping efficiencies of
the sediment traps are unknown.

If scavenging of thorium and protactinium occurs preddminantly by
adsorption to settling particles, then concentrations of thorium and
protactinium should correlate inversely with concentrations or fluxes of
particles. The flux of particulate matter at Site D was 25-307 greater
than at Site P during collection of samples A and C (Table 5-2), while
the flux at Site D more than doubled during collection of samples D and
F, reflecting seasonal changes in surface hiological productivity (Deuser
and Ross, 1980). Sediment traps were identical at both sites, so results
are comparable even if the absolute fluxes are in error. fConcentrétionﬂ

230 231

of “Th and 'Pa are lower at Site D, consistent with thé‘higher

scavenging rates compared to Site P predicted ffom the higher flux of
particles at Site D.

If scavenging of thorium and protactinium occurs predominantly at
ocean basin boundaries, either by vertical mixing to the bottom of
horizontal mixing along isopycnals to slope sediments, then the rates of
removal should be significantly less at Site P than at Site D;
MnOz—Nitex samples were obtained at 3200 m at both sites; however, the
total water depth at Site D (4200 m) is much less than at Site P
(5800 m). Furthermore, the nearest continental margin is farther from
Site P than Site D. The extent of contact of seawater with the sea floor

298

can be shown by calculating the Ra concentration at each site.

232 228

Decay of “~“Th in sediments produces Ra, which diffuses into

the water column and subsequently decays to ?28Th. Because the



half-life of 228Ra is only 5.75 years, its distribution in the deep

ocean reflects the rate of mixing of the water near the sea floor. If
2

the concentrations of 23OTh and 2“8Th are assumed to be at steady

state, then the concentration of either isotope can be represented as a

balance between production and scavenging plus decay:

dATh/dt = )‘ThAP - (_wTh + )\,T,h)Am = 0 A (2)
where: ATh = activity of 2'QO'.T‘h or 22_8’T‘h
Ap = activity of parent isotope, 234U or 228Ra
Awh = radioactive decay constant of 2301 or 228
Yoy = first order chemical scavenging rate constant

Values of 1 2% calculated by substitution of A (Table 4-3)

230Th

and A (2.85 dpm/1: Ru et ai., 1977) into Equation (2) are

234
v -1 -1
approximately 0.04 yr = and 0.025 yr = at Sites D and P

is much less than A (0.52 yr—l),

1vel 3 i
respectively., As Yon 998
228

228 Th

Th is nearly in radicactive equilibrium with Ra. The
. 228 . L.
concentrations of Ra calculated from Equation (2) are 2.7 and 0.18

228Ra

dpm/1031 at Sites D and P respectively. The much higher
concentration at 3200 m at Site D is a direct reflection of the greater
extent to which seawater at Site D has been in contact with the sea
floor. Therefore, scavenging to settling particles and removal by mixing
to the sediment-seawater interface should hoth be more effective at Site
D than at Site P, and it is impossible to determine which process |

. i
dominates removal of ”30Th and 231

.. .23
Short Term Variations in OTh and

Pa at either site.

231Pa Concentrations at Site D

. . . . 2
There is a slight correlation between ‘the concentrations of 30Th

nd 231

a Pa and the flux of particles at Site D (Figure 4-1). The

correlation is poor, and may be merely coincidental. -If, however, the -
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Concentrations of 230Th (cireles) and 231Pa»(squa~res)
determined from the MnO,-Nitex adsorbers at Site D plotted
against the flux of particles into a sediment trap at the

same depth during each sampling period.

Figure 4-1.



*1-% 2Ind1j

XILIN 20Ul dvd¥l ¥3sSN3d

syaLin Ol wdp

-159-

8l or % 2 or 80°  90° vo’ 20°
: 6 g’ L 9 g v ¢ 2 " 0
T { 1 i 1 1 ] H 1 | o
ol
@ [ oz
N )] U

Jog
-0t
@ g9 Hos

fop ju/Bu S3T01IMYd 40 XNT4 TVIOL



~160-

the correlation is real, then settling particles act as a source of
thorium and protactinium to the deep ocean by regeneration of thorium and

protactinium scavenged at shallower depths (Chapter 3).

Tn order for the observed changes in the concentrations of 230Th

and 231Pa to result from regeneration of Th and Pa scavenged at
shallower depths, the rates of production of these isotopes must be at

i

least as large as the rates of change of their concentrations at depth.

23OTh shows this not to be the case. A

. . . 230 . :
maximum rate of change in the concentration of Th in the deep ocean

A simple calculation for

of 0.2 dpm/lOgl-yr is used (Table 4-3), and the ocean is divided into

23

two 2000-m layers, with some fraction of the OTh scavenged in the

shallow laver regenerated in the deep layer. The rate of producticn of

. . 2 .
230Th in each layer is 0.005 dpm/ecm”~yr. The average rate of change

0 . . . . 2
23'Th concentration in the deep laver is 0.04 dpm/cm“~yr., - Tn

in the
230 .

the extreme case that all of the Th scavenged in the shallow laver
is regenerated in the deep laver and that scavenging ceases completely in
the deep layer for that part of the year, the combined input of 30Th
would be only 0.01 dpm/cmzyr, a factor of four less than the rate of
change of the concentration. Therefore, regeneration and changes in the
gcavenging rate of thorium in the deep ocean cannot be responsible for

. . 230 s
the observed rate of change in the concentration of Th at Site D.
Some other process, for example the movement of horizontal concentration
gradients by mesoscale eddies or some other fluctuation in the general

‘circulation pattern, must be responsible for the concentration changes.

Residence Times of Thorium and Protactinium

)

Residence times for thorium and protactinium (TTh = 1/\];Th

may be calculated from Fquation (2), Use of this equation requires the
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assumption that the system is at steady state and that other processes,

such as mixing and advection, are negligible. Horizontal mixing may act

230 231

as a source or a sink for Th and Pa depending on the

environment (Chapters 3 and 5). As long as mixing acts as a net removal

2
230Th 231

of and Pa from a parcel of water, the residence times of

230,r,h 231

and Pa calculated from their concentrations and production
rates by uranium decay are valid. As discussed above, the steady state
assumption is not strictly valid at Site D, since the concentrations of
thorium and protactinium are observed to vary by a factor of two over the
time intervals sampled. Since the source of the variability is unknown,
it cannot be modeled in Equation. (2?), and the derived scavenging rates
can only be used to qua]itatively compare residence times of thorium and
protactinium at the two sites. |

Residence times calculated for 230Th and 231Pa are presented in
Table 4-7. An estimate of the residence times of thorium and
protéctinium in seawater independent of their measurea concentrstions was
made by Brewer et al. (1980) from sediment trap results. - Their estimates
of Toh of 22 vears (misprinted 27 years in their text) and Tpa of
31 years pertain to removal of the elements from the entire water column
at Site F (Chapter 3). A T of 22 years falls within the range of

values determined at Site D, while ¢ determined at Site P was

Th

somewhat higher (41 vears).

The T pa estimated by Rrewer et al. is lower than the values in

ratio of 1.4 (1.15 in

- ' |
Table 4-7, and consequently their TpaﬁrTh

their text is a misprint) is less than the values of 2-3 in Table 4-7.
This difference probably results from the assumption in the scavenging

model of Brewer et al, that scavenging by settling particles is the only
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TABLE 4-~7

Residence Times of Thorium and Protactinium.

Sample rTh(years) TPa(years) TPa/TTh
P 41.2+3.2 130+11 3.16+.36
D-A 16.6+1.4 $36.242.9 2.06+.25
D-B 21.2+1.8 44.0+4.1 2.08+.26
D-C 264.8+1.9 b44.0+4.5 1.774.23
D-D 28.1+2.1 53.144.5 1.90+.22
D-E 25.2+1.8 69.6+5.4 2.76+.29
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231

mechanism by which 230Th and "7 Pa are removed from seawater. Most

of the protactinium produced at open ocean Sites E and P is not removed
by settling particles but is removed hy horizontal mixing to other
environments (Chapters 3 and 5). Residence times for thqrium in Table
4-7 and calculated by Brewer et al. are in better agreement than the

residence times of protactinium because complete removal by scavenging

. . . . . .2
onto settling particles is a better approximation for goTh than for

231Pa

The residence time of thorium in most of the deep, open ocean falls
in the range of 15-40 years, and the residence time of protactinium is

'1.5-3.0 times longer than that of thorium. Since Top @nd 1, are

much shorter than the mixing time of the oceans, they do not represent
ocean-wide residence times, but vary geographically in accord with local
scavenging rates.

Radioactive decay in the water column is a negligible sink for

230 233 . . . . ) .
Th and Pa as their residence times in seawater are orders of

magnitude less than their radioactive half-lives. Virtually all of the

230 231

Th and Pa produced in seawater is removed to some depositional

230Th and 231Pa

sink which must be found to make a mass balance for
in the oceans.

Speculation About Growth Rates of Manganese Nodules

2
ZMOTh 231

Distributions of and Pa in manganese nocdules have been
commonly used as a means of determining nodule growth rates, although
there is some controversy about the validity of the method (Xrishnaswami
and Cochran, 1978; Glasby, 1978; Halbach et al., 1978; Lalou.and Brichet,

1978). The popular opinion is that manganese nodules in the deep ocean

grow slowly, at a rate of a few mm/106yr. It is assumed that thorium
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and pretactinium adsorb from seawater onto nodules at a constant rate,

~and that.their specific activities at a nodule surface remain

. approximately constant with time. Ther. the decrease with depth in the

230 231
- specific activities of Th and 23

Pa can be used to determine the
rake -at which a nodule has grown. The alternative view -I's that manganese -

nodules grow rapidly, and adsorpticn of thorium and pretactinium occurs

ZBQTh a 231

after growth has ceased. Distributions of nd Pa with depth

in nodules would then result from diffusion into the interior of the

nccules, or from an artifact of the sampling procedure. However,

. . \ \ 210 . . . .
Krishanswami and Cochran (1978) have used Pb distributions in

manganese nodules to show that the 230Th‘and 231?& distributions do

not result from an artifact of the sampling procedure.
230 231

. . . . . 2 :
The inventuries of Th or Pa in a wodule, I{dpm/cm®}, are

. e . . . 2,43 -
a funetion of their rates of adscrption, R(dpm/cm”10 yr), and time:

[
g

dI/dt = R -1 (
If dR/dt=Q, then: ‘

1= (RAI( - e ) | | (&)
Two examples will be considered:
| 231

"Pa adsorb

Case 1). MNodules grow, or grew, rapidly. Thorium-230 and
- to nodule surfaces after growth ceases, and subsequently diffuse into the
interiors of nodules. Protactinium must then diffuse faster than thorium

to produce concordant growth rates calculated from distributions of

230 231 ) o . .
“Y'h gnd Pa (Ku and Broecker, 1969; Krishnaswami and Cochran,

1978). 1If an arbitrary maximum nodule age of 2 X 104 years is assumed

230

for the rapid growth wodel, then Equation (4) written for Th aad

231, . .
“"Pa can be combined to yield

. P » \ ( 4
1-0¢ (L /T, M/ Ry, /R, D < 1012 (5)
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: 21 . . X 23 .
. - LS4 . . - s . . .. "
“Since Pais lost from the nodule surface faster than © OTh by

diffusion into the nodule, and from Equation 5

q,ﬁ I . ~ O
[A;;ngxspajo./ RT,U--/RP (0.9-1. 0)(LTh

e ®
or '
T/ Tp, < (1. 1) (ixsTh/x sPa] ) T D
where {hoﬁh/sta} 1s the unéupported~230Th/231Pa activity ratio
xtrapolated to the nodule surface. ~Results from three studies are
‘presented in Table £4-6 showing that L, /I ‘is: considerably more than

a factor of 1.1 larger than [xsTb/sta]o. These results are not

consistent with- the rapid growth of nodules.

230, 231 .

'ggﬁe 2). Nodules grow slowly. Adsorption of Th and Pa at
nodule surfaces and their decay within nodules 1s at a steady stdte, and
. . . - 23 25 . . , '
the distributions of 2 OTh and ?JlPa with depth in rodules reflect
the growhh rate ¢f the nodules. Then,
] ) >
RTh/R?a:: {xsTh/sta}o (8)
.. . . . { 2
and combining Equation (4) written for 23&Th-and 31 Pa for vpry
“large t,
= ' it ¥ o92.3 T P, ' 9
ITh/IP‘ 2.3(RTh/&Pa) 2.3([xsTh/xs a]o) ‘ (8)

Several nodules in Table 4-6 have (ITh/IPa)/([xsTh/sta]o) ratios’

of about 2.3, consistent with the slow growth rate model. Furthermore,

230 231Pa

if the ratio at which "7 "Th and adsorb to MnOz-coated Nitex

. 230 . . .

1s. representative of nTh’RP ,-then the " Th/"7 " Pa ratios in

Table 4-3 are more consistent with {xsTh/sta] (Case 2, FEquation (8))

than with ITh/IPa (Case 1, Equation (5)).

Many.of the nodules in Table 4-6 have.ITP/IPa less than 2.3 times

.[xsTh/sta] . This may-indicate that some nodules are not at a steady

re 231Pa

“state. with respect to accumulation and decay of LBOTh and

Y
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However, the low ratios may also result from sampling difficulties
arising from the necessity of sampling nodules over depth ranges of
tenths of millimeters. Nevertheless, the results discussed above are all
more consistent with the slow growth model than with the rapid growth
model. |

CONCLUSTONS

(1) Artificially prepared MnO, adsorbers may be used to extract

2

thorium isotopes and protactinium from seawater. Little or no
fractionation occurred during adsorption of thorium and protactinium to

. . b
MnO? 1n a laboratory experiment. Therefore 23'Th may be used as a

yield monitor for Pa as well as Th isotopes to indicate effective volumes

of seawater sampled.

(2) Thorium-220 and 231Pa collected by passive MnO, adsorbers
P 2

were predominantly dissolved, with vervy minor contributions by

particulate isotopes.

230 231

(3) Dissolved Th/“ " Pa activity ratios ranged from 3-6,

compared to ratios of 30-50 measured in suspended particles (Chapter 3).

2
Righ 2 0ph 231

Pa ratios commonly found in deep-sea sediments result
from preferential adsorption of Th relative to Pa by settling particles.
In contrast, low ratios in manganese nodules result from adsorption of Th
and Pa from seawater with little or no fractionation.

(4) The residence time of thorium in the deep ocean is 15-40 years,
while the residence time of protactinium ranged from 34-130 years. . The
longer residence time for protactinium is consistent with the conclusion

. 2
in Chapter 3 that 30

231

Th is more rapidly removed from seawater than

‘Pa by scavenging onto settling particles.
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(5) The ratio at which 23OTh and 231Pa are adsorbed to

MnO?—Nitex adsorbers is more consistent with slow growth rates of

manganese nodules than rapid growth rates.
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CHAPTER 5.

" PROCESSES: REMOVING THORIUM AND PROTACTINIUM. FROM SEAWATER:

OCEAN-MARGIN. ENVIRONMENTS

INTRODUCTION

" Particulate material im the open oc¢ean preferentially scavengas Th

230, ,231

:relative to Pa-(Chapter 3). .Particulate CTh/77 Pa_activity ratios

as high as 35 in trapped particles at Site P-and 50 in .filtered particles

at Site E were measured. These ratios are much- greater than-dissolwved
g

230,
M3LTh/

231 A . . -
?*pa activity ratios of 3-6 and the ratio of 10.8 that would

be expected from the isotepic composition of uranium in seawater if Th

and PFa were scavenged from seawater without fractionation. Fluxes of

230 231 -

particulate Th .and “~"Pa into sediment traps at Sites 52, E and

P were less than their rates of production in the overlying water

column. Tow filuxes may have resulted in part from undertrapping the, trus
. . ’ 230 231 . . : e
fiux of particles. However, the “7YTh/ Ba activity ratios w©f 30-35

could only occur if there is a mechanism locally removing Pa from

seawater.other than scavenging by settling particles.. Radiocactive. decay

231Fa

. . C o . . 2
is not a significant sink for dissolved 3OTh or (Chapter 4).

- Manganese nodules have long been acknowledged as a preferential sink for

230,

\ v : ,
231 1. - Howewver, -it is doubtful that there are

Pa relative to

sufficient quantities of manganese nodules in the ocean to balance the

231 230

deficiency of 77 Pa relative to Th observed i1 most deep-sea
y >

sediments (Ku and Broecker, 1969). Some other Pa sink is required to

balance: production of Pa in seawater.

210

Bacon et al. (1976) concluded that removal of- Ph from the deep

' ., 231 . ( . s
Cocean, like Pa, does mot occur entirely by scavenging onto settling

210Pb/226

particles. ~They found that Ra disequilibria increased
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approaching ocean margins from the open ocean. From this they concluded

210

that ocean margins act as a sink for much of the Pb produced in the

open ocean. Since ocean margins act as sinks for 21OPb produced in the

open ocean, it seemed reasonable to investigate ocean margins as

’
230Th and “31Pa produced in the open ocean, and

231

potential sinks for

more specificallv, as preferential sinks for Pa relative to

230,, ’ ,

High fluxes of organic matter in some margin environments cause
reducing conditions in sediments to occur at or very near the
‘sediment-seawater interface., -Precipitation of MnOz, an efficient
adsorber of many reactive elements, at the sediment surface is one means
of making margin environments an efficient sink for reactive elements in
seawater that comes into contact with the sediments. Concentrations znd
fluxes of particles may also be higher in margin environmants, further
increasing scavenging efficiencies relative to the open ocean. Bottom
currents are generally more intense near ocean margins than in the open
chan; Resuspension of sediments by intense bottom currents could resulf
in high particle concentrations that would act as an efficient sink for
dissolved reactive elements. Input of terrigenous material near
.continental margins can further increase particle fluxes relative to the
open ‘ocean. Finallv, upwelling along certain margins causes extremely
‘high.biological productivitv with its ensuing high flux of biogenic
particulate dehris. Therefore, séveral factors may work in combination
to cause ocean margins to act as efficient sinks for reactive elements
produced in the open ocean. Tt remains to be shown whether these factors

-may. also cause-the preferential removal of Pa relative to Th.
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The objectives of this study were to determine whether a particular

ocean margin environment, in the Panama and Guatemala Basins, acts as a

230Th and 231

sink for Pa transported from the open ocean, and if the
area acts as a preferential sink for Pa relative to Th.

Sample Locations

Two opportunities occurred almost simultaneocusly to sample in a
near-margin environment. ‘First, in July, 1979, R/V'KNORR, Cruise 73, Leg
16 was carried out to sample in a transect from the Coast of Nicaragua
into the Cuatemala Basin (Figure 5-1). Second, sediment traps were
deployed in August, 1979, on Teg 17 of R/V RNORR, Cruise 73 as part of
the Sediment Trap Intercomparison Fxperiment (STIE) in the Panama Basin.
A station was occupied during Teg 16 at the STIE site (Station 1110 in
Figure 5-1) to make hydrographic measurements and sample suspended .
particulate matter for comparison with material obtained in‘the_sediﬁentg
traps.

The STIE Site was located in an area of very rough bottom topography,
only about 20 km from the Coiba Ridge. Water depths less than 1000 m
were observed near the STTE Site (J. Bishop, personal communication).
STTE moorings wevre set at depths of 3865 to 3893 m. Thus, the STIE

.samples below about 1000 m may contain particulate material winnowed off
of nearby topographic highs. There is evidence that this actually
occurred with most of the material being derived from slope sediments to
the northwest of the STTE Site (S. Honjo, personal communication).

Sampling Methods

Sediment trap samples from the STIE site were collected with the same
traps used at PARFLUX Sites S, E, and P (Chapter 3; Honjo, 1978, 1980).
Handling and distribution of sediment trap material were carried out as

for the PARFLUX samples (Chapter 3; Brewer et al., 1980; Honjo, 1980).
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Figure 5-1. Locations of stations occupied during KN73-16,
' including the STIE Site {Station 1110).

1
R/VKNORR
CRUISE 73, LEG16
§ - 21 JuLY, 1979

20°

{0°

Q°

100° 90°
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Battery-powered pumps used to filter seawater in situ were the same

systems as were used during R/V OCEANUS, Cruise 78, Teg 1 (Chapter 3).
Seawater was filtered through 293-mm diameter, 1.0-micron pore size
Nuclepore filters. The only difference between the filtering procedure
during RN 73-16 and OC 78-1 was that the KN 73-16 samples were
prefiltered through 62-micron mesh Nitex fabric. This procedure was
adopted in part to prevent clogging of the filters by large particles.

It was determined on 0C 78-1 (subsequent to KN73-16) that Nuclepore
filters did not clog any faster without érefilters than with them, so the
practice of prefiltering has been discontinued.

Sheets of MnOz—Nitex identical to those described in Chapter 4 were
packed into cartridges in tﬁe pumping systems between the filters‘and the
pumps. The plumbing sequence of the filtering systems gsedkon K %?;16
was: prefilter - Nuclepore filter - Mn02 cartridge - batte?y pé%gred‘
pump - flow meter - exit. Effective volumes of seawater from which Th
and Pa isotopes were scavenged onto Mn02 were calculated from the
amounts . of 23ATh adsorbed (Chapter 4),.

Analytical procedures for the analysis of radioisotopes in sediment
trap material, Nuclepore filters and MnOz—Nitex adsorbers afe described
in Chapter 2.

RESULTS

Fluxes of material recovered in STIE sediment traps are presented in
Table 5-1 along with other basic information on the deployment. Results
of radiochemical analyses of the trapped material are presented in
Table 5-2. Frrors given in Table 5-2 are * lg counting statistics.

Locations and water depths of stations occupied during KN 73-16 are

presented in Table 5-3, along with sample depths, volumes of seawater
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TABLE 5-1

Fluxes of Particulate Material into STTE‘SediéenE Traps3.

Mooring Depth Flux (< l-mm Size Fraction)® percent of Total Flux‘®
(m) mg/m2day g/cm2-1000 yr
c 667 96.5 3.52 84.4
c 1268 104.6 3.82 95.8
D 2265-RT 3¢ 116.9 4.27 97.7
D 2265-RT 49 156.0 5.69 95.4
D 2265-RT 59 219.5 . 8.01 98.3
A 2869 1526 - 5.57 95.6
A 3769 175.3 6,40 97,1 .
B 3791 177.7 6.&9. 96.3

88TIE deployment: 5°21'N, 81°53'W; 112-day deployment,
August-November, 1979.

ba1l radioisotope analyses were performed on the less than l-mm size
fraction of the trapped material.

Cpercent of total flux is the flux of < I-mm particles, given
here, divided by the total flux, including the > l-mm particles.

dRT indicates Rotating Trap; 3,4, and 5 represent sequential
four-week sampling periods.
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-~ filtered, aund awmounts of particulate material collected. Effective
“volumes of seawater sampled by scavenging dissolved Th and Pa onto the

- MnO,-Nitex adsorbers are given in Table 5-4. ‘Scavenging efficiencies

L

“in Table 5~4 are.the ratios of the effective volumes sampled to the total

volumes of seawater pumpad through the MnO, -Nitex cartridges.

2
- In some.cases two Nitex adsorbers were placed in .tandem. = Scavenging.

efficiencies of the Nitex were low (5-15%) and were mearly the sawme for

front and back adsorbers where two were used. Mnoz—coated Nitex was

o
fte

riginally designed for use as a passive adsorber {(Chapter &), and was

not intended to scavenge elements efficiently from seawater when placed
. } . - (L § -

in line behind filters . The method was chosen because of its .ready

230

availability. Concentrations of Th determined on front and back'

adsorbers for samples 1110 - 1500 m and 1122 - 2600 m are in good

agreement (Table 5-5). Agreement is also good for 228Th iw the 1122 «

ééOO m sample. Tﬁe discrepancy between the 228Th concentration
deiermined on the front and back adsorber in sample 1110 ~'lSOO m cannobo
as yet be explained.

Radiocisotopes were measured in the less than 1-mm size fraction of
samples from all sediment trap sites. The greater than l-mm size
fraction COnétituted iegs than 5% of all but the 667-m STIE samples
(Table 5-1)., Fluxes of isotopes calculated later in the discussion may

therefore be ‘low by a few percent, although this will not change any of

the conclusions drawn from the results.

(12A quch more efficient system, in which seawater is pumped through a
cartridge filled with MnOp-coated fibers, has been developed by Reid
et al. (1979). '
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TABLE 5-4

Effective Volumes of Seawater Sampled bv MnN,-Nitex Adsorbers.

Station Depth Volume Volume?d Scavenging
(m) Filtered Sampled Efficiencv
(liters) {liters) (percent)
1110 1500 (front) 3005 212419 7.1
1500 (back) 3005 ' 311+22 10.4
2250 ' 2190 178+24 8.1
3000 1413 151+13 10.7
1114 2000 3530 563+49 15.9
e 3000 1945 203+17 10.4
4700 1732 264319 14.1
1117 1500 2487 170+15 5.8
2250 1909 464%37 o 23.3
2900 3347 492+37 14,7
1120 1600 3195 170+15 5.8
1500 2591 139+11 ; 5.4
2250 2112 193+15 a 9.1
3100 4265 248425 5.8
1122 1100 2877 444+27 15.4
1600 3388 393+20 10.1
2100 1928 362+23 18.8
2600 (front) 1755 311+28 17.7
2600 (back) 1755 202+14 11.5

4Volume sampled was calculated as (2347h dpm}/(2.5 - P),
where P was the concentration of particulate 2347y,




KN 73-14:

TAB

LE

5.5

Dissolvad Radioisotopes.

Sample

232 23 28 23 230, 2
Station/Depth “7TTh ’OTh 2 STh ;Pa JOTh,'é'Sl‘r?a
(dpmjloo liters}) Activity Ratio
©1110~1500 {frout)  =3+11 133425 - 348+57 lost -
1110-1500 (back) ~§48 151+21 505+55 42.8+6.0 ° 3.54+,60
1110-2250 89+21 420467 865¥135 CS1FEL o 8.241.6
1110-3000 54+21 181%31 1130+120 4710 3.85+.59
1114-2000 2.6+4.8 223425 247432 B1.6+6.3  5,350.76
1114-3000 15+12 306+39 419554 40,4481 TLEELL6
1114-4700 18907160  615+57  1630%14D 57.7%6.5 160352, 3
1117-1500 49+21 442468 .235+62 D -
1117-2250 47412 439745 435497 WD, e
1117-2500 1238 337+33 508%59 35,645.0 9.541.3
1120-1000 26+1¢ 262+41 587452 1K) -
1120-1500 84:+22 L7T%64 3954111 49411 9,7+2.3
1120-2250 19713 545159 104+44 LADI4E8.9 0 13,5324
“1120~3100 38+12 255+38 141942 40.7%7.6-  7.0%1.3
1122-1100 7+6 300+27 180+5% S 93410 53,22+.36
1122-1600 13%6 328+27 100%24 75.6%8.5 434152
1122-210¢ 7+7 365+33 182+32 104%12 3.49%,39
1122-2600 (front) -~ G40 297+35 370449 56310 5,3%1.0
1122~2600 (back) 7+12 768+37 145455 ND -
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C&ncentrations of particulate radioisotopes in KN 73-16 samples are
presented in two ways. Specific activities in dpm/g of particles are
presented in Table 5-6 for comparison with STIF samples. Concentrations

Cin dpm/lo6 1 are presented in Table 5-7 for comparison with
concentrations of dissolved isotopes measured on the MnO2 adsorbers

(Table 5-5).

230

Total Th_/?'31

Pa activity ratios in STIE samples are listed in

Table 5-2. Detrital, uranium-supported 230Th and 231Pa were

. ?
calculated for STIE samples assuming that all of the 73

238

QTh is detrital
. 232 .. .
and that the detrital U/“”“Th activity ratio is 0.8t0.4. This
ratio was chosen as a best estimate from a survey of the literature.
Sediment samples were not available from the STIE site to estimate the

) 4 . . ~ 230
detrital U/Th ratio as was done at Sites F and P. Unsupported Th

231 . . .
and Pa values calculated with the above detrital uranium correctios
are presented in Table 5-8. Activity ratios are decreased only a little
from those in Table 5-2.

. 232 . »
Particulate Th concentrations were too low to be accurately

measured in manv of the samples of filtered particles. Therefore,

230Th 231

and Pa activities in these samples were not corrected for
detrital, uranium-supported contributions. However, the corrections
would be small, and would not have a significant effect on the Th/Pa
ratios.

DTSCUSSTION

Scavenging of Thorium and Protactinium in the Panama Basin

. o P 230 231 . .
Specific activities of Th and Pa in trapped particles both

increased with depth at the STTE Site (Figures 5-2 and 5-3), similar to

patterns observed at other sediment trap sites {Chapter 3). The linear
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*
TABLE 5-6
KN 73-16 Pafticulate Radioisotope Concentrations - dpm/g.
Sample 232 230 2 231 238 230,231
Station/Depth 3 Th 3 Th 28Th Pa U Th/ Pa
(dpm/g) Activity Ratio
1110-1500 0.1331.056 3.01:.23 &.63:.37 0.377:.061 1.08:.20 8.0:4:1.1;
1110-2250  0.043%.055 2.99%.21  5.25+.38  0.296+.054 0.55+.17  10.1+2.0
1110-3000  0.257%.082  3.44%.29 12.05%.71  1.17%.11  0.78+.22  2.95+.38
1114-2000  0.206+.031  3.20+.16  2.36+.14  0.428+.043 Lost  7.47+.83
1114-3000  0.107%.045  2.69%.20  2.92%.23  0.403%.062 0.63+.19 ~ 6.7+1.1
1114-4700 36.971.8  12.23%.66  26.4%1.3  1.57+.11  0.887.20  7.78+.69
1117-1500 -.0071.067 2.72:.26 1.99:.26 0.353-:_.062 0.73:.21 1.7‘:1.5
1117-2250 0.08%.10  5.85%.45 2.72%.38  0.464%.087 0.897.32 12.632.6
1117-2900  0.122%.043  6.40%.36 5.78+.41  0.935+.074 0.91%.25 /6.RSZ.6
1120-1000 0.05+.14  3.00+.29  3.0L+.46  0.166+.060  0.59+.25 = 18.126.3
1120-1500  0.08%.09  5.39%.36  3.34%.34  0.322+.069 0.77+.10° 16,7¢3.8
1120-2250 0.06:.12 9.13:.53 2.50:.40 O.Sls:.ll 0.91_4_-.35 17.0+ LA
1120-3100 0.14%.11  8.87%.59  7.07+.82 1.363%.082 0.G4%.21  6.51+.58
1122-1100 0.017:.061 4.19:.31 b.35_4_-.39 0.2051.087 1.02:./43 20.1*:8.8
1122-1600  0.087%.071 ~ §.42%.48 3.50%.35  0.452%.061 0.913.22 18.6%2.7
1122-2100  0.074%.081  7.12+.52  2.94+.39  0.657%.0°2 ~ 0.90%.25 10.8+1.7
1122-2600 0.050+.061 6.37:.43 3.60:.39 0.647+.086 0.50+.22 9.8+41.5
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TAELE 5-7

CKN-73-16 Particulate Radicisotope Consentrations - d[.mx/l()ﬁ__l_.

Sample 232 230 228, 231 238, 234
Station/Depth Th Th Th " Pa "y Th
(dpm/ 100 liters) (dpm/ 1)
1110-1500 2.9+1.2 55.6+5.0 107+9 8.2+1.3 23.6+4.3 0.172+.019
1110-2250  0.7+.9 47.0%3.3  82.6%5.5 = 4.65+.85 8.7%2.7  0.100+.006
1110-3000  4.9%1.6 65.3+5.6 229713 22.2%2.1  14.7#4.2 0.209%.013°
1114-2000 4.1+.62 63.7+3.1 47.0+2.7 8.53+.85 Lost ~0.101+.013
1114-3000  1.70+.72 42.4+3.1 46.2+43.7 . 6.38%.98 9.9+3.1 '0.9543+.0072
1114-4700  707+34 234%13 507%25  30.1%2.1  16.9%3.9  0.153+.015
1117-1500  -.08+.80 32.6+3.1  24.0+43.1  4.26+.75 8.8¢2.5 0.0523+.0038
1117-2250  0.73%.94 56.174.3  26.0¥43.6  4.457.84 8.573.1  6.04632+.0092
1117-2900  1.52%.54 79.8+4.5  72.0%5.1 11.77.92  1L.4¥3.3  0:1113+.0095
1120-1060  0.3+.9 20.4+2.0  20.7+3.1  1.13+.41 £,0+1.7 ©.0486+.0030
1120-1500  0.8%.9 50.9¥3.4  31.6%¥3.2  3.05%.65 7.3%2.4 © 0.08537.0063
1120-2250  0.5%1.0 74.8%6.4  20.5%3.3  4.40+.90 7.472.8  0.0413%.0058
1120-3100  1.2%1.0 73.9%4.9  58.9%6.83 11.35+.68 7.871.8  C.104%.018
1122-1100 = 0.14+.48 33.4642.4  34.7+43.1  1.63+.70 8.1+3.4  0.049+.005
122-1600  0.69%.57 67.1¥3.9  27.9%2.8  3.60%.49 7.3¥1.7 . 0.057+.007
1122-2100  1.07%1.1 100+7 41.3¥5.5  9.2%¥1.3  12.7#3.5  0.117¢.011
1122-2600  0.08%.10 10147 57.0%6.2 7.7%3.4 - 0.122%.015

10.3+1.4
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TABLE 5-8

Unsupported 2301y and 23lpa in STIE Sediment Trap Samples.

D?ggh x5230Th x5231Pa x5230Th/2523lPa
(dpm/g) : (Activity Ratio)
667 0.381+.039 0.0610+.0038 6.25+.75
1268 0.873+.051 0.1739+.0083 ’s.oz:.3s
2869 2.142+.096 0.2741+.0096 7.81+.44
3769 2.84+.13 0.534+.020 5.31+.32
3791 3.25+ 14 0.792+.024 6105021
2265-RT-5 1.940+.094 0.278+.012 6.98+.45 -
2265-RT-4 1.468+.079 0.186+.009 | 791157
2265-RT-3 1.768+.086 Lost R

Unsupported activities were calculated assuming that the uranium series were

in radicactive equilibrium in detrital phases and that the detrital

238y/2321h activity ratio was 0.8+0.4.
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Figure 5-2. Thorium-230 content of sediment-trap samples collected

at the STIE Site.
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Figure 5-3. Protactinium-231 content of sediment-trap samples
collected at the STIE Site.
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Figure 5-4. Unsupported 230Th/231Pa activity ratio in sediment-trap
samples from the STIE Site, The dashed line indicates the
ratio at which 230Th and 23lpa are produced by uranium decay.
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increase with depth in the specific activities of 23OTh and 23]Pa is

. . . . . 2 231
consistent with continuous scavenging of dissolved ?30Th and 3

Pa by
settling particles. The major contrast in radiochemical results between
STIE samples and those from Sites 82’ E, and P is found in the
23OTh/231Pa ratio. Ratios were less than 8, and as low as 4 (Table

5-8; Figure 5-4) in the STTE samples, approaching values of dissolved

230Th and 231?3 ratios (Chapter 4; Table 5-5). At the open ocean

230, 231

PARFLUX sites, "Pa ratios increase with depth in trapped
materia],/while at the STIE site the deepest sample had the lowest ratio,
although there was no real trend with depth.

Particle fluxes at the STTE Site are 2-4 times greater than at Site E
and an order of magnitude greater than at Site P (Table 3-1 and 5«}7.

230

Particulate Th fluxes at the STTE Site were roughly three times

greater than at corresponding depths at Sites SZ’ E, and P, while the

231

fluxes of particulate "Pa were about an order of magnitude higher

than at the other sites (Table 5-9; Figures 3-7 and 3-8).

Ratios of the fluxes of particulate 230Th and 231

Pa to their

rates of production by uranium decay in the overlying water column
increased with depth at the STIE Site (Table 5-9; Figures 5-5 and 5-6).
This may have resulted from one or more of four processes: 1) input of
sediments resuspended locally from the sesa floor may have increased with
depth, ?) incorporation of winnowed.particulate material from areas where
the sea floor is shallower than the traps’may have increased with depth,
3) although all of the traps were identical, trapping efficiencies of the
sedimert traps may have increased with depth, and &) loss of material due
to zooplankton grazing in the traps may have decreased with depth. None

of these processes can he proven as solely responsible for the increase

jn the flux to production ratios.
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TABLE 5-9

Fluxes of Unsupported 230Th and 231Pa'into STIE Sediment‘Trapsa.

Dipgh | Flv.llx:bc.haynlcm.2 103§ o v Bégio: Fiux/Productionb
m ‘ )
x>0, xs22lpa xs22%m x> 1pa
667 | 1.34+.14 0.2151,6{3 ‘ 0.773 1.3
1268 3L331.19 0.664+.032 1.0l 2018
2869  11.93+.52 1.527+.053 1.60 2,14
3769 18.15+.86 3.42+.13 185 %78
3791 21.05+.88 5.14+.16 2.13 . 5.65
2265-RT-5 15.54+.75 2.227+.096 2.64 4.09
2265-RT-4. 8.36+.45 1.057+.051 142 1.94
2265-RT-3 7.54+.37 Tost 1.28 -

aMeasurements were made on the less than l-mm size fraction of trapped
particles. See Table 1.

bIntegrated production by decay of uranium in the overlying water column.
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UNSUPPORTED 239Th (dpm/cm? 10%y)

5 10 15 20

Figure 5-5. Flux of unsupported 23OTh as a function of depth
at the STIE Site. The solid line indicates the integrated

rate of supply by uranium decay in the water column as
a function of depth. ’
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231

UNSUPPORTED Pa (dpm/cm?103y)
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Figure 5-6. Flux of unsupported 231Pa as a function of depth
at the STIE Site. The solid line indicates the integrated
rate of supply by uranium decay as a function of depth.
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Current meters placed on the sediment trap moorings below 2000 m
showed velocities of only a few cm/sec (Honjo, personal communication),
probably not high enough to erode and resuspend sediment from the sea
floor. However, much greater current velocities were measured above
2000 m. Particle fluxes increased by a factor of two with depth
(Table 5~1), and mineralogical evidence indicates that much of the
increase resulted from incorporation of sediments winnowed from the slope
area to the north and nothwest.of the site (S. Honjo, personal
communication).

Plutonium and organic matter contents of the trapped material
indicate that the winnowed particles may be recently derived from the sea
surface. The plutonium coﬁcentration in trapped material in the deepest
sample was 75% of the concentration in the shallowest sample
(Table 5-2)., DPlutonium has a source near the sea surface, and does ant
exist in sediments greater than about 30 years old. The organic matter
content of trapped material also remained high in thé deepest samples (S,
Honjo, personal communication), more like the shallower trap samples than
typical surface sediments.

As it is reasonab'y certain that the sediment traps at the STIE Site
collected particles winnowed from local topographic highs, it is
impossible to determine from sediment-trap results the extent to which

230 231

Pa introduced

the Panama Basin is acting as a sink for Th and

by horizontal mixing from the open ocean. However, concentrations of

2 3 ‘ . .
L30Th and 2“1Pa are lower at the STTE Site than at Site P

dissolved

(see discussion below), so mixing should result in a net transfer of

2 3 o .
"30Th and 2"IPa from the open ocean to the Panama Basin.

231

dissolved

230

The low Th/”" Pa ratios in the STTE samples indicates that a
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greater proportion of the ?31Pa than the 230Th in the trapped

particles had a source by mixing from the open ocean, consistent with the

. : 3 .
conclusions of Chapter 3 that more 2';1Pa than 2‘OTh is removed from

the open ocean by horizontal mixing.

Particles filtered at the STIE Site (Station 1110, Figure 5-1) had

230 31

Th/“~ Pa ratios similar to ratios measured in trapped particles

(Tables 5-2 and 5-6). As filtration tends to sample smaller particles

than sediment traps, particle size is not a factor in the ratio at which

23
“OTh 231

and Pa are scavenged at the STTE Site. The same conclusion

was reached from Site F samples (Chapter 3).

3 2
A 230 2131

Th/ Pa ratio of 3.0t.4 was measured in particles

-

filtered at 3000 m at Station 1110 (Table 5-6). The deepest trap sample

2
also had the lowest unsupported 23OTh/“'31

Pa .ratio (4.1+.2: Table

5-8). Neither value is significantly different from the dissolved ratio
of 3.9 .6 in the deepest sample at Station 1110 (Table 5-5},

Adsorption of thorium and protactinium to particles without measurable
fractionation is suggestive of the adsorptive behavior of MnO2 (Chapter
4). Redox processes in the sediments in the area of the STTE Site may

cause the precipitation of MnO, at the sediment surface (Lynn and

2
Bonatti, 1965; Bonatti et al., 1971). Higher manganese contents were
found in some of the STIE samples than in any of the samples from Sites
82, F, and P, presumably as MnOZ. Manganese and aluminum contents of
sediment-trap samples are given in Table 5-10. Excess Mn (xsMn) is
calculated as

xs Mn = Mn_ - (Mn/Al)L X Al | (l)v

where MnT and Al,, are the total Mn and Al contents in the samples and

(Mn/Al)L is the lithogenous, or detrital, Mn/Al ratio, which
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TABLE 5-1Q

. Caleulated MnO; in Sediment Trap Samples. -

Sample Depth

o Ala bnd Mo/AL  Mn0p” x5230Th /x5231pa
(ppm) - (Weight Ratio) (ppm) (Activity Ratio)

STIE

667 11800 191 0.016 o211 6.25+.75
1268 14500 186 0.013 182 5.02%.38
2265-RT 4 17600 253 0.014 264 7.91%.57
2265-RT S 24400 370 . 0.015 397 6.98%.45
2859 27200 1610 0.059 2358 7.81%.44
3769 37000 9880 0.267 15512 ©5.31%.32
3791 38700 9240 0.239 14474 4.10%.21.
Site 8o
3694 21800 780 0,036 1073 27+2

389 7600 56 0.0073 29 1242

988 13100 78 0.0060 29 12.471.1
3755 28900 330 0.0114 297 21.7%1.2
5086 36400 460  0.0126 445 29.6+1.8

978 1400 63 0.045 90 18.3+1.7
2778 2900 69 - 0.024 87 30.0+1.0
4280 2900 53 6.018 62 34,9+1.7
5582 9400 404 0.043 571 30.3+1.6

aAl and Mo results from Brewer et al. (1980) and Brewer et al.
(in preparation).

anOz is ccl&u]ated as 1.6 (xsMn), where xsMa is calcuTatea

from Equation ( 1 ).
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unfortunately is not well definéd. The average crustal Mn/Al ratio is
0.0123 (Krauskopf, 1979), greater than or equal to the ratios found in
many of the sediment trap samples. The lowest ratio found in any
sediment-trap sample was about 0;006, nearly the same as the minimum
values found in particles filtered in Atlantic surface seawater
{Rrishnaswami and Sarin, i976). A value of (Mn/Al)L of 0.005 was
assumed considering the above informatioﬁ, and to avoid zero or negative
values of xsMn. Valueé of MnO,, calculated as 1.A(xs Mn), are

presented in Table 5-10.

230Th/231

A negative correlation hetween unsupported Pa ratios and

MnO, would be expected if MnO, accounts for a significant proportion

2
23 3 . .
”“OTh and 2”lPa. Thare 1s a negative

of the total scavenged
correlation for the data in Table 5-10, however the correlation
coefficient is only —-0.44, slightly less than the correlation coefficient
of -0.497 required to be significant at the 5% level of confidence, and
this is largely determined by the two deepest STIE samples. When these
two samples are excluded from the calculation, the correlation

coefficient is reduced to -0.12, which is not significant.

The minimal effect of the MnO2 content of trapped particles on the.

230

Th/ZBlPa ratios can be shown by another calculation using'two STIE
samples as examples. Tt is assumed for the calculation that 230Th and
231

Pa are adsorbed to MnO? to the same extent as to the surfaces of

manganese nodules, which have 230

230

Th contents as high as 1000 dpm/g and
23 . . ' | SR
Th/“'lpa activity ratios as low as 3 (Ku and Broecker, 1969;

Krishnaswami and Cochran, 1978%. Then the 2265-m RTS sample, with 397

should have 0.397 dpm 23oTh and 0.13” dpm ?31Pa per gram

. . 2
of sample associated with the MnO,. The ZROTh and ~3}Pa associated

ppm MnO2
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230

with the remainder of the sample ( Th = 2,091 - 0.397 = 1.694 dpm/g;

231Pa = 0.285 - 0.132 = 0.153 dpm/g) are present at an activity ratio

of 10.4.

The same conditions for adsorption of 230Th and 231Pa to MnO2

can be applied to the 3769-m sample, which had 15500 ppm MnO This

sample would then contain.15.5 dpm 230Th and 5.2 dpm 231Pa per gram

230Th

2-

associated exclusively with the MnOz, much more than the total

and 23]Pa contents of 2.06 and 0.54 dpm/g respectively. “Thus the

230 231

quantities of Th and ‘Pa estimated above to be associated with

the MnO, in the 2245-m RT5 sample were much too large. STIE samples

2
230 231 . ..
above 7200 m all had MnO, contents and Th/ Pa ratios similar

to the 2265-m RTS sample. Therefore, particles other than MnO, are

231, 230 1

. 23 23 . .
adsorbing 2 OTh and at low Th/ Pa ratios in the Panama

230Th/231

Rasin. The effect of particle composition on Pa ratios will

be discussed further in Chapter 6.
Scavenging of Thorium and Protactinium in the Guatemala Basin

230Th and 231

Profiles of particulate Pa concentrations along the

transect into the Guatemala Basin are shown in. Figure 5-7a and b.

230

Particulate Th concentrations increased with depth (Figure 5-8), in

a pattern similar to that found by Krishnaswami et al. (1676) farther to
the west in the Paéific. Krishnaswami et al. used a one-dimensicnal,
steady-state scavenging model to derive an average particle settling rate
of 300-900 m/y from the increase with depth in their measured particulate

220 . . ' . . 230
Th concentration. Tt is assumed in their model that

Th is
removed from the water column exclusively by irreversible scavenging to

settling particles. Thus their model predicts a linear increase with

) . . 230 . . ' .. .
depth in the particulate 2 Th concentration. Mid-depth minima in
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Figure 5-8.
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Concentration of partiuclate 2307h/231pa at the KN 73-16
stations. The trend of the data, although strongly
influenced by the point at Station 1114-4700 m, is the same
as was found by Krishnaswami et al. (1976). The hatched
areas indicate the depth at each station.
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particulate 730Th concentrations at Station 1110 - 2250 m and 1114 =
3000 m, and at some of the-stations sampled by Krishnaswami et al.,
indicate that the model is not strictly valid. Thorium-230 is
redistributed by mixing processes from the open ocean to areas with
higher scavenging rates. Current directions and velocities varied with
depth and with time at the STIE Site (S. Honjo, personal communication).
1f a similar variability in current direction with depth is a common
feature in the ocean, then horizontal mixing may affect the distributions
of dissolved 230Th, and ??OTh associated with the fine fraction of
particltes collected hy filtration, to different extents at different
depths, resulting in the observed mid-depth minima in the concentration
of particlate 23OTh.

The settling rate calculated by Krishnaswami et al. (1976) is much
less than the apparent settling rates of particles collected with
sediment traps (Chapter 3; Brewer et al., 1980: Deuser and Ross, 1580).
Particles samples by in situ filtration tend to be smaller than particles
collected with sediment traps. Particles greater than 62 u were
excluded bv prefiltration from the KN 73-16 samples, and generally
constitute a small portion of the total particulate matevial sampled by
filtration. Tn contrast, the 62 ym-1 mm size fraction constituted

25-55% of the trapped particles collected at Sites S,, E, and P (Honjo,

VE
1980). Some disaggregation of large particles collected by sediment
traps occurred prior to their size determination (Honjo, i980), Yo
particles greater than A2 u constituted an even greater proportion of
the trapped material than the amount determined by sieving. Therefore
the greater settling rates inferred for the trappedvparticles compared

with the filtered particles are consistent with the known differences in

their size distributions.
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LY Ly
. 230 2310, . . . . .
Particulate “Th{ Pa activity ratics are shown in Figure. 5-9.

Two trends are immediately obvious: 1) the ratio increases into the open
oceen'gnd 2) the ratio_deéfeasgs with_depth,.pafticulérly atVStations_
1120 and 1122. The first tréﬁdvis'predicped from the>coqc1usions of
Chapter 3. Thorium is preferentially scavenged by settling particles in.
the open ocean. Cpen ccean conditions ‘are approached at staticms 1120

) 231
230,, ;231

and 1122 and the Pa ratios there are similar to values found

in sediment trap samples at similar depths at Sites E and P. The second

trend is opposite to. that observed at the open-ocean sediment trap sites,
.. 230,, ;231 . . . , .

where th/ Pa ratios increased with depth. The dissolved

230, ,231

Th/: Pa ratio does not decrease with depth at Stations 1120 and
1122_(Table 5-5). Therefore, particles near the sea floor -are chemically
different from those at shallower depths, having less preference for
adsorption of Th (Chapter 6).

A mid-depth maximum was found for the concentration of dissolved

230 23OT‘n by uranium decay

Th (Figure 5-10). Since production of
occurs at a constant rate throughout the sectiqn, the rate of removal
must be lowest at mid-depth. This is not unexpected, as very rapid
removal rates have been found for Th isotopes in surface waters,
presumably as a result of biological activity and higher concentrations
of particulate matter (Bhat et al., 1969; Broacker et al.,.1973;
Matsumoto, 1975; Knauss et al,.1978). ‘Scavenging rates may increase near
tﬁe sea floor, either because of increased concentrations and fluxes of
particle paused by resuspension of bolktom sediments, orx because of direct
contact of the water with the sea floor. A near-bottom decrease in the
230, . . PR « PR
Th concentration was not observed at aun open—ocean site (30 32'N,

170°39'E) studied by Nozaki (in preparation). Bacon et al. (1976)

\
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suggested that 21OPb may be scavenged at the sediment-seawater

jinterface in ocean margin environments by iron and manganese oxides
precipitating in surfacevsediments. Manganese oxides are precipitating
at or near the sediment-seawater interface in the area of the transect
(tvnn and Bonatti, 1965; Bonatti et al., 1971), which could account for
the greater scavenging efficiency of the sea floor in this area compared
to the open-ocean site studied hy Nozaki (in preparation). Scavenging to
manganese dioxide would also partially explain the lower particulate
?30Th/93]Pa ratios near the sea floor /Chapter 6), although as
discussed in regard to the STTF Site, manganese oxides may not be the
only factor affecting the ratio.

The model of Bacon et al. (1976) predicts that the lowest mid-depth

230

concentrations of “ Th would be found near the continental margin and

that concentrations would increase with distance into the open ocean.

. 230 . L
There is a tendency for the Th concentration to decrease toward the
margin, but it also decreases at mid-depth at the seaward end of the
transect (Figure 5-10). This implies that there may be another sink for
230 .
Th at mid-depth beyond the seaward end of the transect. There does
not appear to be a similar mid-depth sink for Pa at the seaward end of
the transect as dissolved protactinium concentrations were highest at
Station 1122 fTable 5-5) and were nearly constant at the other stations
at values about half the concentration measured at Station 1122. Tf the
data reflect a real sink for Th and not for Pa, then this may result from
a change in the concentration and compositicn of suspended particles
(Chapter /). Higher biological productivity at the equator, off the

seaward end of the transect, may increase the flux of biogenic particles

enough to significantly increase the rate of scavenging of Th. ' Particles
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at Site P were predominantly biogenic, and had high 230Th/23 Pa

ratios. The influence of the particles responsible for the low

230 231

T/ Pa ratios near the continental margin decreases into the

. . . . 3 3
open ocean, as evidenced by the increasing particulate 2‘0Th/231Pa

ratios. The decreasing influence of these particles may offset the

231

increased scavenging of "Pa hy the higher flux of biogenic

particles. The combined effect of the increasing flux of biogenic

particles and the decreasing influence of margin-related particles could

230Th, without a

. . . . 231
corresponding decrease in the concentration of dissolved 3 Pa, at the

result in a lower concentration of dissolved

seaward end of the transect. The above discussion is largely speculation
given the limited amount of data. It is included to suggest where future
sampling should be carried out to study the effect of particle
composition on the fractionation of Th and Pa during adsorotion from
seawater.

231

. 2 . ' . .
Dissolved ‘BOTh/‘ Pa ratios are presented in Tahle 5-5. Ratios

measured at Station 1122 are typical of open ocean values observed at
Sites P and D (rhapter &), Ratios tend to be higher at other stations,
although no consistent pattern emerges. Sample 1114 - 4700 m, with an
anomalouslv h{gh ratio, will he discussed later. Within the counting

errors, the other samples all have ratios less than or equal to the

230

"
seawater production ratio of 10.8. Near-margin dissolved Th/ 31Pa

ratios greater than or equal to ratios.in the open ocean prove that the

230Th/?31

low particlate Pa ratios do not simply result from greatly

increased scavenging rates compared to the open ocean. Particulate
. 2 . . . 2
230Th/"31Pa ratios would equal the ratio at which 30Th and‘231Pa

_are supplied if scavenging rates were rapid enough to completely remove
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all of the dissolved 23OTh and 23]’Pa supplied to the area.

231

Thorium-230 and "~ Pa are supplied at a ratio of 3-6 by horizontal

transport from the open ocean and a ratio of 10.8 by uranium decay.

230 2131

Particulate Th/” "Pa ratios are about a factor of ten greater

230

’ 2 . .
than dissolved Th/“31Pa ratios in the open ocean (Chapters 3 and

4y, 1f similar fractionation of Th and Pa during adsorption occurred in

. . . 230 23] .
margin environments, then dissolved Th/ Pa ratios Jess than one

would be found. The results in Table 5-5 clearly show this not to be the

case. Fven if there is a small, systematic fractionmation of Th and Pa

’
W31Pa

during adsorption to Mn0,, the dissolved 230Th/ ratios at the

2,

STIE Site and at the landward end of the transect in the Guatemala Basin
are greater than or equal to the dissolved ratios at Sites P and D.

2
_30Th/231

Therefore, the low particulate Pa ratios do not result from
increased scavenging rates, but must be caused by differences in the
compositions of the particles between open-ocean and ocean-margin

environments.

Reversibility of Scavenging Processes
Scavenging is generally assumed to be an irreversible process, where
the steady state distribution of a dissolved reactive daughter isotope is

expressed as

D
= x - = (n
dAg/dt = M, (A+9) A; =0 2)

where: A, is the activity of dissolved reactive daughter isotope

d

X is the radioactive decay constant of the daughter isotope

Adp is the activity of the dissolved parent isotope

¥ is the rate constant for removal by scavenging

and A_p, and

Then ¢ is calculated from measured values of Ay d

scavenging residence times, 7 are calculated as 1/y.

d)
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‘This can be shown. to be in error. Approximately 4% of the total

234, - s, S : .o : s s
-Th conceuatratiou iv the deeper samples in the Guatemala Basin is

. P = » . . 8 )
particulate {(Figures 5-11). Using Equatiou (2) with a-23 U
_ o g o g 9. 234 IR ,
concentration 6f 2.5 dpm/1 and a dissolved Th concentratiovi of 2.4

234

dpm/1, a residence time for dissclved Th of 2.3 years is

calculated, - If this uptake is irreversible, and if § is the same for

all Th isotopes, then dissolved OThlshould‘be present ‘at 60

. , . p

dpm/loowl in samples with 0.1 dpm/1 particulate 23}Th0 The average

dissolved 2'ju‘li”nvcom:entra.l:ion in sawmples with approximately 0.1 dpw/1
234

of .particulate Th was 37O,dpm/106—1, cleariy much greater than

predicted by the irreversible uptake model. Therefore, -there wmust be

some machanism by which Th 1s returned to solution, either by

communication) indicates that the Th isotopes were in an
adsorpticu-descrption equilibrium in the samples taken in the Panama and
Guatemala Basins. Therefore, desorptioun and regeneration (Chapter 3) may

beth operate to return scavenged thorium to solution.

Residence Times of Thorium and Protactinium

5 2 3.
Reactive isotopes such as Z30Th, 228Th, 23+Th, 2J1Pa,

210 210

“Pb,  and Po are predominautly ian the dissolved state in the deep

- open ocean iu spite of their short residence times (this work; Bacon et
al., 19765 Scmayajulu and Craig, 1976). This. is true even .in areas near

contivetal margins where scavenging rates are higher than in open-ocean

f’Q .
environments, Particulate ZJOTh and 231?& constitute less than a

£ their total concentrations in the Guatemala Basin (Figure

quarter of

5-12a and b). Therefore, particle couceutrations greater thau those

\
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“wrapid rates of removal of Th -and

-211~
- measured at these stations (10-20ug/l; Figure 6-1) are required before

the rates of removal of 230Th and 231?& will be limited by the

settling rate of particles rather-than their rates of adsorption to

--particles.:

230

It is of interest to compare the concentrations of dissolved Th

o~

, 231 . . . . Y s
and Pa, and their corresponding residence times, wmeasured during KN
73-16 with those measured at-open ocean Sites P and D (Chapter 4). The

simplest approach would be to calculate residence times from measured

230Th d 231

concentrations of an Pa and their known production rates by

uranium decay
. - A ! . i g
T4 nd/O.AU) , : (3)
where:; v ., is the residence time of Th or Pz, Ad ig the dissclved

"4
230 231 . . .
Th or Pa, A is the radiocactive decay counstant of

234, 235,

activity of
230Th ot 231?&, and AU is the activity of
Residence times calcﬁlated in this way from data obtained in the Panswma

and Guatemala Basins are presented in Table 5-11 along with a summary of

2
ZJOTT

na
231
v and Pa

the results from Sites U and P. Residence times of
are both lower inm the Panama and Guatemala Basins than at Sites D and p,
although the meximuwm residence times foun& in the Guatemala Basin are
within the lower psrt of the range of values observed at Site D. More
230 231?& ini- the Panama and Guatemela

~Basins than in the open ocean would be expected from the reasons
g dichsséd at the beginning of this chapter.

If production by uranium decay is the only source of dissolved
230, 231 . " . ) .

Th and Pa, then Equation (3) gives an accurate representation

of their residence times. If scavenging is the only process removing

dissolved Th and Pa from seawater, then the residence times from
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TABLE 5-11

Residence Times of Dissolved 230Th and‘23l?aa.

. Sample L o e . . . " -

‘Station/Depth ' Z3”'171’1 LBlPa
(Years)

1110-1500 (front) 5.1 -
1110-1500 (back) 5.7 18 B
1110-2250 16 21
111.0-3G00 6.6 : 19
1114~2000 ' 8.5 17
1114-3000 . 12 17
L114~4700 23 " 16
1117-1500 ‘ : 17 ——
1117-2250 . ‘ 18 -
1117-2500 13 , 15
1126-100G 10 -
1120-1500 18 2
1120-2250 21 16
1120-3100 : 11 .17
1122-1100 11 : 38
1122-1600 13 3
1122-2100 14 43
1122-2600 (frent) 11 ' 23
1122-2600 (back) 10 ——
Site P, 32000 - 41 130
Site D, 32000 _ 23 (16-28) . 49 (34-59)

8Residence times were calculated from Equatioun 3 in the text aund are
directly -proportional to.the dissolved concentiations in Table 5-5.

bresults from Site P and average-and range of results from Site D are
given for comparison. From Chapter 4.
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- Bguation (3) ave appropriately designated scavenging residence times
Howewver, Equation (3) neglects the effects of horizontal mixing. If

scavenging and horlvonfal tran%port are the only processes that remove

v 230, a 231

dissolwved ~7 Th and Pa from the water co;umn, then a more accuvate

representation of the scavenging-residence.time is

. L2 2 : y
T A CAAY + Kpa TAL X)) 7 : , (&)

- where Ky is the horizontal eddy diffusivity-and X is the horizontal
distance. Therefore, the residence times in Table 5—11,'rd, are in

~error by the amount

2 2 . :
[Caa, + Kga A/ aX)/ Aa )ty ' | (3)
At the open-ocean sites, where mixing acts as a sink for dissolved
i 9
23GT’n and 231’?&1, K. 3 2A /aX"< 0, and~v ,< ¢ ,'.

H d d  ~d

Conversely, at the STIE Site, where horizonital transport acis as a .source

- 230, 231 . a2 2
of Th and Pa, I\}? Ad/a_X > 0, and~z a’ Td’. |
. ; : . . - . e 231 o
Horizontal transport acts as a sink for over half of ‘the Pa- preoduced

y uranium decay at Sites §,, E, and P, while it is less. important-as a
L

z30 y ‘ 23

51ok for 7 Th {(Chapter 3). Therefore, 1Pa will be us ed in the

ollowing discussion to emphasize the importance of horizontal transport

. . . " 231,
on the calculated scavenging residence times. Ii most of the Pa

produced in the open ocean is removed by horizontal transport, then

-K 2A tE/ 3X2 > 0.5 (AA ), and the true
E® “¢ 4]

scavengiang residence time, -rd', is underestimated by at least a

factor of two. Conversely, if the Panama B351n acts-as a net sink for

230 231

“horizontally transported Th and Pa, then particulate
23b 231 . s s . £
h/“”"Pa ratios of 5-6 (Table 5-8) indicate that at least half of
231 . L .
the Pa is derived by horizontal mixing from the open ocean. In this
case, values of 1 in Table 5-11 are too high by a factor of at

Pa

\
\
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least two at Station 1110. Therefore, because of horizontal transport of

231 ,

Pa, 1 (Site PY/r_ ' (STIE) is at least four times greater

Pa Pa
than 1 a (Site P)/tpa (STIE) calculated from residence times in

P
. 231 .
Table 5-11, Then the actual scavenging rate of Pa in the Panama
Basin is about 25 times greater than at Site P. Horizontal transport of
230 231 . . . .
Th and Pa is not well quantified, so true scavenging residence
times, Td', cannot he determined like the easily calculated values of

1, in Table 5-11. Nevertheless, the values of T4 in Tahle 5-11

d

are useful as (1) thev provide lower limits for the scavenging residence
times in the open ocean, (2) thevy accurately represent the total
residence times in open ocean areas where production by uranium decay is

the only source of dissolved 230Th and 231?

a, and (3) thev provide

upper limits for scavenging residence times in areas like the Panama
Rasin which act as sinks for reactive elements transported from the‘open
ocean.

One implication of these results is that very reactive elements, such
as Pa, with an average oceanic residence time of less than 100 years, can
be redistributed within the ocean hy mixing processes when scavenging
rates vary by an order of magnitude between two environments. Other
reactive elements, including those of pol]utént origin, may be sihilarly

redistributed. The extent of redistribution of 231Pa would not have

. . 230 A s
been predicted from the hehavior of Th. Thus it is possible that
redistribution of other elements mav occur to an even greater extent than
for Pa, the extent of redistribution being determined by the degree to

which the efficiency of removal of the element in certain environments is

enhanced relative to vremoval rates in the open ocean.
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Geochemical Behavior of Other Tsotopes

Thorium=-2132
Detrital minerals formed an increasing percent of the total trapped

material with depth at the STTE Site, as thev did at Sites S,, E, and P

2’
(rhapter 3: Honjo, 1980: Brewer et al., 1980). A strong correlation of

all of the detrital elements with Al was observed at Site F, including

732 232

Th (Figure 3-11). The Th /Al ratio in the trapped particles and
underlying sediments at Site F was very close to the average ratio for
e . 232

shales. A strong positive correlation between Th and Al was also
found in samples from the STTE Site (Figure 5-13); however, the
232 .. s .
Th /Al ‘ratio is about a factor of four lower than at Site E. ~ A major
source of detritial material at Site E is atmospheric dust of Saharawv
origin with tvpical crustal or shale composition (Rydell and Prospero,
1972: Glaccum and Prospero, 1980). Detrital material at the STIE site is
probably derived from Central America, which consists in large part of
uplifted basalts. While the Th/Al ratio is somewhat greater than for
average basalts (Figure 5-12), a contribution by basalts is clearly
indicated. ™his suggests that Th/Al ratios mayv be a good indicator of
sources of detrital minerals in deep sea sediments.
. . . 232 . .
foncentrations of dissolved and particulate Th are giliven 1in

Tables 5-5 and 5-7, respectively. Several of the samples have levels of
232 . s - St s s e .

Th significantlv greater than blanks. While it is difficult to find
trends in data so close to detection limits, it does appear that

. 237 . . . R :
particulate Th concentrations increase with depth and also increase
near the continental margins (Stations 1110 and 1114). This distribution

. . 232 . . . .
is reasonable since Th is expected to be associlated with detrital

material supplied by resuspension and by input from the continent.



Figure 5-172.
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Thorium content plotted against aluminum for STTF sediment
trap samples. The solid lines indicate average ratios for

shales (SY, crust 7)Y, and basalts (R), from Krauskopf
(1979),  For comparison, samples at Sites F and P fell
approximatelv on the line for average shales
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Figure 5-13.
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Stations 1110 and 1114 near the continental margin have concentrations of

232

particulate Th of a few dpm/lo6 1 (Table 5-7). Specific

23211, in filtered particles at Statioms 1110 and 1114

activities of
(Table 5-6) are similar to values measured in STTE sediment-trap
samples. At stations farther from the continent, the concentrations of

23201 are lower, and only upper limits of about 1-?

particulate
)
dpm/10° 1 can be set.
. 732 . . .
Dissolved Th concenrtrations measured with the MnO,-N1tex
adsorbers are highlv variable. Some of the samples are not above the
. . 232 .
detection limit of abhout 0.00° dpm Th (approximately 20 ng).
. 232 .
However, many of the samples contain amounts of Th in excess of
. 232 SN
blank levels. Values of dissolved Th are less than 100 dpm/107 1,
and average about 320 dpm/lO6 1 fexcluding Station 1114 - 4700 m), close
. . )
to the range of five values found at Site D of 15-33 dpm/10" 1
(Chapter &). N
One sample taken deep in the Middle America Trench off the coast of
Nicavagua (Station 1114 - 4700 m) contained extremely high concentrations
. . 232 .
of dissolved and particulate 23 Th (Tables 5-5'and 5-7). Since these
are the only samples with such high Th concentrations, it is necessary to
consider the possibility of contamination. A1l of the filters were
stored together until their use at sea. Nitex sheets were prepared in
batches of 15, and stored in contact with each other. Tt is highlv
unlikely that a single randomly contaminated filter and one randomly
contaminated Nitex sheet should be chosen for use on the same sample.
laboratorv analysis of the filter was performed three weeks prior to

analysis of the Nitex, with many other samples run before, between and

after these two. Tt is highly unlikely that two laboratory contamination
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eventy should occur on the samé {ilier-Nitex pair. The only time that

the filter and Nitex were .together was during the -sampling at sea. No

232 ' ‘ . ' .
<~ "Th was taken tc . ses as a tracer or for.any other purpose. The sawme

cpumping systems. were used-at-every-station, so contamination c¢ould not
have resulted from a component of one of the pumping systems. No other

plausible source of contamination can be imagined. Therefore, it appears

that the high concentration of 232Th at the bottom of the trench is

real.

Concentrations of other radicisctopes in the Station 1114 — 4700 m

. . . . 230 . .
. sample are not unusuwally high.  The dissolved Th concentration is

less than two times greater than at the other stations and is

appreximately equal to wvalues found at the open-ocean Site D

230

(Chapter 4). Particulate Th is enly 3-%4 times greater than at the

other stations and is equal to values found at similar depths- farther
west in the Pacific (Krishnaswami et al., 1976). The particulate uranium

concentration is similar to concentrations in other samples on the
230,, ,231 Lo .

Th/“7 " Pa ratio is the highest observed at
any of the stations, and this sample is the only one with & ratic

significantly greater than 10.8. Particulate Pa comprises the greatest

percentage of total Pa cof any of the KN 73-16 samples, so the particulate
1

230, ,23: , . ) 3 L
Th/ Pa ratlo at 4700 m is identical to the ratic in cother

9 1
- samplee at Station 1114. . The anomalously high dissolved “30Th/23lPa

232

ratio is consistent with the unusually high Th" concentration, which

-must result from an unknown process preferentially stabilizing dissolved
.

: - . 232
Th aud .an unknown source of dissolved Th.:
Thorium=-228
1 . ?.?_Sr . ] 1 L 4T - .
In the open ocean Th is produced near the sea surface and near

N\

the sea floor as a result of the distributicon of its parent Ra
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228

(Trier et al., 1972)., Specific activities of Th in trapped material

were constant through mid-depths at Sites F and P because of the lack of
a mid-depth souvrce and the high settling velocityv of the surface-derived

2278

particles. Specific activities of Th in trapped particles jincrease

with depth at the STTE Site (Table 5-2). This suggests that the STIE
Site is close enough to the continental slope (approximately 20 km from
the Coiba Ridge) that 228Ra can diffuse horizontally from slope
sediments to the STTE site before it is depleted from the water by

228Th throughout the water

228Th

radioactive decay. Production of dissolved
column at the STIF Site would explain the similarity of the

dist-ibution with depth in the STIF samples to the distributions of

230 231 . . . .
Th and Pa with depth at all of the sediment-trap sites.

228 . . . . .
The “Z‘Th distribution in the Guatemala Basin (Tables 5-5 and 5-7)

. . . . 28, < .
is consistent with its source by decay of 2 8Ra. The highest

22

. 8 . .
particulate “Th concentrations were found at Station 1114 near the

continental margin and near the sea floor, similar to the near-bottom

228

increases in specific activity of particulate Th observed at Sites E

228

and P. Processes affecting the Th distribution are best illustrated

. 228 230 . . .
by particulate Th/ Th activity ratios (Figure 5-14). The

distribution is a function of the sources of these two isotopes.

230

Production of “” Th occurs at a constant rate throughout the water

‘ 228 . . - ; .
column, whereas Th production is limited to water which has been in

228Ra

contact with the sea floor within a few half-lives of .  These

228 230

sources are reflected in the highe~ particulate Th/“~“Th ratios

near the sea surface, near the sea floor, and near the continental
margin., The observed mid-depth minimum in the open ocean is expected
because the time scale for mixing this water into contact with sediments

228
QZQRa

is much greater than the half-life of
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The distribution of dissolved 278Th is similar to that of

228

. 22 .
particulate "’8Th, and again reflects the source of Th by decay of

na . . .
‘ 8R in the mid-depth minimum at

a. Concentrations of dissolved 228Th
the open ocean end of the tramsect are approximately equal to the
concentrations measured at Site P (Chapter 4). Concentrations of
dissolved 228Th increase toward the bottom along the KN 73-16 transect,
but values at approximately 3000 m only reach about 20% of those at

228

Site D (rhapter 4). FEither the flux of ““"Ra out of the sediments is

lower in the Guatemala Basin than at Site D, or greater scavenging rates

228Th concentration to levels much

in the Cuatemala Basin reduce the
below that found at Site D. The former possibility is expected from the
232 . o
lower Th contents in STIE samples compared to samples from Sites
S, and E, while the latter explanation is supported by tha higher
scavenging rates calculated for the Panama Basin compared to Site D from '
230 p N :
the Th data (Table 5-11). Both factors work together to produce the
228 ’ . . . .
lower Th concentrations in the Guatemala Basin compared to Site D,
Uranium
Uranium contents in STTE samples are nearly constant with depth

2 . . .
238U/"3?Th ratios are much higher than in

(Table 5-2), and the
typical deep-sea sediments. Both of these aspects of the uranium
distribution have‘been observed at Sites E and P and result from a
bioauthigenic uranium component in the trapped material greatef than the

2
238U/“32Th

~amount of detrital uranium (Chaﬁter 3). An average basalt
ratio was assumed for the detrital minerals in the STIE samples since the
732Th/A1 ratio approached that for Basalt’(Figure 5;14). Bioauthigenic
uranium (UBA) {Tahle 5-12) accounts for 70-90% of the uraniﬁm in the

 STTF. sampies, so possible errors in the assumed detrital U/Th ratio would

have a small effect on the calculated Ug, contents.
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Bioauthigenic uranium contents of the STIE samples are equal to those
measured in the 389-m sample at Site E and in the 978-m sample at Site P

(Chapter 3). Fluxes of UB at Sites E and P ranged from 0.25-1.0

A
dpm/cm2103y (Chapter 3), nearly an order of magnitude less than the
fluxes measured in the STIE samples (Table 5-12). 1If the entire flux of
UBA at the STIE Site, including the flux from winnowed sediments, were
regenerated in a 500-m layer of bottom water, the dissolved uranium
concentration would change at a rate of 0.08 dpm/1—103y, compared to a
uranium concentration of 2.5 dpm/1 (Turekian and Chan, 1971; Ku et al.,
1977). Therefore, the conclusion reached in Chapter 3, that the UBA

flux at the open-ocean sites should not measurably alter the comservative

behavior of uranium, also applies in the Panama Basin, where U

" fluxgs‘

are an order of magnitude greater thanm in the open ocean.

Bioauthigenic uranium contents of trapped material decreased with
depth at Sites E and P, in conrast to the constant UBA contents of the
STIE samples. The carrier of UBA appears not to be significantly
remineralized in the water column in the Panama Basin. Since sediment
samples were not obtained at the STIE Site, the 238U/232Th ratios in
the sediments could not be used to determine the extent of UBA
remineralization before burial.

Hemipelagic sediments in a core studied by Kraemer (1975; 29017'N,
87°15'W, 747 m) are qualitatively similar to the 667-m STIE sample.

238U/232

Kraemer (1975) found a Th activity ratio of about two in

surface (9-23 cm) sedimeuts, about a factor of two greater than the U/Th

ratio in fluvial particles introduced to the area. Kraemer also found a

230,, ,238 231Pa/235

Th/“7"U ratio less than one and a U ratio greater

than one. For comparison, the 667-m STIE sample contained a
%
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TABLE 5-12

Bioauthigenic Uranium in STIE Samples.

Depth
(:1) 2383 2328 UBAa U, ,~Flux Detrital-U
dpm/g dpm/cm2'103y % of Total U
667 0.788 0.089 0.699 2.46 11
1268 Lost - - - -
2265-RT 3 0.861 0.166 0.695 2.97 19
2265-RT & 0.815 0.163 0.652 3.71 20
2265-RT 5 0.716 0.189 0.527 4.22 25
2869 0.878 0.191 0.687 3.83 22
3769 0.889 0.276 0.613 3.92 31
3791 0.913 0.265 0.648 4.20 29

aFrom Table 5-2.

bcalculated assuming approximate basalt composition of detrital
minerals, with a 2380/232Th activity ratio of 1.0
(Krauskopf, 1979).
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230, ,238 231Pa/235

Th/“”" U ratio of 0.57 and a U ratio of 1.78. The

similarity in the isotope distribution between the 667-m STIE sample and

the sediments studied by Kraemer indicates that hemipelagic sediments may
act as a sink for seawater-derived uranium (see Veeh, 1967), and may act

230p, (Chapter 6).

as a preferential sink for 231Pa relative to

Kolodny and Kaplan (1973) concluded that removal of uranium from
anoxic waters of Saanich Inlet occurred primarily by formation of
complexes with organic matter. The organic matter content of the
sediment-trap samples was about the same in the shallowest sample at each
of the sites; however, it decreased with depth to a much greater extent
at Sites E and P than at the STIE Site (Honjo, 1980, personal
communication). This is consistent with the more extensive
remineralization of UBA at Sites E and P than at the STIE site, and
suggests that organic matter is the carrier phase for Ugps supporting
the conclusion of Kolodny and Kaplan (1973).

If the measured Uy, flux of about 4 dpm/cm2103y (Table 5-12) is
representative of the whole Panama Basin, then the residence time of
uranium in an average 3000 m water column in the basin with respect to
this removal process is about 2 x 105 years. This is not much less
than the average residence time of uranium in the oceans (4 x 105
years; Brewer, 1975), which suggests that while uranium is removed from
surface seawater to hemipelagic sediments, this process does not account
for the removal of uranium from large areas of the open ocean.

Concentrations of particulate uranium (Table 5-7) are extremely low
in seawater, in the range of 10_5 to 10_6 of the total uranium

concentration. Precision of the measurements was not particularly good

because of the small amounts of particulate uranium measured. Uranium is



wnnot.scavengédrto a'gignifiéant extént o#to:marine pafticles bécause of
Co ~f) .
the stability of the soluble UOZ(COB)3' complex (Starik and
Kolyadniu, 19537; Laugmuir, 1978). Under reducing conditions uranium is
reduced ffom‘thé hexavalent to the tetravalent state iu which it-is'yefy
particle reactive, much like fetravalent thorium. Uranium (VI) reduction
in seaﬁaﬁer,shoﬁld occur -at é’sligh%ly‘higher Eh than reduction‘of
Fe(IT1) {Langmuir, 1978). Therefore, while U(VI) reduction may occur in
-sulfide~bearing sedimeuts, it would rot be expected to occur in seawater
except in hasins with restricted circulation where sulfate reduction is
occurring, or possibly in microenvironments whers the Eh is lower than in
the surrounding seawater. An iatense 02 minimitn occurred at all of*the
stations occupied during KN 73-156, where O2 concentrations were below 'z
few uM/kg (unpublished data). While sémples were not takem in the 52
minimum, concentrations of particulate uranium below the minimum:are no
higher thao at Site E {Table 3-2), and the concentration of UBA.in the
STIE samples was no greater than in the shallow sediment-trap samples at
Sites E and P. These results support the predictions from the physical -
chemical data that U(VI) reduction should not occur at the Eh in 02
minima, and removal by scavenging onto settling particles in 0, minima

is not a sink for uranium in seawater.

CONCLUSIONS

(1) ~The Panama and Guatemala Basins act as a preferential sink for

2
31 230Th

< T
_Pa compared to .- In contrast to the opeun ocean, where

adsorption strongly favors Th, particles iu these ocean-margin

. 230, 231 . . . . .
environments "adsorb “7 Th and “"'Pa with little or uo fractionation.

230Th

(2) Particle size is not a factor in the ratio at which nd

231, s . . .
Pa are scavenged ia the Panama Basin, to the extent that particles



cecllected by filtratiouw and with sediment traps represent different size
distributions.
(3) . Adsorptiou te Mu0, is wot entirely responsible for the low
<

230

particulate Th/zalPa'ratios‘in the Panama Basin. Other types of
-particles must also adsorb Th and Pa without fractionation.

(4) ~Scavenging rates in the Paunama and Guatemala Basirs are at least
aa order of magintude higher than in the open ocean. The increased
scavenging rates vesult from a~higher.flux of particles aud more iutense
scavenging at the:sediment-seawater interface. However,; even in this

231
nd “7*

. e . 23D ..
environmeal of intense scavenging, Th “"Pa are predominantly.

dissolved.

(5} Because of the higher scavenging rates in the Panama and

2
30Th ZJIP

o . 2 .
Guatemala Basins, councentrations of ud a are lower than in

the open ocean. Horizontal mixing processes result in a net transport of

230 a3l :
YA - A I . . . " .
Y7Th and Pz down concentration gradients.  Thus, these basins ara
. . 230 231 ;s
acting as a sink for Ta and Pa produced in the open ocean.
. o s . 231 . _ g
Horizontal ‘transport redistributes Pa in the oceaun . to a greater

; 230,
exteur than Th

{6) - The distributions of particulate and dissolved thorium isotopes
showed that scavenging of thorium is uot an irreversible process.

e . .. 230 .

{7) The sea floor is a much more efficient scavenger of Th 1in
the ‘Panama and Guatemala Basins than in the open ccean, probably as a
‘result of scavenging by freshly precipitated MnO2 at the
sediment-seawater interface.

(8) Toorium~232 is associated with detritial minerals in the Panema

Basin, showing a strong correlation with Al in a Th/Al ratio indicatiag a

source from basalts.

AN



(9)  Bioauthigenic uranium contents of trappedrmaterial in the‘Panémé
Basia are about the same as~in.ttapped material at shallow depths at
» Sites F aud P. -However, bioaﬁthigenic uranium is not regeunerated iﬁ the
water column in.the Panama Basin. _Hemipelagic sediments may thergfore
‘act as a siuk for surface seawater—derfved‘ﬁranium, Results from the
sediment~trap samples ars consistent with ‘the conclusicn of Kolodny'and_
Kaplan. (1973) that removal of dissolved,uraniumrffomrseawater‘results

from association with organic¢ matter.
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CHAPTER 6.

GENERAL - SUMMARY

INTRODUCTION

The speciation of an element in seawater is an important factor
deﬁérmiming ité‘géochémical behavior. Elaborate coépﬁter models have.
beern deveicoped to predict the distribution of elements among'various
dissolved species and particulate phases (Nordstrom et al., 1979).
‘Balistrieri et al. (1980) developed a model to predict the rate of
“removal of 2 reactive element from seawater from known constants for
association with dissolved ligands and from constants for adsorption to
various solid surfaces. Thorium was included in their model, and it fit
well with the trend of the other elewments. However, as they peointediout,
a lack of stability constants for Pa prevented its inclusion in the”

model. he chemistrv of thorium has been more extensively’studied.than -

that of protactinium because of the greater abundance of thorium on earth. =

and because of its importance as a nuclear fuel. Stability comstapts for
the hydrolysis and complexation behavior of thqrium have besen determined

Sillen and Martell,1971: Smith and Martell, 1976; Baes and Mesuer,
1976). In contrast, the solution chemistry of protactinium is poorly
understeod.

This chapter consists of three sections. Sowe aspects of the

solutien chemistry of thorium and protactinium will be diécusseé in the
first section. The second section consists of some speculation about the

2307y, 231, ratios found in differeat

mechanisms producing the Th/
depositional environments. The conclusions-derived from this thesis work

are summarized in the final section.
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SOME ASPRCTS OF THF SOLUTTON CHFEMTSTRY OF THORTUM AND PROTACTINTUM

Reviews of the solution chemistry of protactinium have been compiled
by Reller (1966) and Guillaumont et al. (1968). The latter is far more
comprehensive and summarizes most of the available information on
stability constants for protactinium. Other reviews of the analytical
(Pal'shin et al., 1970; Myasoedov et al, 1979) and preparative (Brown,
1969) chemistry of protactinium contain a little additional information
on its solution chemistry. Tittle work has been done on the speciation
of pentavalent protactinium since 1970 as evidenced by the lack of more
recent information in a review By Bulman (1980) and in compilations of
stability constants (Smith and Martell, 1976; Baes and Mesmer, 1976).

Thorium and protactinium have been described as having dual chemical
natures (Pal'shin ef al., 1970; Cotton and Wilkinson, 1972; Bulmaﬁ,
1980). Thorium exhibits some chemical similarities to Gfoub 1v-3
elements Zr and Hf, while protactinium is cheﬁically similar‘taycfgup V-
eiements Nb and Ta., Thorium and protactinium are also membefs of éhé
actinide series, which involves filling the 5f electron éhe]l. Ho&éver,
tetravalent thorium and pentavalent protactinium, the jonic forms stable
in natural environmments, both lack 5f eléctrons. It is because of the
lack of 5f electrons that Th(IV) and Pa(V) have chemical behaviors
similar to the IV-B and V-B elements as well as behaviors ihdicative of
actinide series elements. Tetravalent protactinium contains one 5f
electroﬁ, and although it is not stable with respect to oxidation in
aerated solutions, it behaves chemically more like a true actinide than
Th(TV) or Pa(V).

An important difference between Pa and the other pentavalent
+

actinides is that Pa02+ is much less stable than than the MO2
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actinyl ions of U, Np, and Pu (Cotton and Wilkinson, 1972). Paog is
probably in equilibrium with PaO(OH); or Pa(OH)Z (Guillaumont
et al., 1968). Tf the speciation of Th and Pa were predicted by analogy
with the known behavior of Pu(1V) and Pu(V), Th would be expected to be

)£4"“)+ while Pa would form the stable

strongly hydrolyzed as Th(OH
and weakly hydrolyzed PaOZ (Cleveland, 1979). By further analogy
with uranium, which forms the stable UOZ2 ion, Pa would be expected
to be much more resistant to scavenging from seawater than Th,
Guillaumont (in Guillaumont et al., 1968) has shown that in 1-3N acid
. -+ .+ + . |
solutions ‘3N Cloa, H + Li = 3N, H = 1-3N), Pa is present
. . . +2 +2 .
as a divalent ion, either PaOOH or Pa(OH)3 . Guillaumont
prefers the former because of the stremgth of the Pa=0 bond. A
. o . 3 e
tripositive species, PaO+", was suggested at greater than A-8N

HC1O0 Tn contrast to the results of Guillaumont et al., (1968},

40

Tiljenzin (1970) found evidence for a tripositive Pa species at pH less

than 0.5 and reported that dipositive species did not form a significant S

portion of the dissolved Pa at any acid concentration. ILiljenzin did not
discuss the discrepancy with the results of Guillaumont et al. (1968).
Guillaumont (in Guillaumont et al., 1968) studied the fourth and

fifth hydrolyses of Pa in 3N (Li+H)0104, and reported values of

.K4=9X10--Z and K5=3.2X10_5. He also found little variation in

K, between ionic strengths of 0.1 and 3.0. Therefore, at pH greater

4
than about one, concentrations of the monovalent species Paog,
PaO(OH);, or Pa(OH)Z exceed the concentration of dipositive

jons, and at pH greater than about 4.5 the neutral species Pa(OH)5 is
formed. The existence of a neutral species leads to the formation of
colioids, which occurs at pH 5 even at Pa concentrations as low as

10"11M (Guillaumont et al., 1968).
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Mikhailov (1958) estimated from theoretical considerations that the

. . +
first hydrolysis constant for Pa 7,

+5 N +

Pa’” 4 Hzo.\-----Pa(.om”+ + H
3+1 Y +5 .

s 10—, Thus, significant amounts of Pa should not occur 1in
aqueous solutions. FEstimates of the second hydrolysis constant are not
available. TIn contrast, the first hydrolysis constant for Th is about
10_'3 (Baes and Mesmer, 1976). At pH 2, it is therefore possible to

+4 o L . . + At
have Th coexisting with monovalent Pa species such as PaOZ, PaO(OH)Q,
. .o
and Pa(OH)a.

According to the model of Balistrieri et al. (1980), the rate at
which a reactive element is scavenged from seawater is proportional to
the magnitude of its first or second hydrolyvsis constant. Tt is
necessary to know the proper reference species for the hydrolysis of Pa,
. . : +5 +3.

i. e. the species that forms the Pa-hydroxyl bond (Pa 7, P20 7, or
PaOZ’, in order to include Pa in the model. 7f the first hydrolysis
constant for 'Ph+4 is compared with the first hydrolysis constant for
Pa+5, then Pa should be scavenged much more rapidly than Th. This may
not be an appropriate comparison. For example, by analogy with uranium,
if a first hydrolysis constant could be estimated for U+6, it would
likely be even greater than for Pa+5. However, the reference species
for hydrolysis of uranium in solution is UOZZ, which is weakly

+6
hydrolyzed, rather than U .

If the reference species for hydrolysis of Pa is PaO+3, then the
first hydrolysis constant for Pa is about 0.3 - 8 (Liljenzin, 1970;

. . . ‘ 3.
Guillaumont et al. 1268). The first hydrolysis constant for Pa0’" is

still much greater than that of Th+4. However, if PaOZ is the

T
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stable reference species for the hydrolysis of Pa, with a hydrolysis
stability constant of 3.2 X 10‘_5 (Guillaumont et al., 1968), then
hydrolysis of Pa would Be weaker than for Th, and the model of
Balistrieri et al. (1980) would predict that Pa is scavenged Tess rapidly
than Th. Regardless of which is the correct reference species for the
hydrolysis of Pa, at the pH of seawater Pa should exist as the neutral
species Pa(OH)S, PaO(OH)3,'or Pa0,0H in the}absence of complexation
by other ligands and Th should likewise exist as the neutral Th(OH)A.

Uncertainty in the reference species for hydrolysis of Pa is onlvy one
of the problems in determining 1ts speciation. Guillaumont et al. (1968)
pointed out that some of the inconsistencies in the stability constants
determined by different investigators mayvresult in part from the
difficulty in preventing the formation of Pa colloids., Another problem
is that the speciation of Pa in solution seems to depend on the method of
preparation of the solution. | |

Thorium-230 and zglPa are adsorbed onto particles in the deep ocean
at a ratio about an order of magnitude greater than their ratio in
solution. If the first hydrolysis constant of Pa is in fact much greater
than that of Th (PaO+3 is the proper reference species), and if the
model of Balistrieri et al. (1980) is valid for Pa, then this behavior
-requires the formation of stable dissolved complexes of Pa to prevent
adsorption. Most of the stability constants for organic complexes of Pa
were determined by Gelateanu and coworkers (see Gelateanu, 1966); The
speciation of Pa during their experiments was uncontrolled, and only the

ligand:Pa ratios were determined for the reactions
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Pa(OH)ss—n)+ + xL &= Pa(OH) L_

Thus, these constants, which are the ones reported by Keller (1966),
Guillaumont et al. (1968), and Sillen and Martell (1971), are of little
value in determining the eitent of complexation of Pa by organic matter
in seawater.

Some stability constants for the formation of inorganic complexes of
Pa have been determined. Much of the information on the relative
stability of various Pa complexes has been determined empirically by
noting the stability of solutions of Pa with respect to formation of
colloids and adsorption to containers. The following series of
decreasing strength of Pa complexes

R NN
>C,.0, > > 6
F>C,0, >0H >S50,

N SCLT - R oo,
>SCN >(C1 >Br >IO3>NO3 LLO&

(Myasoedov et al., 1979), was largely determined in this way. Most of
the available data is pre-1970 and has been summarized by Cuillaumont et
al. (1968). 1In some cases, only ligand:Pa ratios were determined, as was
the case with the organic complexes. Kolarich et al. (1947) presented
constants for the reaction of Pa+5 with various ligands to form

. +4 +4 .
unhydrolyzed species such as PaCl and PaNO, , which would not

3

exist in their 1N HC10, reaction medium. The hydrolysis behavior of Pa

4

in their studies must be assumed before their constants can be used.
Constants have not been determined for neutral or negatively charged
mixed hydroxy-ligand species that might form in seawater, and based on

the available constants in Guillaumont et al. (1968), it is unlikelybthat

positively charged species can be formed with cl, SOZQ, or

NO3 at their concentrations in seawater.
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SPECUTLATTON ABOUT PROCESSES RFMOVING THORTUM AND PROTACTINTIM

FROM SEAWATER

230 231Pa

A. The Tnfluence of Scavenging Rates on Particulate Th/

Ratios

With one exception (Ku, 1966), at all of the locations where
230,, ,231 P . .

Th/ Pa ratios less than 10.8 have been found in sediments,
230 231, ‘ . . .
Th and Pa are both accumulating in the sediments at rates
greater than their rates of production in the overlying water column.
Sediment samples were not chtained in the Panama Basin; however, fluxes
of both isotopes into sediment Lraps were also greater than or equal to
their rates of production in the water column above each trap. Thus
environments where scavenging rates are greater than in the open ocean

230 231

are not only acting as sinks for Th and Pa supplied bv

horizontal transport from the open ocean, but these environments also act

- . . 231 . 230
as preferential sinks for Pa relative to Th.

230

. 231 . q .
Particulate Th/ Pa ratios from samples collected with

sediment traps and by in situ filtration and from one set of cores are
plotted against particle concentration in Figure 6-1. ~GEOSECS Station 91
was used to determine an average particle concentration in the area where
the cores were taken. Concentrations of particles were determined frbm
hydrocasts at each of the sediment trap sites (Spencer et al., 1978;
Brewer etval., 1980; in preparation), and ranges of particle
concentrations measured at depths near each sediment trap are used in
Figure 6~1.

The variables plotted in Figure A-1 do not show exclusiQely the
relationship between scavenging rate and the resulting ratio at which

230 231

3 .
Th and “~ Pa are adsorbed. Sediment trap samples represent



Figure 6-~1.
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particulate 2307h/231pa activity ratios plotted against

the concentration of suspended particles. Results are from
samples analyzed Auring this work and Antarctic siliceous
sediments from DeMaster (1979). GEOSENS Station 91 was used
to determine an average particle concentration in the arvea
where the cores were taken., (oncentrations of particles
were determined from hydrocasts at each of the sediment trap
sites. Ranges of particle coucentrations at depths near
each sediment trap are shown. Samples are identified in the
key in the upper right corner of the figure.
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Figure 6-1.
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2 . .
integrated 23O‘Th/’glPa ratios collected by particles over the depth

of the water column above the traps. Since 230Th and 231Pa tend to

be scavenged at lower ratios at shallower depths, the true ratios at

230Th a 231

which nd Pa are scavenged at the depths where the samples

were collected are greater than the measured integrated ratios

(Chapter 3). Furthermore, the flux of particles, which may determine
scavenging rates to a greater extent than the concentration of particles,
is not always proportional to fhe concentration of particles in the water
column (Chapter 3). Nevertheless, there is a clear negative correlation

’
“BOTh/231Pa ratios.

. . . . 2 23
As particle concentrations become very high, particulate 2“O'I”h/ ?lPa

230 231

between particle concentration and particulate

ratios approach the open ocean dissolved Th/“ " Pa ratio. .~Thus

there are two lines of evidence linking scavenging rates with particulate

230 230

231 . . . 3 .
Th/"” Pa ratios: 1) sediments with low Th/2 1Pa ratias-are

230 231

accumulating excess Th and Pa at rates greater than thelr rates .

of production by uranium decay in the overlying water column, and 2)

230 231

particulate Th/%” Pa ratios are negatively correlated with the

concentration of particles.

As scavenging rates increase to the point where adsorption to

9
230 231P

particles is the only sink for dissolved Th and a, the
. 230 231 . . .
particulate Th/ Pa ratio must approach the ratio at which
2 . . . .
23OTh and "31Pa are supplied in the dissolved state. However, Lt was

shown in Chapter 5 that increased scavenging rates alone cannot account

5
for the low particulate ~3OTh/231

Pa ratios in the Panama and

Guatemala Basins. Therefore, it is necessary to consider how the

‘chemical properties of the particles scavenging thorium and protactinium
230, 231 . . . .

at low Th/“~ " Pa ratios are different from the chemical properties

of particles in the open ocean,
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oy . . 230, ,231 .
B. Composition of Particles as a Factor Controlling Th/ Pa Ratios

Some data on the composition of trapped particles at PARFLUX Sites
Sz, E and P and the STIE Site are presented in Table 6-1. Various
types of surfaces are represented by Al (clay), Fe (Fe(OH)3), Mn
{Mn0,)Y, Si (sioz), organic matter and CaCOB. Sites S, E and P are

2
. . . . . . 230 231
in typical open-ocean enviromnments with high particulate Th/ Pa

230 231

Th/" " "Pa ratios are

ratios (below 1500 m at site F), whereas
uniformly low at the STTF site.

Sediment-trap samples from Site P have by far the lowest Al contents,
while STIF samplies and samples from Sites SZ’ and E have similar Al
contents. Tron contents of STTE samples are also very similar to those
at Site E;Whowever, both are an order of magnitude greater than at Site
P. Organic matter content is generally the same at all sites, although
the organic matter content decreases with depth to a greater extent at
Sites F and P than at the STTE site. CaC04 ié significagtly lower in
STTE samples, although it is still the dominant component. "Total Si js
somewhat lower at Sites S and P and is highest at the STIE site. A
better indicator of biogenic Si is the Si/Al ratio, which is lowest at
Site S and is bv far the highest at Site P. Concentrations of several
eciements were also determined by neutron activation of aliquots of the
samples of filtered particulate matter from the Panama and Guatemala
Basins (Figures 6-2, 6-3, 6-4, 6-5, 6-6).

It is difficult to explain the measured particulate 230Th/231Pa
ratios in terms of the available information about the composition of the
particles to which they are adsorbed. The following discussion consists
of a series of hypotheses based on certain observations, and

contradictions to the hypotheses based on other data. It is intended
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TAELE 6-1

Compositions of Particles Collected at Four Sediment Trap Sites?,

Component S,y E P STIE
(Sediment Trap Site) .

Al () 2.2 0.76-3.8 0.1-0.95 1.5-4.0

Fe (%) 0.75 ©0.2-1.9 0.01-0.24 0.9-2.0

Mn (ppm) 780 40~460 . 40-370 120-1320P
_ 9000-100600°

Organic Matter (%) 10 : 20-10 16-10 22-12

caco3 (%) 68 62-50 72-61 40-25

si (%) 7 . 9-15 5-10 15-26 " "~

S$i/Al (weight ratio) 3.2 11-4 34-11 ©13-5

Particle Flux

(g/cw2l0dy)

0.74 1.6-1.9 0.2-0.6  3.5-8.0

ZResults .are included here only for samples on which 2301h and 23lpa were
measured. The first number of the range represents the shallowest sample at
each site-and the second number represents the deepest sample, except for
particle fluxes. Data are from Honjo (1980) and Brewer et al. (1980; in

preparation).

b1l samples except 3769 m and 3791 m.

¢Samples from 3769 m and 3791 m.
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that this discussion should suggest areas for future research on the
adsorption chemistries of thorium and protactinium,

Manganese Dioxide

230 231

Particles other than MnO, must be adsorbing Th and Pa

2

from solution at a ratio less than 10 in the Panama Basin (Chapter 5).
This does not, however, prove that the MnO2 content of particulate

matter has no effect on the ratio at which Th and Pa are adsorbed from

230 231

seawater, One of the features of the particulate Th/“ " Pa ratio

distribution in .the Panama and Guatemala Basins that is most different
from the open ocean sites studied is that the ratio decreases near the
sea floor compared to shallower depths (Table 5-6, Figure 5-9). The

concentration of particulate Mn also increases toward the bottom (Figure

231

. . 22 . .
6-2), suggesting that the lower particulate OTh/ Pa ratios in the

deepest samples may be partly caused by the higher Mn concentrations.

,

Resuspension of Mn0, precipitated in the surface sediments.(see Chapter

2

5) or precipitation of dissolved Mn that has diffused out of the

sediments would cause the higher particulate Mn concentrations near the

sea floor. Yowever, other factors must also be involved, as some of the

camples near the margin (Station 1114-2000 m and 3000 m, Station

31

1117-1500 m) have low particulate 230Th/2 Pa ratios and low

.particulate Mn concentrations. Particles other than MnO, near the

margin must also adsorb Th and Pa without fractionation, in agreement

230Th/231Pa

with the conclusion expressed in Chapter 5 that the low
ratios in the STIF samples were not caused entirely by adsorption to the

Moo, in the trapped material.

Detrital Minerals Versus Biogenic Particles

Tt might he expected from the preferential association of of 230Th

231

with-deep~sea sediments and Pa with manganese nodules that
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Figure 6-3. Particulate Mn/Al ratios at stations along the transect
across the Guatemala Basin.
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Figure 6-4. Particulate aluminum concentrations at stations along
a transect across the Guatemala Basin.
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Figure 6-6. Particulate V/Al ratios at stations along a transect
across the Guatemala Basin.

KN 73-16 PARTICULATE V/Al
0 .ol .02 .03 04

H I

/
STATION
e [lIO
o 4
o o {7
= s 1120
? X {122
3-




-246-

2 . . .
230Th/”glPa ratios would correlate inversely with the

particulate
particulate Mn/Al ratios. The opposite trend is, in fact, observed for
the shallower samplés in the Quatemala Basin., Samples at the seaward end
of the transect have both the highest Mn/Al ratios (Figure 6-3) and the

231?3 ratios (Figure 5-9). The increase in

. . 23
highest particulate 0'I‘h/
the Mn/Al ratio away from the margin is not caused by an increase in the

concentration of particulate Mn (Figure 6-2), but rather by a decrease in

the concentration of particulate Al (Figure 6-4). 7Tt can be inferred

230

27 . .
from these results that the high Th/ "~ ]Pa ratios 1in deep-sea

sediments and in the shallower samples at the seaward end of the transect

3 .
2"O'Tb by particles other than

are caused by preferential adsorption of
clays.

The change in the nature of the particulate matter along the transect
in the Guatemala Basin is best illustrated by the decrease in the
concentration of particulate Al away from the continent, noted ‘abeve, and
the increase in the concentration of particulate Ca towards the seaward
end of the transect (Figure 6-5). These elemental distributions indicate
a general decrease in the concentration of detrital minerals end an
increase in the concentration of biogenic particles. Further evidence of
the open-ocean nature of the particles at the seaward end of the transect
is provided by the V/Al ratios (Figure 6-6), which equal values typically
measured in open-ocean particulate material (R. Collier, personal
communication).

2 .
“31Pa ratio toward the

2
The increase in the particulate 2"O'T‘h/
seaward end of the transect would be expected from the results in

Chapter 3. The particulate Al and Ca concentrations and V/Al ratios

discussed above all indicate a decreasing proportion of detrital



YA .

particles and increasing proportion of biegenic particles with distance

away from the wargin. Sediment-trap samples at Site P, which generally

9.7 ]
igher “30Th7231

o

b Pa vatios than samples at Sites 8§, and E

2

contalined

]

at gimilar depths, also had the highest biogenic/detrital particle ratio
(Table 6-1; Honjo, 1980, personal communication): -Preferential
adsorption of Th relative to Pa by biogenic particles and adsorption

without fractionation by Mn0O, and detrital particles might then be

2

n
[

ggested to cxplain these observations. However, the Site E 5086-m
sampie had Al and Mn countents as high as most of the STIE samples (Table

230Th/23}7Pa ratio of 30

o

6-1), yet the 3ite E 50856-m sample had a

(Chapter 3). Thus, some factor other than the total Al{clay) and
Mn(MnO?) contents nust determine the ratio at which Th and Pa are

scavenged from seawater.

1f the detrital particlies in the Panama Basin adsorb Th and Pa

g

v
r
L5
)
=2

without fractionation, thenm they must be compositionally differen
the detrital particles at Site E. This is, in fact, the casa. Datrita

i ls at the STIE Site are dominated by smectite with minor

2|
3

o
WL

3N

contributions by chlorite and kaolinite whereas detrital minerals at

s &, and E are dominated by illite and kaolinite with minor amcunts

s

@

=
(S

=N

S

I

of smectite (Honjo, 1980, personal communication). While this does not

prove .that smectiles are responsible for the low particulate

230, ,231 . . . PP )

Th/ Pa ratios in the Panama Basin, the possibility must be

considered. .Adsorption-studies should be carried out with these minerals

to determine the extent to which they are likely to have influenced the
L 230,., ,231 .

particulate Th/77 " Pa ratios.

Calcium Carbonate

Biogenic particles can be divided in-a simple manner into CaCO3,

organic matter, and opal. STIE samples have about the same opal contents
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(indicated by Si/Al ratios) as samples from gite E (Table 6~1). However,

the CaCO., content of STTE samples is significantly lower than for

3

samples from Sites S,, %, and P (Table 6-1). Particulate Ca

concentrations were highest at the seaward end of the KN73-16 transect
. . . 230 231 .

(Figure 6-5), where the highest particulate Th/“ " "Pa ratios were

found. These results suggest that fractionation of Th and Pa by CaCO3

should be considered.

Lower 230Th/231

Pa ratios in shallower sediment-trap samples at
Sites E and P, which had higher CaC0, contents than the deeper samples,
contradict the hypothesis that Pa003 causes the fractionation of Th and
Pa in the deep ocean unless there is a change in the chemical nature of
the CaCG3 with depth. Fresh, whole C‘aCO3 tests in the sediment-trap
samples are nearly pure CaCOB, while broken or partially di;so]ved
tests contain associated Si, Al, and other elements (C.‘Q. Wu, pgrsonal
communication). -Fragmenfation and dissolution of CaCOB‘pa§£ic1esumay
increase with depth, so the per cent of the total CaCO3 acting to
remove other elements from seawater also increases with depth, which

230

. . 231 . . .
could account for the increasing Th/ Pa ratios with depth 1in

sediment-trap samples.

Two cores studied by Cochran (1979) provide further evidence
-contradicting the hypothesis that CaCO3 causes the initial
“fractionation of Th and Pa during adsorption by deep-sea particles. Both
cores were from the FAMOUS avea on the crest of the Mid Atlantic Ridge

230

. . . 23] . .
and contained sediments with Th/ Pa ratios of eight or less.

The sediments consisted of 50-60% and 68-80% Caf0,, and the core with

K , .
2 01h1231pa ratios.

the higher PaCO3 content had the lower

Finally, cores in the Caribbean and equatorial Atlantic studied by
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Rosholt et al. (1961) and Ku (1966) contained 50-75% CaC0,, yet the

230Th/231

surface sediments had Pa ratios near 10.8. Therefore, the
hypothesis that CaCO, causes the fractionation of Th and Pa by deep-sea
particles, which was suggested from suspended-particle data, must be
rejected on the basis of these results from sediments.

Organic Matter

Hemipelagic sediments studied by Kraemer (1975) ‘from the Gulf of

q
Mexico had an excess 2'O'T‘h/231

Pa ratio less than 10.8. These

sediments also had a Mn/Al ratio of 0.007, indicating that they contained
little MnO2 {see discussion of xs Mn in Chapter 5) iﬁ the sediments.
Therefore, the low ratios must have been caused by adsorption to some
type of particle other than MnO2 which does not preferentially adsorb

Th, similar to the situation in the Panama Basin. Kraemer sstudied the
clay mineral composition of the sediments, but made no«néte&cf‘whether"ér
not there was a significant amount of smectite. He did not report 'the

organic matter content of the sediments; however, thé major elements were

W

determined, and the major mineral components sum to about 2%, allowing
for the possibility of a high organic matter content. Since organic
matter seems to be responsible for the presence of bio-authigenic uranium
in sediment-trap samples, and since the sediments studied by Kraemer
contained bio-authigenic uranium (see Chapter 5), organic matter may also

partly account for the low 230, /231

Pa ratios at the STIF Site and in

the sediments studied bv Kraemer. The organic matter content was about
the same in the shallowest samples at all of the sediment-trap sites
(Table 6-1): however, it decreased with depth to a much greater extent at

Sites E and P than at the STIE Site (Honjo, 1980, perscnal

communication). TIf organic matter preferentially adsorbs Pa, or adsorbs
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Th and Pa without fractionation, then the decreasing organic matter
content with depth at the open-ocean sites may account for the increase

in the 230Th/231

Pa ratio with depth.

The content of certain extremelﬁ labile organic compounds decreased
with depth to a much greater extent than the total organic matter in the
Site E samples (Wakeham et al., 1980). Preferential complexation of Pa
by the more labile organic compounds, which may be better preserved in
the STIE samples than at the other sites, or preferential complexation of
Th by the more resistant organic matter, could account for the increasing

23 1
h“OTh/23

particulate Pa ratios with depth. Thus, while the
possibility of an influence of organic matter on the extent of
fractionation of Th and Pa is suggested, the evidence is not conclusive.

Biogenic 3ilica

Six cores studied by DeMaster (1979) in an area of rapidly

accumulating Antarctic siliceous oozes consistently contained sediments

230 31

with Th{ Pa ratios less than 10.8, and three cores had ratios of

five or 1eés. Biogenic opal constituted 48-60% of these sedimehts;
suggesting that silica may preferentially adsorb Pa, or adsorb Th and Pa
without fractionation. These cores are from an area of extremely high
particle flux (Figure 6-1; DeMaster, 1979), and the increased scavengiﬁg
rate in this environment (see discussion above), rather than adsorption

230 231

to silica, may account for the low Th/ Pa ratios.

Of the cores studied by Ku (1966), the two with the lowest
230 231 . . .
Th/ Pa ratios in the surface sediments, 8.6 and 12, were
diatom-radiolarian oozes from the equatorial Tndian 0Ocean and from the

Pacific Antarctic respectively. These cores did not show abnormally high

sedimentation rates, about 0.5 and 1.0 cm/103yr respectively.,
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Furthermore, the sediments contained inventories of excess 230Th and
231Pa nearly equal to that expected from their rates of production by
uranium decay in the overlying water column., Ku did not measure the
biogenic silica contents of these sediments, but the CaCO3 contents

were less than 6%, allowing for potentially high silica contents. While
these ratios are not as low as those observed by DeMaster (1979) or
Cochran (1979) or in the Panama and Guatemala Basins, they do suggest
that biogenic silica adsorbs Th and Pa without fractionation even in
areas of normal open-ocean scavenging rates.

230 231

Kuznetsov et al. (19A7) measured the Th and Pa contents of

surface sediments from a suite of cores from the Tndian and Pacific

Oceans. Surfsce sediments in five cores from areas of siliceous oozes in

231

. . . 23 . -
the Tndian Antarctic contained an average OTh/ Pa ratio of about

10, and only one core had a ratio greater than 10. The average rati

five cores containing foram ooze from the southern Indian Ocean ‘was about
17 and the average ratio for seven cores of Pacific red clay was‘about_
41, although this average ratio may be biased too high by bioturbation in
an area of extremely slow sediment deposition (see Chapter 1 for a

23OTh/231Pa ratios).

discussion of the effect of bioturbation on
These results add further support to the hypothesis that biogenic silica
adsorbs Th and Pa without fractionation.

While the sediment results indicate that biogenic silica adsorbs Th
and Pa without fractionation, this is not apparent from the sediment—trap
data. The flux of biogenic silica did not change much with depth at the
open ocean sediment-trap sites (Honjo? 1980), where the particulate

230 ’/?31

Th Pa ratio increased by nearly a factor of three with depth.

Furthermore, the biogenic silica content of the trapped material at the
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STIE Site was no greater than at the open-ocean sites (Table 6-1).

Therefore, while biogenic silica appears to affect the distribution of

thorium and protactinium in sediments, other factors must also influence
230

231 . . .
the Th/ Pa ratios in the sediment-trap samples.

Particle Composition-Summary

230 231

No clear correlation of particulate Th/ Pa ratios with
particle composition emerges from a survey of the available data. As
discussed above, several types of particles may influence the extent to
which Th and Pa are fractionated during adsorption in the deep sea.
Particlesvother than MnO2 adsord Th and Pa at a low 230Th/231Pa

ratio in certain environments, while clays and CaCO3 appear not to be

the phases fractionating Th and Pa in the deep ocean. Biogenic- silica,
smectites, and organic matter are suggested as phases which potentially
adsorb Th and Pa without fractionation or which preferenfiélly adébrh

Pa. Studies should be carried out to determine the degreevofa
fractionation of Th and Pa during adsorpticon to these par£iculate

phases. Selection of sediments for future study from environments chosen
for hetter control of these variables would lead to a better

understanding of the mechanisms removing these elements from seawater.

C. Tepth Dependent Factors

Sediments on the crest of the Mid Atlantic Ridge and the slope of

. 272
Molokai Island have much lower ”‘oTh/ZBI

Pa ratios than nearby deeper
sediments. This suggests the possibility that the lower ratios result
from better preservation of labile biogenic particles in the shallower
sediments. Sediment trap samples from Site P can be used to argue

against this possibility. Particles trapped at approximately the same

depth as the core from the slope of Molokai Island (KKl-Core 4; 270lm)



had a Th 31 Pa ratio three times greater than the ratio in the
sediments (30 vs. 10). Particles trapped at 1000 m had a ratio of 18.

As the trapped‘materiél was reéently'derived from the surface,
rewineralization was minimal, and bettef preservation of lakile carrier
phases is not vesponsible for lower ratios in XK1 Core 4 (2701 m)
compared ‘to KKl Cores 1 and 2 (approximately 5800 m, Chapter 3).
Therefore, either particles formed af the sea surface have different
compositions near Molokal Island than at Site P, or the low ratios in the
slope sediments result from near bottom processes

There is

f‘)

no reason why particles formed at the sea surface over the

crest of the Mid Atlantic Ridge should be different from particles formed
- . e . 30 23L. .
over the flanks of the ridge. However, ‘n/ ratlios were a-

factor of 2-£ lower in surface sediments on the ridge crest than in
nearby deeper surface sediments (Cochran, 1979; Ku et al., 1572).

n ridge—crest sediments cannot be attributed to

e

Therefore, lower ratios
differences in the composition of surface-derived particles.

If variable composition of surface-derived particles and preferential
preservation of labile biogeunic pa;tcheo can be ruled out as means of
preducing the low ratios in KK1-Core 4 and in sediments from the crest of
the Mid Atlantic Ridge, then the low ratics must be caused by some
near-bottom process. ~There must be some chemical properties that
distinguish the slope and ridge-crest sedlment° from nearby deeper
sediments and trapped . particles.  Concentrations of all of the major
elements aerebnot determined for sediments from the Mid Atlantic Ridge or
from Molokai Isltand. The Ca603 content of the ridge-crest gedinments
{Cochiran, 1979) and the total Si and K

~./"l
\o

was determined to be 50-80
contents of KKI Core 4 were measured (A. Fleer, personal communication),

A
\
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from which the biogenic silica content was estimated to be a maximum of

15%. Therefore, biogenic silica is not the phase responsible for the low

230 231

Th/ Pa ratios in these cores. Both cores are near sites of

volcanic activity and could therefore contain hydrothermally derived
MnO.. A detailed chemical analysis of these sediments would indicate

2
230Th/23lpa

probable particulate phases responsible for the low
ratios.

D. Scavenging in Surface Seawater

2
Q”OTh 231

/

Particulate Pa ratios in shallow sediment trap samples

approached 10.8 at Site E and decreased toward the surface at Site P.
. 230 231 .

.This suggests that Th and Pa are adsorbed to particles at the

sea surface at the ratio at which they are produced by uranium decay.

This is reasonable as residence times with respect to scavenging in

surface seawater are a few months, too short for other processes, such-as

G TE

horizontal mixing to other environments, to be effective. Measurement of

dissolved 230

Th/231Pa ratios in surface seawater would indicéﬁe

vhether particles in surface seawater fractionate Th and Pa to the/same
extent as particles in the deep sea. T1f dissolved ratios are about 10.8,
then surface particles do not fractionate Th and Pa during adsorption.

230, 231

Alternatively, if surface particles adsorb and Pa at a ratio

about 10 times greater than the dissolved ratio, as is the case in the
' . 230 231 ..
deep ocean, then the dissolved Th/ Pa ratio in surface seawater
must be about one.
230,
Only a few samples of surface seawater have been analyzed for Th
231 . . :
and Pa, and as noted in Chapter 4, the measured concentrations seem

unreasonably high. TImai and Sakanoue (1973) determined total

concentrations (dissolved plus particulate) in several samples from
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various locations across the Pacific. There is a great deal of

230Th/231Pa

variability in their results, but with one exception,
ratios were less than one. If the variability is due to patchiness in
the concentration, composition, and residence time of particles in
surface seawater, and if their values prove to be valid estimates for

2
2”0'1‘1'1 and 231Pa, then their results

concentrations of dissolved
suggest that surface particles preferentially scavenge Th relative to Pa
much like particles in the deep ocean. Tf, however, it is shown that

dissolved 230Th/231

Pa ratios in surface seawater are approximately
10.8, then the compositional differences hetween particles in surface
seawater and in the deep-sea may indicate which particulate phases
preferentially adsorb Th and which adsorb Th and Pa without

fractionation.

E. Solution Chemistry

Only factors pertaining to the chemistry of the particuiate phasgs, 
have been comnsidered. Adsorpticn of metals onto particles is in
competition with complexation reactions which form nonadsorbable
species. Variations in the concentrations of complexing ligands with
depth or with location may influence the ratio at which Th and Pa are
scavenged. Unfortunately, as was discussed earlier in this chapter,
.stability constants for the formation of probable Pa species in seawater
do not exist.

Dissolved organic matter is ubiquitous in the oceans. Complexes with
organic matter could act either to maintain an element in solution or to
enhance the adsorption of an element to particle surfaces (Flliott and

Huang, 1979), Organic matter has been shown to coat virtually any solid

surface placed in seawater (Neihof and Toeb, 1972, 1974; Loeb and Neihof,
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1977; Hunter and Liss, 1979). Surface properties of particulate matter
may therefore be derived in large part from the chemical properties of
adsorbed organic matter. It is conceivable then that the adsorption of
Th and Pa to particles is controlled by the types of organic matter in
solution and adsorbed onto the particles. Balsitrieri et al. (1980)
concluded that scavenging of reactive elements by particles collected in
sediment traps is hest explained by adsorption to humic-like organic
matter. With the exception of the theoretical consideration by
Balistrieri et al. (1980), the effect of organic matter on the
geochemical behaviors of Th and Pa has been neglected. This topic

requires further study.
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GCENERAT, SUMMARY OF TNFORMATTON DERTVED FROM THIS THESTS RESEARCH

From the above discussion it is clear that the marine geochemistries
of thorium and protactinium are by no means simple, and are far from
being manifest. However, this work has revealed some important new
“insight into the marine geochemical behavior of these elements.

Fractionation of Th and Pa occurs in the water cclumn throughout most
éf the open ocean. Settling particles in the deep open ocean
preferentially scavenge Th relative to Pa, so that particulate

230 231

Th/“ " Pa ratios are about an order of magnitude greater than the

dissolved ratios in the seawater with which they are in contact. High

230 231

Th/ Pa ratios commonly found in deep-sea sediments are a result

of this preferential adsorption of Th relative to Pa.

N

In contrast to the fractionation by suspended particles; manganess

dioxide adsorbs Th and Pa from seawater without measurable

230 231

fractionation. Low Th/“~ Pa ratios commonly found in manganese

nodules result from the adsorption of dissclved Th and Pa at

231 ..
Pa ratio 1n seawater.

. . . 3 1 .
Gradients in the concentrations of 2 OTh and 23 Pa exist between

. . 230
approximately the dissolved ?“Th/

different areas of the ocean with different scavenging rates. Horizontal

.. . . 30 1 .
mixing acts to redistribute 2 Th and 23 Pa from areas with low

scavenging rates to areas with high scavenging rates. Preferential

N

230

removal of Th by adsorption to settling particles in the open ocean

. . .. . 21
is counterbalanced by more extensive redistribution of 2 Pa from the

open ocean to areas of enhanced scavenging rates. Fluxes of particulate

Q .
2 OTh into sediment traps can be used to set limits on the extent of

231

redistribution of Pa by horizontal mixing. More than half of the

231[’5\ produced by decay of dissolved uranium at the open-ocean sites



-258-

studied is removed from the water column by horizontal mixing.

Conversely, more than half of the flux of 231Pa into sediment traps in

the Panama Basin was derived by horizontal transport from the open

ocean.

231

Studies by other investigators support the conclusion that Pa is

redistributed by mixing processes to a greater extent than 230Tb. In

230 231

areas where sediments have low Th/“” Pa ratios, both isotopes are

accumulating in the sediments at rates greater than their rates of
production by uranium decay in the overlying water column. Thus,

. . . . 4 230
environments which act as sinks for horizontally transported 3 Th and

]
23'P

, i. e. environments where scavenging rates are greater than in

. . 231
the open ocean, also act as preferential sinks for Pa.

A negative correlation between particle concentration, which is one
faat .. . e s . 230 231
factor determining scavenging efficiency, and particulate Th/" " Pa
ratios was found. This is further evidence that the preference for
adeorption of Th by marine particles is less in areas of high.scavevnging

rates.

Fractionation of Th and Pa during adsorption to marine particles,

2 1
_30Th/23

defined as the particulate Pa ratio divided by the dissolved

230 231Pa ratio, decreases by an order of magnitude from the

Th/
open-ocean Site P to the Panama Basin, where measurable fractionation
does not occur. Fractionation also decreases, although to a lesser
extent, from the seaward edge of the Guatemala Basin toward the
continental margin. Therefore, while there is a negative correlation

between particulate 230Th/2?1

Pa ratios and scavenging rates, the
decreasing extent of fractionation as the continental margin is

approached indicates that the composition of the particles must also

change, as they lose their preference for adsorption of Th.
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7t was shown that particles other than Mn02 are scavenging Th and
Pa in the Panama Basin without fractionation. However, particulate

230Th/231

Pa ratios in pear-bottom samples at the seaward part of the
Cuatemala Basin may be lowered relative to the shallower samples by the
higher concentration of particulate MnOZ. No other clear correlations

. 23 2
between particulate 2 oTh/ 31

Pa ratios and particle composition could

be determined from the results of this work or from a survey of the
literature. Biogenic silica, smectites, and organic matter were
suggested as phases that adsorb Th and Pa without fractionation, although
the evidence is inconclusive.

At least half of the flux of particulate 230Th and 231Pa
collected with sediment traps is regenerated zlong with labile biogemic
carrier phases. Thorium and protactinium are regenerated from trapped
particles without measurable fractionation at two open-ocean sites
studied. Thus Th and Pa mav have distributions in the oceans similar to
copper or other reactive trace metals that are released into solution
upon dissolution or decomposition of their biogenic carrier phases at the
sea floor (Bovle et al., 1977; Bruland, 1980). 1If other aspects of the
geochemical bhehavior of Th and Pa hold for reactive elements in general,
then ocean margins and aveas of high particle flux may act as sinks for
reactive elements introduced into the open ocean.

Thorium and protactinium isotopes may be extracted from seawater by
adsorption to MnOz—coated fabric. Thorium and protactinium sampled in
this way are predominantly dissolved, although inclusion of a small
amount of particulate isotopes cannot be disproven. An upper limit for

232 6

the concentration of dissolved Th of 1.9 ¥ 10~ dpm/1 (8 X

-1 . . .
10 2g/].),was determined at one of the open-ocean sediment-trap sites, -
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vhere the dissolved 230'I‘h/

. .. 232 . .
This upper limit for the 3?Th concentration is nearly an order of

232Th activity ratio was greater than 500.

magnitude lower than previous estimates of the upper limit, and the low
concentration ié consistent with the lack of a source of dissolved
232Th. Higher qquh concentrations measured at othef sites may
indicate a greater rate of solubilization of 212Th at these sites,
although inclusion of small amounts of.particulate material in the
samples cannot be disproven.

Thorium-232 correlates strongly with Al in sediment-trap samples,
indicating that all of the 232Th can be accounted for by its
association with detrital minerals. Samples collected at Site E had a
Th /Al ratio near that for average shales, in agreement with the known
source of detrital minerals at Site E by atmospheric transport of Saharah
dust, which has a shale-like composition. Péfticles colleuted«atfsité‘ﬁn
also had a Th/Al ratio near that of average shales, although there was
more variability to the data than at Site E. The Th/Al rétiOnin
particles collected with sediment traps in the Panama Basin is about a
factor of four lower than at the other sites, indicating a contribution
by detrital minerals with a basalt-like composition.

Trapped particles at shallow depths contained approximately the same
amounts of bio-authigenic uranium at all of the sites studied. However,
bio-authigenic uranium is remineralized in the water column to a much
greater extent at open—ocean Sites E and P than in the Panama Basin.
Hemipelagic sediments, such as occur in the Panama Basin, may therefore
act as a sink for uranium incorporated into particles at the sea

surface. The flux of bio-authigenic uranium to the deep sea is

insufficient to measurably alter the conservative behavior of uranium in
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the mixing time of the oceans. The observed behavior of bio-authigenic
uranium is consistent with its formation by association with organic
matter.

There is no evidence for removal of uranium from seawater by
reduction of U(VI) to U(TV) with subsequent scavenging to settling
particles in the intense oxygen minimum that occurs in the eastern
tropical North Pacific. This is consistent with the known physical
chemistry of uranium, which suggests that reduction of U(VT) should occur
at about the same FEh as the reduction of Fe(ITI). Particulate uranium
constitutes only 10_5 to 1O~6 of the total uranium concentration in
seawater.

It is difficult to create conditions in laboratory experiments that -
accurately reﬁroduce the natural environment. One approéch'to tﬁe study
of the envirormental chemistry of elements such as thorium‘and
protactinium is to sample different natural environments where chemical’
conditions vary in a well defined manner. Artificially introduced
factors such as the presence of container walls and more importantly the
non steady-state nature of laboratory systems can be avoided in this
way. A simple example of such a study is presented in Appendix A, where
‘the results of the measurement of natural and fallout actinides in a
saline, alkaline lake (Mono lLake) are presented. The results of this
study strongly suggesf that carhonate ions effectively compete with
adsorption processes in the lake, maintaining high concentrations of Th,

Pa, U, and Pu isotopes compared to seawater.
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APPENDIX A

CONCENTRATION OF ACTINIDES IN MONO LAKE WATER

Introduction

Mono Lake is a saline, highly alkaline lake iﬁ eastern central
California, located in a closed basin so that the only mechanism of water
loss from the lake is evaporation. The salt content of Mono Lake water
is more than twice that of seawater. Concentrations of the ma jor ions in
Mono Lake water are compared with average seawater values in: Table A-1.
.Mono Lake is currently drying up (Simpson et al., 1980), and the salt
content of the lake water increased significantly between theétimesvof‘
the two analyses‘referenced in Table A—l; |

The geochemical behavior of the natural uraﬁium— and thofium~sefies
isotopes in seawater-has been the focus of this thesis work,,aﬁd ﬁoﬁ¢
Lake offers the opportunity to étudy the effeéts of varying éﬂémical
‘compositions of natural waters on the chemistry of these elements. For
exanmple, one concern is the ability of ma jor anions to act as
solubilizing ligands for reactive elements, including the actinides.
Simpson.et al. (1980) found unexpectedly high concentrations of dissolved
plutonium in Mono Lake. Therefore, it seemed ﬁhat Mono Lake wdﬁld be an
ideal place to study the chemical behavior of the other actinides as well.

Expected Chemical Behavior of the Actinides

Plutonium normally exhibits a very high distribution coefficient
with respect to uptake from the dissolved state onto particles. In most
fresh water lakes nearly all of the plutonium inventory is found in the

- sediments (Simpson et al., 1980). 1In contrast with this, Simpson et al.

\|
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TABLE A-1

Composition of Mono Lake Water and Average Open Ocean Seawater.

Mono Lake Seawater
mM/ 1

(a) (b) (mii/1)
c1- 409 536 540
5072 82 107 28
HCOR 87 - 2.13
03?2 187 - 0.17
Total €09 - 357 . -
Na* 044 1240 470
K+ 29.4 18.5 10
ca*? 0.108 0.144 10
Mg+? 1.52 1.99 52
pH 9.7a; 10¢; a,5d - 8

a. Whitehead and Feth (1961).
b. Simpson and Takahashi (1973).
c. Simpson et al., (1980).

d. This work.
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found that about half of the plutonium inventory in Mono lake was present
in the water. The concentration of plutonium was about 100 times greater
than in other lakes they had studied, and the distribution coefficient
for uptake on sediments was about 100 times lower. One possible reason
for the high plutonium concentration is complexation and solubilization
by the high concentration of carbonate ions in the highly alkaline water
(Table A-1). The results éf Simpson et al. are not inconsistent with
this possibility; however, they felt that the oxidation state of
plutonium in the water could also be an important factor responsible for
the high concentration of plutonium. The various oxidation states of
plutonium decrease in their tendency to hydrolyze in the order

; 2 2
Pu++ > Pul,” > Pu+’ > Pul

4

; (Cleveland, 1979).

N

Adsorption of metal ions is strongly a function of their ten&ency to
hydrolyze (Balistrieri et al., 1980). rf‘here-fore, the rate at ‘which
plutonium is removed from Mono Lake water by adsorption to sett]ing
particles would be dependent on its oxidation state, which was not
measured in Mono Lake.

Plutonium in the hexavalent oxidation state is chemically similar to

2 ions (Andelman and

uranium in the same state, forming stable MOZ
Rozzell, 1970; Cleveland, 1979) which would be much more soluble than
tetravalent plutonium. Tetravalent plutonium has been shown to adsorb
onto particulate matter to a greater extent than hexavalent plutonium
(Murray and Fukai, 1975). Most of the plutonium from Windscale effluent
that remains in solution in seawater appears to be in the hexavalent
oxidation state (Nelson and Tovett, 1978). More recently, as a result of

a study of dissolved plutonium in an alkaline (pH approximately 9) fresh

water pond at Oak Ridge, Bondietti and Trabalka (1980) have suggésted
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that pentavalent plutonium is the dominant dissolved form. However, the
high pH and high alkalinity of the Oak Ridge pond again present the
possibility of solubilization of plutonium by carbonate complexation.

There is evidence in the literature for enhanced solubility of
actinides in three oxidation states as a result of complexation by
carbonate ions. The relatively high concentration of uranium (VI) in
oxygenated seawater is a result of complexation of the uranyl ion by
carbonate to form the stable species U(;z(COB);)l+ {Starik and
Kolyadnin, 1957; Starik et al., 1967; Langmuir, 1978). Solubility
enhancement bv carbomate complexation has also been dbserved for thorium
(Rurbatov et al., 1950), which exists only in the tetravalent oxidation
state, and for both tetravalent and hexavalent plutonium (Andelman and
Rozzell, 1970). While complexation by carbonate ions is an important
factor in the sgpeciation of plutonium in natural waters, Pu-carbonate
complexes are difficult to study because of the extent of hvdrolysis of
Pu at a p¥ high enough for Cog2 to be present (Cleveland, 1979).

Thorium (IV) and protactinium (V) are rapidly adsorbed from seawater onto
particulate material. However, adsorption of both elements from seawater
onto various types of particle surfaces was reduced in the presence of
20-50 mM bicarbonate concentration (Scott and Nuzzo, 1975), presumably by
éarbonate ion complexation.

Tn view of the possible importance of carbonate complexation with
respect to the solubility and generai geochemical behavior of the
actinides in natural waters, this study was initiated to measure the
concentrations of several actinides in different, known oxidation states

in a single sample of Mono lake water. The natural actinides, actinium,

thorium, protactinium and uranium, should be present in Mono Lake water



-278-

only in the (IIT), (IV), (V) and (VI) oxidation states, respectively.
Therefore, the ambiguity in the results of Simpson et al. (1980) with
respect to the relative importance of carbonate complexation and
oxidation state for the solubilization of plutonium will not be a
problem.

Sampling and Methods

In August, 1979, a sample of approximately 11 liters was obtained
from Mono lake in a plastic cubitainer and was shipped to Woods Hole for
analysis without any pretreatment. The pH of the sample when it arrived
at Woods Hole was ©.5, somewhat lower than reported previously
(TablevA—l). Visible amounts of particulate material were present in the
sample. No attempt was made to remove the particles for fear of losing
some of the dissolved actinides.

Two 500 ml portions of the sample were archived for possiblé futhréY
analysis, one acidified and one not. The remainder of the sample was
acidified with concentrated HNO, to pH < 1, and the water was allowed
to degas for several days to remove all of the carbonate and

. . . 2 29
bicarbonate. TIsotope yield monitors ”36U, 2 Th, 233Pa, 242Pu,

and 243Am were added along with FeC13 carrier. Several days were
allowed for equilibration. The pH was then adjusted to approximately 7
with concentrated NH,0H to precipitate the Fe as Fe(OHﬁg, wvhich
carries.the actinides with it. Actinides were purified by ion exchange
chromatography and solvent extractioﬁ (Chapter 2), and plated as thin
sources suitable for alpha spectrometry.

Actinium is quantitatively isolated free of thorium isotopes during

the course of this procedure. The 227Th daughter is then allowed to

227

grow into radiocactive equilibrium with Ac for a period of 3-5
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months. A 230Th yield monitor is added, and thorium is separated from

actinium on an anion exchange column. Thorium isotopes are plated and
. 227 . . . ..
counted to determine the Th activity, from which the Ac activity can
be calculated.
Results
Actinide activities determined in Mono Lake water are presented in
Table A-2 along with corresponding results reported in the literature for
seawater. FErrors reported in Table 2 are * lo counting statistics.
The poor sensitivity for actinium (i.e., high counting errors) is due to
corrections required to remove contributions to the alpha spectrum of
22 22 29 . .
7Th by 8Th and 2?'Th daughters present as recoil contaminants
on the detector surface.
.. 236 ) L ,
Insufficient U spike was added to the primary sample; so that a
. . e s 234G,
large correction was required to remove the contribution by the 1
. . : 236 . . .
peak tail to the U peak. To more precisely determine the uranium
concentration, the acidified archive subsample was analyzed for uranjium

using an appropriate amount of 3(‘U tracer. Uranium concentrations
determined on the primary sample and the archived subsample are both
given in Table A-2. Calculations of residence times for thorium and
protactinium presented later are based on the uranium concentration
determined in the subsample.

The concentration of plutonium determined here for Mono Lake water is
about a factor of two lower than found by Simpson et al. (1980)
(Table A-2). This difference may simply be due to sampling at different
times and locations within the lake. The differeunce does not change the

conclusion that some factor enhances the concentration of plutonium in

Mono lake relative to other natural waters.
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TABLE A-2.

Actinide Activities in Mono Lake Water and Seawater.

Isotope (Valence) Hono Lake2 Seawater Seawater References
(dpm/103liters)
232y (Iv)  886+29 0.002-.03 Chapter 4
0.016 Kaufman, 1969
2307y (IV)  1674+43 0.4-1.0 Chapter 4 ;
. 0.3-1.3 Moore and Sackett 1964
0.5-1.6 Somayajulu and Goldberg
1966 '
228 (IV)  $66+36 10.2-2.0 Chapter 4
: 0.05-0.8b Knauss et al., 1978
1-7¢ ‘ Knauss et al., 1978
238y (Vi)  (2.6%.2)x105¢ 2.5%103 Ku et al., 1977
’ (2.40+.05)x102d ‘
231py (v) 79.442.9 0.1-0.3 Chapter 4
0.13-0.24 Moore and Sackett 1964
239+280py  (7)  24.8+2.4 - 1-5 Bowen et al., 1980
N 448
2275c (I11) <6 (1.5+4.2) Npf
2417n (111} 2.7+.6 0.3-0.7 Livingstoun and Boweun, 1975

a. This work.

b. Open ocean surface water.

c. Nearshore surface water.

d. First value from main sample. Second value from acidified archive
subsanmple. ‘ ' ' .

e. Simpson et al., 1980.

f. Not determiuned.
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Discussion

Uranium is about 100 times more. concentrated in Mono Take water than
in seawater, but uranium is present at a relatively high concentration in
seawater due to formation of a soluble carbonate complex. Thorium and
protactinium show the greatest increases in concentration relative to
seawater, ranging from 103 to ].O5 or more times higher. Plutonium is
present in a concentration only 5-20 times greater than found in
seawater. However, the plutonium concentration is probably not at a
steady state in Mono Lake. Residence times for thorium and protaétinium
calculated for Mono Take are a few hundred years (Table A-3, see
discussion below). While the residence time for plutonium may be
expected to be similar, it has only been present in the enviromnment for
less than 30 years, not nearly long enough to have reached a steady state
concentration. Tf plutonium were to be released into the environment for
the next few hundred years, its concentration in Mono lake water might be
expected to reach a steady state value much greater than in seawater,
similar to the concentration enhancement observed for the natural
actinides.,

There is no ambiguity about the effect of oxidation state on the
concentrations of the natural actinides in Mono Lake. Thorium,
protactinium and uranium (IV, V, and VI oxidation states, respectively)
are all present at a much higher concentration than in seawater.
Therefore, any oxidation state in which plutonium is likely to be found
in the environment should show similar enhanced solubility in Mono Lake.
It is still not proven that complexation by carbonate ions is the
mechanism responsible for the high concentrations of actiniaes in Mono

lake. However, considerable evidence for solubilization by carbonate
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TABLE A-3

Radioisotope Activity Ratios and Residence Times in Mono Lake Water

and Seawater.

Mono Lake? Seawater  Seawater References
234y/238y 1.14+.01b 1.14+.03  Ru et al., 1977
2287y /232 1.19+.05 © 50-100+ - Chapter 4
2307 /231 pa 21.08+.95 3-5 Chapter 4
1.4; 3.4 . Moore and Sackett 1964
227 pc /231 pa <.08 NDC
261 pm/239+240py 0.109+.026 0.2-0.3 Livingston and Bowen, 1976
T () 668+23 15-40 Chapter 4
Brewer et al., 1980
Moore and Sackett 1964 ,
Somaya julu and Goldberg 1868
T pgyz) 343+15 30-130 Chapter 4
Brewer et al., 1980
Moore and Sackett 1964
TR/ pa 1.95+.11 0.13-0.87 See above

a. This work.

b. Trom acidified archived subsample.

c. Not determined.
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complexes was discussed earlier. Furthermore, of all of the major ionms,
carbonate is the most enriched in Mono Lake relative to seawater
(Table A-1). Further work is required to resolve the specific mechanism
responsible for the higher actinide concentrations.

Tt is interesting to note that a similar high concentration for
227 . . . L
Ac was not observed., Tf the residence time for trivalent actinides
in Mono Lake water was as great as found for thorium and protactinium

. . 227 . .

(Table A-2 and discussion below), Ac, with a half-life of 21.8
years, would be expected to be in radioactive equilibrium with its parent
231 .. . 227

Pa. Only an upper limit for the concentration of Ac could be
set for Mono lake water, but the Ac/Pa ratio is clearly much less than

Q424
241Am/23,+4‘+0

one (Table A-3). Similarly, the Pu activitv ratio

{(Table A-3) jis less than half the ratio observed in seawater and in
atmospheric fallout (Livingston et al., 1975; Livingston aﬁd Bowen,
1976). Concentrations of trivalent actinides in Mono Lake are therefore
not enhanced to nearly the same extent velative to seawater "as are the

higher valent actinides.

234 238

U is commonly observed in

234U 238

Enrichment of U relative to

natural waters (Nikolayev et al., 1979). The /

U activity
ratio 1n seawater is constant at 1.14+ .03 (Ku et al., 1977). Mono

Lake has an activity ratio indistinguishable from seawater (Table A-3).

234

Preferential loss of U from rocks into solution results from

. . . 23 . . .
selective oxidation of 4U during the process of radioactive decay

238U to 234 ?34U from mineral

from U or preferential leaching of
lattices damaged by radioactive decay (Fleischer and Raabe, 1978;

Fleischer, 1980).
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No source of dissolved 232Th by radioactive decay of a dissolved

parent isotope exists in nature. Virtually a11.232Th in the

environment is bound in detrital mineral latices, and any found in
solution must arrive through weathering or leaching from rocks.. As &

. 232 . .
result, the concentration of Th in seawater is extremely low.

2
23_Th

Coucentration enhancement in Mono Lake is best illustrated by s

4 5

which is present at a concentration 3 X 10" - 4 X 107 greater than in

seawater (Table A-2).

23 228

2Th is
228 . .
eventually decays to Th. Because of this source of dissolved

228Th, 228Th/232

The daughter of Ra, which is relatively soluble and

Th activity ratios in seawater as high as 100 or

more are found (Table A-3). 1In Mono Lake the ratio is onlj slightly -
greater than one, indicating that the mechanism responsible for -the
higher concentrations of actinides in Mono Lake does not similarly

enharce the radium concerntration.

Production of 230Th and 231Pa is by the radioactive decay of

234U/238

their uranium isotope parents. Since the U ratio in Mono’

Lake is the same as in seawater, the relative rates of production of
230Th and 231Pa should also be the same. Recently produced 230Th

and 23Lp, are expected, from their rates of production and radiéactive
half-lives, to be present in a Th/Pa activity ratio of about 11. It has
long been known that there is a fractionation of thorium and protactinium
produced in the oceans, with preferential incorporation of 2304y, in

deep sea sediments and 2319a in manganese nodules (Ku, 1976). TIun the
open ocean; settling marine particulate matter prefgrentially scavenges
thorium relative to protactiniuﬁ from seawatef (Chapter 3), resulting in.
a 230Th/23lPa activity ratio in solution significantly less than 11

\
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(Table A-3). The situation is reversed in Mono lake, with a

230,, ,231

Th/“” Pa activity ratio of about 21, nearly two times the ratio

expected from production by uranium decay and 4-5 times the ratio in

seawater.

230 231

Perhaps it is merely a coincidence, but a Th/“” Pa activity

ratio of 21 is the same as would be found in rocks greater than one
million years old, where the uranium series would be in radioactive

equilibrium. This ratio could be derived by leaching of 230Th and

?31Pa from old rocks over a long period of time during which their
concentrations have simply built up in Mono Take water, kept in solution
by compiexation. Scholl et al. (1967) determined a salt budget for Mono
Take and concluded that salt has been accumulating over a minimum pericd
of 37,000 vears, and perhaps as long as a few hundred thousand years. ' If
thorium and protactinium were simply accumulating as soluble salts, their
rates of accumulation would be much less than their rates of productign
by decay of uranium in solution. Therefore, it is reasonable: to mode!
Mono Take in a manner similar to seawater, where the only significant

2 q
source of ~3OTh and 231

Pa is decay of uranium, and the primary
removal process is by chemical scavenging.
Residence times (Table A-3) are calculated by a steady-state model

1

. 3 231 . ‘
for the concentrations of 2 OTh and Pa according to the equation

dNy/dt =(Ay + bgINy

where: N, = concentration of daughter atoms (230Th or ?31pa)
ND = concentration of parent atoms (234U or ?35U)
Ad = radioactive decay constant of daughter isctope
Ap = radioactive decay constant of parent isotope
V., = first order chemical scavenging rate constant.
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Residence times, T4» @re definéd as l/¢d, and are calculated
by substituting known values for the parameters in Equation (1) and
solving for \FE 1f river input to Mono Lake is a significant source
of 230Th and 231Pa, then the residence times calculated here are too
large. Simpson et al. (1980) found that the inventory of plutonium in
Mono Lake was approximately equal to the amount expected from atm;spheric
fallout. Thervefore, river-input is not a_significant source of plutonium
to Mono Lake, adding confidence to the assumption that river input of
230Th and “31Pa is insignificant compared to.production by uranium
decay. The residence times of thorium and protactinium in Mono Lake are
clearly much greater than in seawater (Table A-3), reflecting the
solubilizing effect of complexation, presumably by carbonate ions.

Results of this work are in agreement with the conclusicn.ofgsimpson
et al. (1980) that certain actinides are present at much higher
concentrations in Mono Lake than in other natural waters. Fvidence has
been presented to support the hypothesis that concentrations of carbonate
ions attainable in nature are capable of greatly enhancing the
concentrations of IV-, V-, and VI-valent actinides relative to seawater.
As suggested by Simpson et al., this information should be considered
when making decisions regarding disposal of radioactive wastes.

foncentrations of trivalent actinides (Ac and Am) ave not enhanced in

Mono Lake to nearly the same extent as the higher-valent actinides.
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