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ABSTRACT

Suspended particulate matter was collected by sediment traps deployed

in the Sargasso Sea (Site 9)? , 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 by in situ

filtration at Site 7, at the STIE Site, and in the Guatemala Basin.

roncentrations of dissolved Tb 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 SrTE 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 2 3 0 Th/ 2 31 Pa activity ratios were 3-5 at Sites P and D

and 3-8 at the STIE Site. In contrast, unsupported 2 3 0 Th/ 2 31 Pa

ratios were 22-35 (average 29.7 for 7 samples) in sediment-trap samples

from greater than 2000 m at Sites S2, E and P. Ratios were lower in

particulate matter sampled at shallower depths. Particles filtered at

3600 m and 5000 m at Site F 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
2 3 0 Th/ 2 3 1 Pa 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 2 30Th/ 2 3IlPa ratios were negatively correlated with

the concentration of suspended particles. However, variable scavenging

rates, as indicated by variable particle concentration, do not completely

control the ratio at which Tb 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 S 2 . Lower 2 30 Th/2 31 Pa ratios found in the STTFIE

samples must therefore result from subtle changes in the chemical

properties of the particles. Consideration of 2 30 Th/ 2 3 1 Pa ratios in

several depositional environments indicates that no single factor

controls the ratio at which Th and Pa are adsorbed from seawater.

Fluxes of 2 3 0 Th and ?1pa were less than their rates of

production in the overlying water column in every trap at Sites S2, E,
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and P. In the Panama Basin, fluxes measured with the same traps were
greater than or equal to their rates of production. These results are a
strong indication that even extremely reactive elements such as Th and Pa
are redistributed within the oceans. Redistribution occurs because
variable scavenging rates in different environments set up horizontal

concentration gradients. Horizontal mixing processes produce a net
horizontal transport of Tb and Pa from areas of low scavenging rates to
areas of high scavenging rates. Protactinium is redistributed to a

greater extent than Th. Fluxes of 2 3 0 Th can be used to set lower

limits for horizontal transport of Pa even when absolute trapping

efficiencies of the sediment traps are not known. Less than 50% of the

Pa produced at the open ocean sites is removed from the water column by
scavenging to settling particles The remainder is removed by horizontal

transport to other environments.

At Sites E and P, 2 3 0 Th/ 2 31 Pa ratios were identical in the
deepest sediment trap sample and in surface sediments. However,
2 3 0Th/ 2 3 2 Th and 2 3 1 Pa/ 2 3 2 Th ratios were 2.5 times higher in

trapped particles than in surface sediments. The 2 30 Th/ 2 3 2 Th ratios

were 5.5 times higher in particles filtered at 3600 m and 5000 m at Site

E than in surface sediments. This observation is best explained by
dissolution of most of the 2 3 0 Th and 2 3 1 Pa scavenged by settling
particles during remineralization of labile biogenic phases.

The behaviors of certain other radioisotopes were also studied.
2 3 2 Th is present only in detrital mineral components of trapped

material. Concentrations of 2 3 2 Th in trapped particles correlate

closely with Al and K, at ratios approaching that of average shale or
crustal abundances at Sites E and p and basalts at the STIE Site. High
specific activities of 2 2 8Th and 2 3 9 +2 4 0 Pu were found in sediment

trap samples throughout the water column at Sites E and P and in the
Panama Basin. The dominant source of these isotopes is near the sea
surface and also near the sea floor in the case of 2 2 8 Th. Thus it
appears that the bulk of the trapped material is recently derived from

the sea surface where it incorporates these isotopes, with little loss

during rapid transit through the water column. A bioauthigenic form of

particulate uranium is produced at the sea surface and remineralized in
the deep ocean along with its labile carrier phase(s). This flux of

uranium to the deep ocean is 0.25-1.0 dpm/cm210 3 years, which is
insufficient to cause a measurable concentration gradient in the uranium
distribution within the mixing time of the oceans. Increased

concentrations and fluxes of particulate uranium were not found in the
eastern equatorial North Pacific under areas of an intense oxygen
minimum. Therefore, reduction of uranium to the tetravalent state with
subsequent scavenging to settling particles in oxygen minima is not a

mechanism removing uranium from the oceans.

Thesis Supervisoc:
Dr. Michael P. Bacon

Associate Scientist
Department of Chemistry

Woods Hole Oceanographic Institution
Woods Hole, Massachusetts 02543
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CHAPTER 1.

GENERAL INTRODUCTION

INTRODUCTION

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

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

environment since the formation of the earth. Geochemical processes act

upon the uranium- and thorium-series isotopes in the same manner as they

act upon the stable elements. As geochemical processes separate elements

with different chemical 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-230 and protactinium-231 are valuable tracers of processes

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, 1978). Because of its long residence time, the uranium

concentration is constant throughout the open ocean (Turekian and Chan,

1971; Ku et al., 1977). Thus, 230Th and 231Pa are produced at

constant rates throughout the ocean, greatly simplifying the modeling of

the rates and mechanisms 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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radiochemical research involved attempts to determine deep-sea

sedimentation rates from uranium-series disequilibria. The early history

of this field has been reviewed by several authors (Ku, 1966, 1976;

Thomson and Walton, 1972; Goldberg and Bruland, 1974; Osmond, 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 sediment analyses that had

been carried out, Piggot (1933) suggested that in the deep, well

oxygenated ocean uranium forms insoluble oxides which settle to the sea

floor, producing the high 226Ra contents of sediments. Uranium could

not be measured at that time and subsurface sediments were not available

for analysis to determine if the radium contents remained high throughout

the sediment column. Pettersson (1937) later suggested that the high

radium contents result from the precipitation of ionium (230Th) from

seawater after production by uranium decay. This was confirmed when

radium distributions were measured in cores which had been dated by the

lithological changes induced by glacial-interglacial cycles. Radium

contents of sediments were observed to decrease according to the

half-life of 230Th (Piggot and Urry, 1939, 1941, 1942 a,b). Pettersson

(1937) and Piggot and Urry (1941) suggested that 230Th is scavenged

from seawater by iron oxyhydroxides 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

(2 3 0 Th unsupported by its uranium parent) method of determining
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sedimentation rates were well known (see Ku, 1976, and Osmond, 1979, for

a discussion of the method). Although 230Th could not yet be measured

directly, 226Ra distributions were used to obtain sedimentation rates

from the decay of its 2 3 0 Th parent with depth in sediments. Problems

associated with the method, including variable rates of precipitation of

2 30Th from seawater and variable sedimentation rates, were also

discussed by Piggot and Urry (1942a). Kroll (1953, 1954) showed that

diffusion of 226Ra in sediments may lead to disequilibrium between

230 226-
Th and Ra, so he (Kroll, 1953) encouraged Isaac and Picciotto

(1953) to make the first direct measurement of 2 30Th in deep-sea

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

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

tracks produced by 227Th, a decay product of 231Pa, which they felt

might be enriched in sediments by precipitation processes much like

230Th

Several methods of normalizing 230Th contents in sediments to 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 reactive

elements from seawater. Picciotto and Wilgain (1954) suggested

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

230T20h3

normalized excess 230Th to Fe and Mn oxides. The 230Th/231Pa

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.

230 231
Normalization of 230Th to 231Pa was thought to be superior to the

other methods, as 232Th has a very different source than 230Th, and
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re and Mn have very differant chemistries than ' Th. Tf Th and

Pa are affected eually by scavenging n-ocesses, then the

unsupporteA Th/ Da ratio at any dePth in tbe cepiment would be

only a function of time, and woull not he a4fected hv changes in

sedimentation rate or chanzes 4n the uranium concentration of seawater.

rarlv romparisons of the Marine (eochemnistrv of Thorium and Protactinium

Thorium and protactinium were soon shown not to have identical

?30 /231
chemical behaviors in seawater. Pnsupported Th/ Pa ratios in

surface sediments were often greater than 10.8, the ratio expected from

their rates of production by uranium decay in seawater (Sackett, 196L;

Ku, 1066). Tn contrast, 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 (Povn et al., 1o30: Koczy et

al., 1917) were unsuccessful in accurately determining the low

concentrations. They did, bowever, confirm that the 3nT activity in

seawater is very low compared to the activity of its parent, 234T

because of the removal of thorium to sediments by scavenging processes.

.oczy et al. (1957) produced the first indirect measurement of the low

concentration of 231Pa in seawater. An upper limit for 227Th set

231 227

during their thorium determination showed that either 231Pa or 227Ac

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

if the 235 T series was in radioactive equilibrium.
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Very few measurements of Pa have been made. Levels of Pa measured by

Sackett (1960) and Moore and Sackett (lq96, were close to their detection

limits, with very high anavlytical uncertainties. Measurements of Pa by

Kuznetsov 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

230 231
seawater, the fractionation of Th and Pa could not be

explained. Jowever, tHe work cited above, and the results of 230T

measurements by Somayaiulu and Goldberg (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

228 934
by the study of 228 Th and ?4Th. These isotopes are also produced by

radioactive decay in seawater but are present at higher activities than

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

found 234Th to be in radioactive equilibrium with 238U 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 environments,

where Th residence times of months or less have been found (Bhat et al.,

1969; Broecker et al., 1973; Matsumoto, q1975; Knauss et al, 1978;

Santschi et al., q1970; Li et al., 1970; Minagawa and Tsunogai, 1980).

Attempts at constructing a mass balance for 230Th and 231Pa in

the oceans have not been very successful (Ku, 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

nodules on the sea floor to balance the deficiency of 231Pa relative to
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Th in deep-sea sediments FScott, 1068; Vu and Froecker, 169). A

source of 23 Th other than by decay of uiiranim in seawater or a sink

o31
for 31 Pa other than deep sea sediments and nanganes nodules must be

found.

Scott (1968) showed that rivers contribute an insignificant amount of

excess 230Th to the oceans. Rydell and Prospero (1972) further showed

that transport on atmospheric dust is also an insignificant source of

excess 2 3 0 Th. Thus the two most likely transport mechanisms were shown

230
to be ineffective as 0 Th sources. Nearshore and bemipelagic

sediments were suggested as possible Pa sinks by the results of Joshi and

Ganguly (197a,b) and Kraemer (1975). However, the extremely limited

nature of their results precluded any concrete demonstration of these

environments as pre'ferential sinks for Pa.

Ouestions Concerning the Geochemical Behavior of Thorium and Protactinium

Many questions remain regarding the mechanism by which sea floor

deposits obtain their 230Th/231 Pa ratios. These include:

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

2) Do all particulate phases 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, or by scavenging onto small particles, which form the bulk

of the standing crop of particles (McCave, 1975; Bishop et al., 1977,

1978)?

4) As a corollary to the above questions, where does the

fractionation 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 preferentiallyv adsorb dissolved Pa from

seawater?

r Tnoes fractionation occur by surface-surface competition as

sediments come into contact with nodules?

) T)oes some form of sediment diagenesis preferentially release

dissolved Pa, which is then incorporated into manganese nodules?

7) Some combination of the above"

230 231
9) Are the high 23 0 Th/31 Pa ratios in sediments and apparent

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

230Th931
excess 230 Th/ 231Pa ratio increases with a doubling time of about

57,000 years. Reworking of old sediments could therefore produce, at

99 931
least locally, high 230 Th/231 Pa 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

930 231l
concentrations of 30Th and 231Pa in the tops of nodules exposed to

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

that nodules obtain their 230Th and 23 1 Pa by adsorption from seawater

rather than from the sediments.

Manganese nodules contain little of the 230Th and 2?Pa 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

930 3
effect on the ratio of the 230 Th and 2 3 1 Pa remaining in seawater. If

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

settling particles are the dominant transport mechanism removing 230Th

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

to the nodules should increase with depth. It can be seen in Figures 1-2
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Figure 1-2. Inventories of unsupported 2 31 Pa in deep-sea manganese
nodules. Data are from Ku and Broecker (1969). The solid
line represents the rate at which 2 31Pa is produced (atoms
per minute/ cm2) in the overlying water column by decay of
uranium.
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Figure 1-3. Inventories of unsupported 
2 30 Th in deep-sea manganese

nodules. Data are from Ku and Broecker (1969). The solid

line represents the rate at which 
2 3 0Th is produced (atoms

per minute/ cm2) in the overlying water column by decay of

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

.230 231
suggesting that nodules do not obtain their 230Th and 231Pa from

particles or sediments.

Two studies within limited areas of the oceans have shown highly

230,
variable unsupported 230Th inventories in sediment cores taken within

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

scavenging of 230Th is not a strictly vertical process whereby settling

particulate matter removes Th from the water column to underlying

sediments. Calculated inventories of 230Th are very sensitive to

sediment densities assumed in the calculation. Therefore, absolute

inventories will not be discussed further. Ratios of the inventory of

230T 231
excess 230Th to the inventory of excess 231Pa 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
230 231

230Th to the inventory of excess 231Pa greater than 25, the ratio

that would be expected from their rates of production in seawater (the

234U/ 235U 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 oozes in the Antarctic.

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

mechanism producing high 230Th/231Pa ratios in surface sediments.

230 231
Ku (1966) found that excess 30Th and Pa distributions in

sediments generally gave concordant sedimentation rates, even in cores

with high 230Th/231Pa ratios at the surface. He used this as

evidence against reworking, because it would require a constant supply of
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Figure 1-6. Ratios of inventories of unsupported 2 3 0 Th (dpm/cm 2 ) to

unsupported 93]Pa (dpm/cm 2 ) measured in deep-sea
sediment cores. The dashed line represents the ratio that
would be expected from the rates of production of 2 3 0 Th

and 2 31 a in seawater ( 2 3 6U/9 3 5 U activity ratio is 25)
if thorium and protactinium were removed to sediments
without fractionation. Symbols indicate the references from
which the cores were taken: Y: Ku (IQ66): B: Broecker and

Ku (1Q69): R: Ku et al. (1Q72); M: Mangini and Sonntag

(1Q77); D: DeMaster (1979).
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reworked material with a constant 3 0Th /2 31 Pa ratio for several

hundred thousand years at the sites studied.

0T 231
Tt can be siown by a simple calculation that "Th/ Da ratios

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

particles, with a 2 30Th/ 23 1Pa ratio of 10.8, and aged sediment eroded

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

10.8, and initially had 2 3 0 nTh and 21 Pa specific activities equal to

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

Th Th -x t
?0 91 (1-X)A Th+ XA he XTh

2O0 _31 o o
xs- /xs- Pa = Pa Pa- t (1)

(1-X)A Pa + XA e Pa
o o

"30 931
where xs refers to -Th and Pa in excess of their uranium

parents, X is the fraction of surface sediment made'up of reworked

Tb Pa
material, A is the initial activity, A T/A P a = 10.8, A is

o o 0

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. Even if 80% of surface sediments consist of reworked

material, the maximum ratio at t = 120,000 years is 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

230Th/231Pa 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

230Th/231Pa ratio in the mixed layer can be shown by the following
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Figure 1-5. Unsupported 2 3 0 Th/ 2 3 1 Pa 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 (I-X)% modern
sediment with a ratio of 10.P. Curves are drawn for
different values of X assuming equal initial specific
activities of modern and reworked sediment.
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calculation. The steady state distributions of unsupported 230Th and

231
Pa can be represented as

STh _ Th Th
SA Th T AmTh Xm + SAn (2)
o Thi m m in

and

SA Pa _ PA mPa Xm + SA Pa (3)
o Pa m mn m

where S is the sedimentation rate, A is the unsupported activity of
o

the settling particles, A is the unsupported activity in the mixedm

layer, and X is the depth of the mixed layer. If high unsupported

230Th/231Pa ratios in the mixed layer result entirely from

Th Pa
bioturbation, i.e. A Th/A Pa 10.8, then Equations (2) and (3)

o o

can be combined to give

Th
A (XPa X + S) (4)
m = 10.8 Pa m (4)
Pa

A (XTh X + S)
m Thim

The depth of bioturbation is probably less than 10-15 cm (Nozaki et al.,

1977; Cochran, 1980), and values of S for cores studied by Ku (1966) and

Ku et al. (1972) with unsupported 2 3 0 Th/ 2 3 1 Pa ratios of 20 or more in

surface sediments range from 3-10 mm/10i3y. Inserting these values of S-

and a maximum X of 15 cm into Equation (4) gives a range of

Tb Pa
A Th/A Pa of 13-16, much less than ratios measured in surface

m m

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

al., 1973; Li et al., 1979). Tt is implicit in the use of Th as an

analog of other reactive elements that all reactive elements follow the
231

same pathway of removal from seawater. Thorium-230 and 2- Pa are ideal

for the study of scavenging processes in seawater. Their source by decay

of dissolved uranium is better known, and better quantified, than for any

other element.

Most of the studies of the geochemical behavior of Th have been

carried out in surface or nearshore waters, 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 environments, or between 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

Pa, are fractionated in seawater was to be determined. Since 2 30 Th and
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2Pa 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 Dredict 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.

.230l 231
Since the rates of production of 2Th and 23 Pa in seawater are

well-known, fluxes of 230Th and 231Pa 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

231
and 231Pa could help explain discrepancies in chronologies determined

by the two isotopes, and even open up some new opportunities for their

use in paleooceanography.



-35-

CHAPTER 2.

METHODS

INTRODUCTION

Uranium, thorium, and protactinium have been measured in

environmental samples for many years. However, analytical methods

described in the literature tend to be very time consuming or require

elaborate laboratory facilities (Ku, 1966; Rosholt and Szabo, 1969;

Kraemer, 1975; Sill, 1978). Initial work on this dissertation involved

the development of a simpler analytical procedure for the measurement of

U, Th and Pa isotopes in small environmental samples. As the work

progressed, the method was altered to allow the measurement of 227Ac,

241Am, and the alpha-emitting Pu isotopes.

Objectives of this method are basically the same as in the references

listed above. Samples must be brought into solution to allow isotopic

equilibration of the natural isotopes with isotopes added as yield

monitors. Elements of interest are first separated from the major

elements constituting the bulk of the sample and subsequently from each

other to allow counting without interferences. Each purified element is

then plated as a thin source suitable for alpha spectrometry. Isotopes

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

SAMPLE PREPARATION

Little preparation was required for sediment samples, which were

taken so as to avoid contamination at the edges of gravity and piston

cores and the bottoms of box cores. Several grams of sediment were dried

at 110 0C to a constant weight, ground with an agate mortar and 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 Pole, and

distribution of sample fractions to va-ious investigators has been given

by Honio (1078, l0Q80. A portion of each sample for chemical analysis

was obtained from the less than 1-mm size fraction of the trapped

particles. These sample fractions were vacuum filtered on 0.45-4m

Nuclepore filters, dried to a constant weight at 600C, removed from the

filters, ground with an agate mortar and pestle, and stored in plastic

vials in a desiccator.

Samples obtained by the Massachusetts Institute of Technology Large

Volume Filtering System (M.T.T.-L.V.F.S.) were handled according to the

procedure of Bishop and Edmond (1976). These samples were collected on

Mead 0 35-BJ glass fiber filters.

Samples of particulate matter obtained on R/V KNORR Cruise 73, LTeg

16, and R/V OCFANITS rruise 78, Teg 1, were obtained by in situ filtration

with 293-mm Nuclepore filters with a 1.0- jm 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 analysis.
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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. Similar methods have been used for ceveral years (Moore

Pnd Reid, 1Q73: Moore, 1Q76: Ynauss et al., 1978: Reie et al., 1979

a,b'. Nitex fabric (Tobler, Ernst and Traber, Tnc.) was coated with

MnO according to the method of W. M. Pao (personal communication).

Sheets o4 ;2-micron mesh Nitex fabric of approximately 30 cm x 80 cm were

leached in 0.1N HCl for 14 hours. Upon removal from the HCI, the Nitex

was washed with distilled water and then soaked in 0.3N KnMnO for 19

hours. This formed a thin coating of cryptomelane (R. Burns, personal

communication to P. Brewer) on the Nitex. The MnO2-coated Nitex was

then washed with distilled water, dried, and stored in plastic bags.

Upon recovery from seawater, the MnO 2-Nitex samples were stored wet in

plastic bags until time of analysis.

ANAT YTTCAL TECINT0TES

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

238 229 23323 U, 229Th, and 233Pa tracers were added, along with enough 9N HCl

to dissolve any CaCO 3 present and to initiate the breakdown of the

aluminosilicate matrices. Certain samples also received 242Pu and

243Am tracers and stable Sr and Cs carriers. Samples were then

evaporated to near dryness, whereupon 5-15 ml 70% HC10 4 , depending on

sample size, was added, and heating was continued to fuming HC10 to

destroy organic matter. After fuming in covered beakers for 20-30
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minutes, the samples were cooled briefly and 15-20 ml 48% HF was added.

To insure that all of the Si was volatilized as SiF, three additions

oF HF, with subsequent heating to CIO fumes, were made. Beakers were

then rinsed with concentrated HNO, and taken to fuming HC10 twice to

remove all traces of HF. This is important, because protactinium forms

stable fluoride complexes (Keller, 1966) which could interfere at later

stages of the procedure. Tinally, samples were dissolved in the minimun

amount of 2N HeCl required to achieve complete dissolution of the HC10 4

sludge. Tf the HC10 4 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 HNO 3 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

yields 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. Filters placed in hot, concentrated HNO 3 oxidize

rapidly (burn), leaving charred, soot-covered beakers. Filters placed in

hot, fuming HC10 4 explode, resulting 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 NH4 OH for

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 IINO3 and heating to gradually

concentrate the HNO as the samples evaporated. Concentrated IINO 333

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

with Teflon watchglasses to reflux the HNO3 . When residues were

removed from the sides of the beakers and it appeared that the samples

were in solution, watchglasses were removed, approximately 5 ml

concentrated HC10 4 was added, and the samples were heated slowly to

fuming HCIO4 . Explosions were successfully avoided by this slow

oxidation procedure. HF was added to remove Si, and the samples were

heated to concentrated HNO 3 and then fuming HC10 4 to remove HF.

Samples in fuming HC10 4 were heated to a crust to remove as much CI as

possible and were subsequently dissolved in 5 ml 1.6N HNO3 . Aliquots

(2%) were removed and evaporated on 37-mm Nuclepore filters, which were

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

was heated again to a HCIO4 crust, dissolved in a minimum amount of 2N

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

Coprecipitation of Hydrolyzable Metals

Alkali and alkaline earth metals were separated from the actinides by

coprecipitation of hydrolyzable metals. The samples, now in 2N HC1, were

brought to pH 7 with concentrated NH OH. Aluminum and iron were the

major 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 through the

coprecipitation steps. Precipitates were centrifuged, decanted,

resuspended in distilled water, and centrifuged again. Samples were
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further purified by re-dissolving with ON HC1 and repeating the

coprecipitation procedure.

90 1 37
Certain sediment trap samples were analyzed For 90Sr and 137Cs.

These were the samples to which stable Cs and Sr carriers were added

along with the radioisotope yield monitors. Strontium and cesium are not

significantlv coprecipitated with Al and Fe hydroxides. Supernates from

the copreciDitations and distilled water washes were combined and saved

for analysis of °0Sr and 1 37Cs in the laboratory of Dr. V. T. Bowen

at W.H.O.I. according to published methods (Wong et al., 1970).

Ion 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 schemes were used, depending on whether or not plutonium was to

be measured.

Columns were prepared by pouring resin suspended in distilled water

into the columns and rinsing the resin with several column volumes of

distilled water. Resin in the first column for each sample was converted

to the chloride form by washing with 3-4 column volumes of 9N HCl.

Sample precipitates were dissolved in enough concentrated HC1 to bring

the total volume to at least 9N in HCI, and samples were loaded on the

columns. Several column volumes of 9N HC1 were added in small increments

to wash the bulk of the samples through the columns. If Pu was to be
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measured, concentrated 14l was substituted for 9N PC1. Thorium, Am and

Ac passed through the resin Plong with Al, which constituted the bulk of

the sample at this point. Some Pa also passed through the resin in -C1

when large samples were analyzed. Protactinium retained by the resin was

eluted with 9N HCI+0.13N FF, or with concentrated iHCl+0.13N HF if Pu was

to be measured. Plutonium was eluted with 6N HCI+0.26N HF, and U and Fe

were eluted with 0.1N W(1. Uranium was separated from Fe and other

contaminants on 7-mm diameter nitrate columns prepared like the chloride

columns described above except that 8N PNO 3 was used to wash the resin

rather than 9N HCI. The 0.N HC1 fractions from the first columns were

evaporated, taken to concentrated HNO3 , diluted with distilled water to

approximately 8N in NO3, and placed on nitrate columns. Iron was
3'

eluted with several increments of 8N HNO3 wash and U was eluted with

0.1N HCl. The 0.1N PC1 fractions were again taken to small volumes of

concentrated YNO 3 . At this point U fractions were usually clean enough

to electroplate. If too much Fe remained, as judged from experience,

nitrate columns were repeated 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).

!Two 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 HC1 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. Ether
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 PlC. When precipitates began to form, 1-6 times that

volume of concentrated PN 3 was adder. As T4 nCl boiled off, more white

precipitate often formed, particularly in large sediment samples. After

samples had been heated to concentrated HNO 3, equal volumes of

distilled water were added so that the resulting solutions were

approximately RN in PNO 3 . Precipitates usually dissolved with gentle

heating if sufficient 8N FNO3 was used. After cooling to room

temperature, 8N HNO3 fractions were placed on 7- or 13-mm diameter

nitrate columns, depending on sample size. When large sediment samples

were analyzed, only about one column volume of 8N HNO 3 wash was passed

through the columns after the samples since Pa would eventually begin to

elute in 8N HNO 3 . Thorium was eluted next with QN HCI. Once the

washing solutions were changed to 9N HCI, Pa was strongly bound to the

resin and Th could be eluted with 4-5 column volumes of 9N HC1.

Protactinium was eluted with ?-4 column volumes of 9N FC1+0.13N RF and

combined with the Pa fractions from the first (chloride) columns.

Plutonium and americium were only measured on small samples where Pa was

strongly bound by the resin so that several column volumes of 8N HNO 3

wash could be used. The 8N 1HNO 3 fractions contained Am and Ac and were

saved for later analysis.

Poor retention of Pa by the resin in 9N HCI and 8N HNO3 was a

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 HCI 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. It is not

clear whether this is due to competition for resin binding sites or if

the speciation of Pa is changed in the more concentrated solutions.

Thorium fractions were heated to concentrated HNO3 , diluted with

distilled water to approximately 8N HNO3 , and placed on 7-mm diameter

nitrate columns. Enough 8N HNO wash was used to remove essentially

all interfering elements. Thorium was eluted with 9N HCl, heated to

small volumes of concentrated HNO3, and electroplated. Any Pa that may

have been in the Th fractions after the first nitrate columns was eluted

with 9N HCI + O.13N HF. Usually no Pa was found, as determined by

gamacontng233p Whn234T

gamma-counting 233Pa. When 234Th was measured, it was essential that
233

no 233Pa be present in the Th fractions to interfere with the

234T

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.

Macroscopic amounts of impurities present in the Pu fractions after

the first ion exchange columns necessitated additional clean-up columns

before Pu could be electroplated. Plutonium fractions were heated to

near dryness several times in concentrated HNO to remove any HF, taken

up in concentrated HCl, and heated to remove as much HNO3 as possible.

Samples in concentrated HC1 were cooled and placed on 7-mm diameter

chloride columns. Impurities were washed off with 9N HC1, and Pu was

eluted with 6N HCl + O.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 brine the MnO -Ni tex samples

into solution. Appropriate amounts of tracer isotopes were added to

samples in Teflon or polypropvlene beakers. Manganese oxide was

dissolved by leaching in a mixture of )00 ml 3% PNO3, 10 ml 70%

NF20H-PC1, and 1 ml AR% FF. Leaching solutions were decanted from the

Nitex into 9O0 ml Teflon beakers and evaporated. Meanwhile, the Nitex

was leached again in 200 ml 3% PNO + 1 ml 48% HF. The second

leachates were added to the first, and third leaches were performed using

200 ml 3% HNO. Each leach required about 12 bours. Leachates were

combined and evaporated to small volumes of concentrated FNO3 . Beakers

were washed several times with concentrated HNO3 and heated to near

dryness to remove all HF. If samples were accidently heated to dryness,

concentrated HCI was required to dissolve the precipitates and the

samples were heated back to concentrated HNO3 . Distilled water was

added to bring the solutions to 8N HNO3 and samples were loaded on 7 mm

x 12 cm 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 PNO3, along with Am, Ac, Ra, and any transition

metals which may have been adsorbed from seawater onto the MnO2-Nitex.

Several column volumes of 8N HNO3 were used to rinse the Teflon beaker

and wash the column, and the combined 8N PNO was stored for later

analysis. Thorium was eluted with concentrated HCl, Pa with concentrated

HCI + 0.13N HF, Pu with 6N C1 + 0.26N HF, and U with 0.IN HC1.

Approximately 20-?5 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

Actinium was measured indirectly by allowing its daughter, Th

(t = 18.7 days), to grow into radioactive equilibrium for 3-5

months. The ?2 7Tb initially present in the samples was isolated with

2)7
the Tb fractions. Attempts to count 'Th in the Th fractions of

several samples proved unsuccessful because of interferences in the Th

290 228 227
alpha sDectra by Th and Th daughters. Thorium-free 2 Ac was

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

HNO3 . Thorium-230 tracer was added to the samples in 8N HNO3, and

after ingrowth of 227Tb, 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 HC1 and electroplated. Counting of
te227h 212

the 227Th samples was started four days after plating to allow 212Pb

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

to decay.

It is necessary to assume a quantitative recovery of Ac, since no Ac

yield monitors were added to the samples. To test the assumption, a

sample of Pacific red clay from several centimeters below the sediment

231 227
surface was analyzed for 231Pa and 227Ac. This sediment was

sufficiently old that 227Ac and 227Th should have been in radioactive

equilibrium with 231Pa. The 231Pa and 227Ac (227Th) were

indentical within counting error ( 227Ac = 2.17 ± .19 dpm/g, 231Pa =

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

observed by Y. Nozaki (personal communication).



-46-

2°7
After isolation of Th, americium was measured in certain samples

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

al., 1970: Tivingston et a!. 1o75 Anonymois, 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 2T4 so were added to

Pa fractions, which were heated first to concentrated HNO3 and then to

fuming 142SO4 to remove all of the FF. After a brief cooling, samples

were taken up in 7.2N HCI and transferred to Teflon separatory funnels.

A second portion of 7.2N 14C1 was used to rinse the beakers and was added

to the separatory funnels so that the combined volume of HCI + H 2 SO4

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

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

washings of 5-6 ml 7N HCI + 2N 14.

One drop of concentrated 14 2SO 4 was added to the combined HCI - HF

washes. Samples were heated first to concentrated HNO to oxidize

residual MIBK and then to fuming H2SO4 to remove any remaining HF.

Samples in one drop of H SO were taken up in 1.5 ml 0.01N HNO 3

and Pa was extracted into 0.4M TTA (Thenoyltrifluoroacetone or

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

phase was evaporated onto silver discs, which were then flamed. T-wo

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

. . (2)

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

Flectropl ating

Flectroplating w.as carried out on 1-inch diameter silver discs in a

cell designed 17v C. T. Smith and S. Tsunogai. A coil of platinum wire

placed horizontally above the silver disc within the plating solution

served as the anode. Plating solutions were stirred continuous
1y by

means of a magnetic stir bar placed on top of the anode. Uranium, Th,

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

°Protactinium 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 ?SO4 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. In the other case, the

F2S04 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

'TA-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 H2SO4 was taken up in 0.01N HNO3 than in higher

concentrations of HNO3 .

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

work. To the drop of cooled 42S04 was added 100 pIl of 9N HCI +

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 HCI + 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 0.01N NO,, and transferred to the electroplating
I

cell. Beakers were washed ith 3 ml of 2N N fCl (taken to p1 2 with

1<I) and this was also transferred to the cell. Flectrical current was

provided by a Pewlett-Packard A296A DC power supply. Plating started at

0.8 amps and 3-L volts, and was terminated after about one hour when the

current had dropped to 0.3 amps at 7.0 volts.

SAMPT F COUNTTNG

Alpha Spectrometry

Counting of alpha-emitting isotopes was by alpha spectrometry with

silicon surface-barrier detectors (Princeton Gamma-Tech PD-400-26-100)

mounted inside vicksort vacuum counting chambers. Vacuum was provided by

a GCA/Precision Scientific Model DD-?0 vacuum pump. Detectors had an
2

active surface area of 00 mm and a minimum depletion thickness of 100

microns. Detector bias was supplied by a Kicksort Model 504 N Ouad Bias

Supply. Signals from the detectors were amplified by Kicksort Model 601

FET preamps and Model 211 0 Ouadamps.

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 'N 1710 4096-channel pulse-height analyzer. The majority

of the samples were counted on an expanded counting system in which the

amplified signals were fed trough a Tracor Northern NS-459 D

sixteen-input multiplexer-router into a Tracor Northern NS-720

4096-channel pulse-height analyzer. Spectra were printed out by a

Computer Terminal Corporation Model 3300P thermal printer.
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Beta and Gamma rountinm
29 ? o34h

Beta-counting of most t1 e 2 Pa tracers and some of the ?34Th

samples was performed on a Nuclear Measurements Corporation Model PCC-11T

proportional counter coupled to a NMC Model DS-IT decade

scaler/timer/high voltage supply. 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 a higher voltage and

counting was carried out at 1950V.

During the later part of this work a low-level, anticoincidence

beta-counting system was acquired. The detector was similar to that

described by Lal and Schink (1960). Voltage was supplied to the sample

detector and a guard detector by Canberra Model 1002 High Voltage

Supplies. Signals from the sample ard 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 Electronics 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 1476A

scaler. Sample and guard counts were recorded by a Canberra Model 1790C

Counter/Timer. Most of the 234Th and some of the 233Pa counting was

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

gamma-counting the 'Pa tracer in various sample fractions. Sample

solutions were placed in test tubes and counted in a rxC Yodel UTS-B

NaT(T ) well-type scintillation counter coupled to the DS-]T

scaler/timer/voltage supply. Bacl-ground was 250-300 cpm at 1300V.

During alteration of the procedure to allow measurement of Pu isotopes,

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

of233 237
the method. Gamma-counting of 233Pa and 237Pu 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. Errors

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 6% for 2'0 micron particles

(Honjo, 19781. 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 weights of

one-quarter splits. Other errors in sample preparation prior to weighing

are 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, although the precision is unknown. A better indicator of sample

size is the volume of water filtered, which is known to ± 3% (Bishop

and Edmond, 1976).
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Volumes of seawater filtered and ueights of particulate matter

collected were measured for samples obtained using t
1 e battery-powered

pumps. Several small sources of error in sample size exist, the

magnitude of which cannot he accurately determined. Flow meters used

with the pumps (Kent Meter Sales, Tampa, FL) to determine the volumes of

seawater filtered were accurate to within ± ?% (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

Dumping 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 to the

total sample sizes but cannot be accurately determined.

Errors in weighing Nuciepore filters most likely result from

incomplete equilibration of the dried filters with air in the weighing

room. 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.

Effective volumes of seawater sampled by MnO2-Nitex adsorbers were

calculated from the measured amounts of adsorbed 
2 3 4 Th with the

assumption that 231Th is in radioactive equilibrium with 38U in the

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

et al., q1977). Particulate 234Th was determined in samples obtained by

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

from a dissolved T concentration estimated as the total

concentration (2.5 dpm/! less the measured particulate concentration.

vffective volumes of seawater sampled by MnO,2-Nitex adsorbers attached

23L
to sediment trap moorings were calculated using the total 234Tb

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

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

about 2%, as the concentration of particulate 
2 3 4 Th measured at

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

uncertainty is small compared to counting errors. Absolute amounts of

ass 234BTh in the samples were calculated from the ratio of sample 234Tb

activities to standard 234 Th activities (see below) where both were

plated and counted under identical conditions. Therefore, corrections

were not necessary for counting efficiency and geometry factors.

rhemical yields for Th in samples counted for 234Tb were determined

29
from the recovery of the added Th tracer. Detector efficiencies

2. 239p

used to calculate 2Th recoveries were determined by counting 23Pu

and 241Am standards. Errors reported for 234Th measurements, and

apparent volumes of seawater sampled by MnO2-Nitex, are the result of

propagation of counting errors through several steps, including

beta-counting 234Th and determination of thorium chemical yields, 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-u) is given by /N, where N is the

number of counts (Friedlander et al., 1064). Propagation of counting

errors in a derived result, f(x,y), is made by use of the equation
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2
C ;f 2 2 ; 2 2F(x,y) = ( ) C + (-- ) oor example, x x y

x 2 2
X/ y (- +

Detector ralibration and rhemical Yields

Counting efficiencies of the detectors used for alpha spectrometrv

9 0 2/1
were determined to within - 1% by counting Pu and Am standard

sources that were borrowed from the laboratory of V. T. Bowen

(W.w.O.T.). Detector efficiencies were needed to calculate sample

231Pa activities since the 23 Pa added as a chemical yield monitor

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

231
use as a yield monitor for 231Pa. Detector efficiencies were also

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

3Th was to be measured. Natural alpha-emitting U, Th, and Pu

isotopes 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 yields of Pa were determined by beta-counting samples and

standards plated on the same kind of disc. 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 7 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

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

calibrated against standard solutions prepared from weighed amounts of
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238U (U308 , NBS 950A) and 23Th (ThO 2 , Lindsay Code 116, 99.9%

mirimum purity, American Potash and Chemical Company). Standard 234Th

plates were prepared periodically from the U308 standard solution in
9338

which 234 Th had grown into radioactive equilibrium. Thorium-230 tracer

was added to known amounts of the U3 08 solution and Th was separated

from U and electroplated. Chemical yields for the standard Th plates

were determined by alpha-counting the 230Th.

Preparation of 233Pa was by neutron activation of 1-5 mg

Th(NO3)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/cm2-sec for 8 hours, resulting in a

233 Pa activity of about 5-20iCi. The irradiation reaction is

2 3 2 Thny 233Th 233a 233Th' Th*--+ Pa - ~ U

After irradiation, the pellet was fragmented in hot, concentrated NH OH

for several hours before wet combustion in hot, concentrated HNO3.

Only a small amount of the 232Th was converted to 233Pa. To remove

the Th, the HNO3 was heated to dryness, taken up in 9N HCl, and placed

on a Dowex AG 1X8 Cl column. Thorium was eluted with 9N HC1 and Pa

with 9N HCI + O.13N HF. The Pa fraction was heated to concentrated

HNO3 to remove HF, and the above column procedure was repeated.

Complete removal of 232Th was verified by alpha spectrometry.

233
Radioactive decay of one 233Pa standard plate over a period of five

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

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

Standard 233Pa plates were made by pipetting tracer solution

directly into an electroplating cell and plating, as the 233Pa solution
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Figure 2-1. Radioactive decay of a 233Pa 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

each batch of 233Pa trace:. Alli of the plates usually agreed within

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

assumed that electroplating e[ficienicy was 100%. One of the purposes of

testing the accuracy of this procedure (see below) was to insure that the

233
Pa standard plates were properly prepared.

Calibrated 242Pu and 243Am tracers used during this work were

obtained from the laboratory of V. T. Bowen.

Peak Overlap

Typical U, Th, Pa and Pu spectra are shown in Figures 2-2, 2-3, 2-4,

and 2-5. Energy resolution, expressed as peak width at half maximum

height, was 30-40 KeV for monoenergetic alpha-emitting isotopes. 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 others. Occasionally, small amounts of impurities remained in

the samples when they were electropiated, causing degraded peak

resolution. Tail corrections were made by assuming that the tails of all

of the isotopes in a given spectrum have the same shape. These

corrections seldom amounted to more than a few per cent, so it was

assumed 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 necessary was given in Figure

229 230,
2-3. Overlap of 229Th and 230Th peaks was- the most common correction

of this type and was seldom greater than shown in Figure 2-3. Similarity

of peak tail shapes is also illustrated in Figure 2-3. A Th tail

correction was required for the Th spectra of the standard OCB 66-15

during the test of the accuracy of the mnethod (see below). Results
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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 resolution had some unavoidable

peak overlaps. In Th spectra, 5% of PRa activity (t] = 3.66d,

daughter of 228Th) occurred at an energy that was not resolvable from

""8 .22L .228Th. Since the main 2 Ra peak was cut off at the high energy end

of most Th spectra, this contribution was subtracted as &.5% of the total

228 2?q "30228Th peak. Similarly, 0.A% of the 2qTh peak fell under the 230Th

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

235 236
peak. Correction for the L- U contribution to the 236U peak was

139 238
based on the natural 235U/238U activity ratio.

Background Corrections

Initial 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.

290 ad228
Short-lived daughters of 2Th and 8Th (Figure 1-1) were

responsible for virtually all of the background counts except for two

932 228
detectors on which ?12 had been counted and its daughter, 228Th, 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

Th samples and 232U were not counted.

Background for beta counting on the proportional counter was 10-12

cpm. Sufficient 233Pa tracer was used so that background corrections

were very small. Background corrections were more significant for
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4Tb counting, but were still less than 20% on the proportional

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

o 34T
No - 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

o36 U  270
Tracer isotopes U and - Th used in this work contained some

236 93Li
impurities. The U contained a 234 U activity in an amount equal to

11.A% of the 36UT activity as well as small amounts of 238Pu and

239 2&0 229 2289 Pu or Pu. The Th initially contained T228h in an amount

229 234
equal to 7.7% of the 229 Th activity. Contributions of 234U and

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

subtracted from the sample activities. Plutonium was removed from the

236 U tracer after the first few Pu analyses. Because nearly all of the

Pu in the 236Uwas 238u, 23 9+24 0 Pu could be determined in samples

to which the unpurified 236U had been added.

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

measurement of 234U. 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

significant amount of 233U was produced between the time Pa was plated

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

roughly into two parts (Figure 2-3), a high energy part containing 89% of

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

232
Decay of "U occurs at the same energy as the part containing 11% of

the 231a activity. Therefore, it was sometimes necessary to calculate
the Pa activity. Therefore, it was sometimes necessary to calculate
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231 Pa activities based on the 89% peak. This resulted in an additional

uncertainty of approximately ?% in the calculated 231Pa activity since

any degradation of the resolut!on o F 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 FeCI 3 carrier

were so low 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 riber filters were not used except for the two
232

M.T.T.-L.V.F.S. samples. Blanks for 232Th were 40 and 47%, for uranium

60 and 70%, for 230Th 24 and 27%, and for 228Th 7 and 9% of total

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

fiber blank. 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 A163-Pa was counted on a different

detector. Protactinium was assumed to be in radioactive equilibrium with



TABLE 2-1

Results of Blank Analyses.

Description of Blank 232Th 230* 231Pa 2 3 8 U 2 2 8 Tha 234ua

Millipore Filtersb
dpm/3x142 mm filters 0.005+.004 0.005±.004 O. 000±.002 0.005±.003 0.064±.013 O.008±.008
dpm/g filter O.002±.002 0.002±.002 0.000±.001 0.002±.001 0.025±.005 0.003+±.003

Mead Glass Fiber Filtersc
dpm/g filter 0.056±.004 0.12%+.007 0 .0 16±.0 0 3d 0.153±.010 0.094±.009 0.151±.010

Nuclepore Filtere
dpm/filter 0.0020t.0008 O.012-.002 0.011O±.OO2 d 0.0lO±.005 0.008±.003 NDg

0.0013±.00 11

MnO2-Nitex
dpm/sheet A 0.004±.003 0.083t.010 i  0.0021±+ .000d 0.017±.004 NDh 0.016+.009q

B 0.005±.003 0.00±.003 0.0041±.0014 0.029±.006 0.011O.00 ND9

ND = Not Determinable.
aErrors include correction for 2 2 8 Th and 2 34 U in the added tracers.
bThree 142-mm 0.45-micron HA filters were combined for the blank. Total weight was 2.55 g.
CAverage weight of glass fiber material in samples analyzed in this work was 1.8 R.
dValues represent cpm of blank plus background when blank activity was not resolvable above bickground.
eBlanks are from a 293-mm 1.0-micron pore size filter taken to sea. The filter was torn while placing it in a filter holder,
so it was returned to Woods Hole for as a blank.
fBackground corrected. Not significantly different from zero.
gContamination by U-233 prevented accurate measurement of U-234.
hCounted on a detector contaminated with Th-228. Corrected blank Th-228 activity was indistinguishable from zero with large
.counting errors.
tMay include contamination from the electroplating cell. See text.
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its parent 2 T in the g]qss giber material and this value was used as

the Pa blank. 'nth methods of blank correction gave similar results for

sample Al65-Pa.

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

230
of MnO2-Nitex are also presented in Table ?-I. Uranium and Th

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

The higher 230Th blank in one NTitex analysis may have resulted from

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

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

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

230Ttrcradbeade. n

particularly a Th sample to which a 2 Th tracer had been added. Tn

addition to standard washing procedures, plating reagents alone were

"30
plated in cells after samples with large amounts of added Th or

2 3 4 Th tracers as a precaution against contamination from previous

samples. Later in this work, when the second Nitex blank and filtered

particles from KN 73-16 and OC 78-1 were analyzed, a separate plating

cell was used for samples with low activities.

Blank corrections were most significant for samples obtained with the

in situ filtration systems. Nuclepore filter blanks reported in

Table 2-1 amounted to 4-16% (average 9%) of sample activities for
2~0230T

230Th. Nitex blanks for 230Th were a maximum of 20% of the activity

of two samples. The average Nitex blank correction for 230Th samples

obtained with the in situ filtration systems was about 9%. Corrections

for Pa blanks were a maximum of about 28% in one filtered-particle sample

and ?2% in two Nitex samples. Filter and Nitex Pa blank corrections

averaged about 10% and 13% of sample activity respectively. Particulate

and dissolved 232Th and particulate uranium are present at extremely
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low concentrations ;n seaater, and large blank corrections were usually!

reauired. Blanks for dissolve4 and particulate - T- ranged from less

than 0% to more than 100% (not hv more than the counting error) of the

total sample activities. Blants were approximatelv 30±10% of the total

uranium activity in filtered particle samples. Concentrations of

dissolved and particulate -h are very low at mid depth in the open

ocean, and maximum 1lank corrections for particulate and dissolved
228

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

230 231
major emphasis of this study is on Th and Pa 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 systems. Nitex blanks were less significant for samples

obtained from the sediment trap moorings (Sites P and D, Chapter 4) as

the effective volumes sampled, and therefore the total activities

sampled, tended to be greater than for the samples obtained by in situ

filtration.

ACCURACY AND PRECISION

Accuracy of the method was determined by duplicate analyses of the

volcanic glass OCB 66-15 in which tbe U and Th isotopes have been
230T

measured both by mass spectrometry and alpha spectrometry, and 230Th

was found to be in equilibrium with 234U and 238U (Rosholt et al.,
o31

1971). It was assumed that 231Pa should therefore also be in

equilibrium with 235U. Results by this method are compared with the

published results 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 Analyses of Volcanic Glass Standard OCB 46-15.

Literaturea 232Th 238 U  
230Thb 231pa

U (ppm) 6.7010.11 6. 7 A A.71.16 6.2_.?'

6.76±.12 6.70±.16 6.Q4±.2n

Th (ppm) 29.7±0.7 30.39.62

30.68t .68

Activity Ratios

234U/238 U  
2 2 8 Th/ 2 3 2 Th

0.998t .027 0.996+.024

0.992 .012 0.965.020c

aRosholt et al., 1971.
bEquivalent ppm U based on measured isotope activity.
cPoor high energy resolution on detector used.



TABLE 2-3

Duplicate Analyses of Sediment and Sediment Trap Samples.

Analysis Count 232Th 2 3 0 Th 228Th 238U 2 3 4 U 2 3 1 pa

Activity dpm/gram

KN 69-1, Station 13, Box Core 13, 0-3 cm

A 1 1.845.043 2.195-+.049 1.750±.042 1.220-+.046 1.126±.043

2 1.79l - .041 2.200-.047 1.759±.040 1.262±.050 1.221±.049

B I 1.940±.049 2.192±.054 1.906±.048 1.277±.033 1.159-+.030 0.12,5±.004

2 1.862±.046 2.195-+.052 1.713±.044 1.294±.033 1.181±.030

PARFLUX Site E, 389-m Sediment Trap

A 0.21±.012 0.36±.02 13.9±. 2 0.72±.01 0.82+.02 0.026±.003

3 0.18t.015 0.37±.02 12.1±.7 0.67±.04 0.71±.04 0.023±.005
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was analyzed twice for T anr T, and each plate was counted twice on

different detectors. The results are presented in Table ?-3.

Variability rue to counting errors is as great as the variability between

replicate analyses. Agreement between duplicate analyses of the standard

OCB 66-15 mentioned above is further evidence for the good precision of

the method.

Sediment trap samples were generally too small to allow duplicate

analyses for U, Th, and Pa. 1owever, 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 E was chosen since it had the

lowest specific activities and therefore was considered likely to be the

most difficult sample to precisely measure. Results of duplicate

analyses are given in Table 2-3. Errors are larger on the second

analysis because 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
90 137 5

possible to include the measurement of 90Sr, 137Cs, and 55Fe. The

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

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

PROCESSES REMOVINC THORIUM AND CROTACTINIUM FROM SEAWATER:

OPEN OCEAN E.NVIRONMENTS

INTRODUCTION

Thorium-230 and 231Pa 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

(230T7

shorter than their radioactive bhalf-lives ( 230Th75200 years;

231Pa-32500 years; Lederer and Shirley, 1978). Production rates are

well known for several thorium isotopes from the known distributions of

their radioactive parents in the oceans. Several investigators have

taken advantage of these well known sources and the rapid removal of

thorium to model the scavenging of reactive elements from seawater based

on the distributions of thorium isotopes (Broecker et al., 1973;

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

In spite of their short residonce times in seawater, 230Th and

231Pa are chemically fractionated during their incorporation into sea

floor deposits. If there were no fractionation, thorium and protactiniumra

230 231
would be removed from seawater at a 'Th/ Pa activity ratio of

10.8, a ratio fixed by the constant concentration 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;

Ku, 1966; Ku et al., 1972; this chapter), whereas manganese nodules and

some sediments have surface ratios less than 10.8, occasionally as low as

three (Ku and Broecker, 1969; DeMater, 1979; Cochran, 1979).

Particulate 230Th and 231Pa distributions measured at three open

ocean sites are used in this chapter to determine where the separation of
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230 and 23 Pa is taking place, and to determine the effectiveness

with which settling particles remoe Tb and Pa from seawater.

SAMPTF D'oPrPRF'1E7- AT )AD TNC PRO CDURF

Most oF the samples discussed here were taken as part of the PARFLUX

program (Fonio, 107F, ]Q280: Spencer et al., 1978; Brewer et al., 1080).

Tocations of thle PARFIUX sediment-trap Sites S, F, and P are shown in

Figure 3-1. 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 S2 . 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 Volume Filtration System (MIT-LVFS; Bishop and Edmond,

1976). Site E was reoccupied in February, 1980, during R/V Oceanus,

Cruise 78-1. Large volumes of seawater were filtered in situ (293-mm

diameter, 1.0-m pore size, Nuclepore filters) with a battery-powered

pump described by qpencer and Sachs (1970) and Krishnaswami et al. (1076).

Sediment samples were available in the WHIOT core library from a

piston core and a pilot gravity core taken 50 km to the north of Site F

at a slightly greater water depth on P/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 et al.

(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

I-mm size fraction. The greater than I-mm size fraction was a

significant portion of the total sample only in the shallowest trap at

each site (Fonio, 180).

qediment-trap samples were kept refrigerated from the time of their

collection until they were returned to Woods Tole, where they were split

wet into four equal subsamples by a rotating sample splitter (Honjo,

1978). One or two quarters of the less than 1-mm size fractions,

depending on the sample, were filtered onto 0.5-micron Nuclepore filters,

rinsed with distilled water, dried, and weighed (Brewer et al., 1980).

Weighed 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.,

1977). 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 WHOI, where filters were dried and weighed.

Samples collected with the MIT-LVFS were prefiltered through

53-micron mesh Nitex fabric. Prefilters were not used with the

battery-powered pump. H1owever, 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 prefilter 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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RFIPSJLTS

Mass fluxes of the less than 1-mrm size fractions and radiochemical

results for sediment-trap samples are given in Table 3-I. Errors

reported are one standarA deviation counting stattitics. There was too

little sample material to rin duplicate analyvses on each sediment-tran

sample. 'he Site E-389 m sample was chosen 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 S2 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 and Pa, 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 S2 and E

with 238Pu (present as an impurity in the 236U spike) as a yield
monitr The239+240pu238p

monitor. The 239+240Pu/238Pu ratio in the spike was approximately

0.05. Since the natural 238Pu/239+2A0 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



TABLE 3-1

Radiochemical Results for Sediment Trap Samples.
All Activities are Given in dpm per g of Dried Sediment.

2 3 0
Th 232 T 228Th 239,240pu

Site S-, 31.5* , 55.0W. 5580

7.71±.20 0.28±.02 o.5 7,04 46.8±.7
1.A2t.05 0.04.7t.05 0.5±.03 4A±.09

Site E, 13.5"N, 54.,0W, 5288 m

0.36± .02
0.37± .02
1.22± .03
4.80± .08
5.59±.15

0.38± .03
1.93±. 06
10.4± .2
16. t.3
27.4± . 5

0.026 .003
0.023 .005
0.087±.006
0.22± .010
0.200±. 00?

< .03
0.105±

+
.009

0. 345±. 007
0.t8± .02
0.91+

.04

(.21±.01
0.18±.02
0.60±. 02
0.99t . 03
1.26± .06

0.06+ .02
0.07+.01
0.11±.01
0.1±+.01

0. 23±.02

13.9±.2
12. 1±.7
13.8 .1
14.!±+.2
21.7± . 5

0.7±.1
5.5±.1
5.9+.1
5.4±.
0.0±.2

0.48± .02

0,18t .03
0. 20±.03
0. 14± .02
0.15..02
0.12±.02

0.28±.03
1.61±.09

2.4± .1

2.2+ .1

Denpt
(")

(mgicm
2

Vr

238

269-4
5204^a

0.741 I .09t .04
6.8 ± .19

234 U238UU/- U 233 .12:0

389-A
389-3
988

3755
5 086

378
97P

2778
Z, 280

1.510
1.956
1.808

0.182
0.268
0. 'n6
U.55 4
0.355

0.7 2 .01
0.67± .04
0. 76± .03
0.81+ .03
0.8' .03

3.78± .1&
C. 62± .04
0.41±

+ 
.02

-0.
1 t .02

v.44, .05

S.18+ .07
1.14±.04

- .15.04

1.06±+.08
1.01± .07
0.98± .07
1.06± .06

1.20±.07
1.20±+.12
1.29+-.13
1.28± .13
1.10+.19

aThis sample contained a large quartity of corrosion product from the trap door.

ND = Not Determined.

0.054+.036
0.033± .007
0.038-+.005
0.036±.00>
0.04 ±.007

I ---------------------

~- --~

Act ;ltv "Iat-

cite PL tS.3N, 1.5
,
5792 .
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magnitude as the activity of 3+2 4 0Pu in the samples, so the

? 30+"40 .030+040 added with the spike w as small relative to the amounts in the

949
samples. Plutonium was measured in Site P samples with a 2 Pu yield

936 938
mon;tor and a Pu-free -T solution so that Pu could be measured.

Measured ?18 ?3C9+-0Pu ratios ranged between (.01, and 0.054

(mable 3-1).

Results from particulate samples obtained by in situ filtration at

Site F are presented in Table 3-2. Depths given in Table 3-2 represent

wi-e out during pumping. True depths of the battery-powered pump

(0C78-1, 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 the surface

and wire angles at depth were small during Niskin casts as determined

from reversing thermometer data.

Of the samples discussed in this 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-? (975 m and 1L00 m) averaged 65% of total

sample activity for the uranium isotopes, 43% for 2 32Th, 25% for

230Th, and 8% for 228Th. A protactinium blank could not be resolved

above background. Nuclepore filter blank corrections for the two samples

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

4% for 230Th, and 15% for 231Pa.



Concentrations of Radioisotopes

TABLE 3-2

in Filtered Particles at PARFLUX Site E.

Sample 232 228 230 231 238 234 230Th/ 231a
Depth (m); Volume (1); Weight (mg) Th Th Th Pa U U Th/ Pa

MIT-LVFS

975 m dpm/g 0.80+.10 10.8+.3 3.53+.17 0.261+.027 0.48+.17 0.75+.17 13.5+1.8

10350 1
200 mg dpm/10

6 
1 15+2 20.Q+.6 68+3 5.0+.5 9+3 14+3

MIT-LVFS

1400 m dpm/g 0.79+.07 7.32+.14 3.01+.12 0.222+.018 0.60+.13 0.63+.13 13.6+1.2

11500 1

270 mg dpm/10
6 

1 18+1.6 17.)+.3 71+3 5.?+.4 14+3 15+3

OC 78-1

3600 m dpm/g 1.26+.18 13.2+1.0 11.87+.64 0.255+.060 ND ND 47+11

3373 1
23.5 mg dpm/10

6 
1 8.8+1.3 Q2+7 78+4 1.57+.42

OC 78-1

5000 m dpm/g 1.78+.19 39.1+2.2 15.86+.69 0.418+.068 ND ND 38+6

4276 1
25.1 mg dpm/10

6
1 10.4+1.1 229+13 93+4 2.20+.40

4.
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Radioisotope results from sediments taken near Sites E and P are

oresented 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 1-3. KKI Core 2 was a hard,

compacted sediment, very different from Core 1, which consisted of normal

deep-sea clay. -he compact nature and low specific activities of

10 931
unsupported Th 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 Funnell (1064) contained Eocene sediments within a few

centimeters of the surface. Core 4 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 2 and E were analyzed for

radioisotopes by Brewer et al. (1980) by slightly different analytical

procedures. Their 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 WHIOT results.

Uranium isotope activities in the shallowest sediment-trap samples at

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

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

recently derived from seawater. It was necessary to resolve the

contribhutions of det-ital. and seawater-derived uranium in the samples to

determine the amounts of 210Th and 231Pa scavenged from seawater. It



TABLE 3-3

Radiochemical Results for Sediment Cores Associated with PARFLUX Sites E and P.

'epth 2 3 2Th  
2 Th 238 U  234 U  231Pa 210 xs23 Th/231a__) ___ ______ _ xs 230h/x Pa

(dpm/g) Activity Ratio

KK1, Core 1, 14.07'N, 153.100 W, 5926 m

0-i 1.95+.08 93.511. 1.53.05 1.33±.05 3.73±.11 NA 2 .2 .9

KK1, Core 2. 15.20oN, 151.340W, 5802 m

0-3 0.506+ .011 .9t.15 0.556±.020 0.r14±.020 0.337±.010 NA 30.211 .1

KKl, Core 4, iCO km Due South of Molokai Islanda, 2701 m

0-2 0.260 .012 15.09-.23 0.696±.018 0.775±.019 1.43±.00 38.0?2.2 10. ± .7
10-15 0.244±.011 14.45±.20 0.674±.021 0.822.025 1.36±.05 11.86±.54 10.4±.4
19-21 0.247±.017 11.25±.20 0.663±.017 0.699.017 1.33±.04 14.91±.51 10.5±.4

CH 75-2, Core 8, 14.1'N, 54.1*W, 5342 m

2-4 3.25± .08 6.63.13 1.69±.04 1.72±.0& 0.234±.009 NA 31.5± 2.0

NA = Not Analyzed.

aRadar fix only.



TABLE 3-4

Radionuclide Concentrations (dpm/g).
(From Table 5 in Brewer et al.)

Trap PARFLUX E Site PARFLUX S2 Site
Depth 389 m 988 m 1755 m s086 m '164 m

Nuc l ide

2 3 4 Th 4320+343 3589+79 1251+20 3411+326 9458+1284

2 2 8 Th 13.5±1.9 12.9-2.6 12.5±1.1 18.4±2.8 s0.5±+9.8

230Th O.53±0.8 1.45±0.07 4.21±0.29 5.37+0.80 8.04±+1.14

2 3 2 Th O.37-0.13 0.69-+0.08 0.9 q+ 0.11 1.20-0.22 0.77±+0.12

210Pb 95±6 148 14 331±41 376+±38 476± 39

210po 122t5 104±12 499c-15 667±+20 876+10

226Ra 3.47±0.10 2.57±0.23 1.87±0.48 1.60±0.85 7.06±+0.40

238U 1.20.17 1.0 t .15 1.0±0.13 1.1±0.15 1.28±+0.10

231Pa ND 0.093±0.007 0.250.04 0.27±+0.02 ND

ND = Not Determined.
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2 38 232was assumed that the detrital 238U/232Th ratio was constant at each

site and equal to the ratio tmeasured in surface sediments. It was also

assumed that the uranium series were in secular equilibrium in the

detrital phases. Excess 230 Th (that scavenged from seawater,
230T

designated xs 230Th) was calculated for each sample of suspended

particles as

230 230 238 232 232
xs Th = Th - [( 38U/ Th) X Th ]  (I)z z sed z

231
Unsupported Pa was calculated as

231 231 238 232 232xs Pa = Pa - 0.046[( U/ Th)sed X 232Th] (2)z z sed Th

where z identifies the sample and sed refers to the ratio measured in the

sediments. Sediment samples were riot available at Site S2, so the U/Th

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

in Table 3-5. Uranium-supported 230Th and 231Pa, calculated from

Equations 1 and 2, amounted to 6-20% of the total sample activities at

Sites S2 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 cannot 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 Flu.ces

The flux of particulate material (Table 3-1) was constant throughout

the water column at Site E and was more than two times higher than at
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TABLE 3-5

Unsupported 2 3 0 Th and 2 3 1Pa in Suspended Particlesa.

Sample xs 2 3 0 Th xs 2 3 1 Pa xs2 30Th/xs 2 31Pa
dpm/g Activity Ratio

Site S2, 3964 m 7.41+.20 0.270+.017 27.4+1.9

Site $2, 5206 m 1.14!.05 0.034-.005 33.5t5.1

Site E, 389 m 0.250.018 0.021±.003 11.9±1.9

Site E, 988 m 0.007±.033 0.073±.006 12.4±+1.1

Site E, 3755 m 4.28±.08 0.197±+.010 21.7±1.2

Site E, 5086 mn 5.04±.15 0.170±.009 29.6±1.8

MIT-LVFS, 975 m 3.11±.18 0.242±.027 12.9±1.6

MIT-LVFS, 1400 m 2.59±.13 0.203±.018 12.8±1.3

OC 78-1, 3600 m 11.19-+.64 0.226±.060 50±13

OC 78-1, 5000 m 14.94.68 0.375±.068 40±7

Site P, 378 m 0.331±.046 < .03 > 11

Site P, 978 m 1.88±.07 0.103±.009 18.3+±1.7

Site P, 2778 m 10.34t.21 0.341±.007 30.3+0.9

Site P, 4280 m 16.46±.32 0.472±.021 34.9±1.7

Site P, 5582 m 27.25±.52 0.899.043 30.3±1.6

aCalculated as described in text.
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Site S,, whereas concentrations of suspended particles measured in

Nis'-in bottle water samples were about two times higher at Site S

(Spencer et al., 1078 Brewer et al., lo8o~. Fluyes of particles through

the water column are not strictly correlated with the concentrations of

particles measured in standard water samples. Therefore, the efficiency

of removal of reactive elements from the water column by settling

particle may likewise not be proportional to tbe measured concentration

of particles.

M'luxes at Site P were less at all depths than at the Atlantic sites,

as would be expected from its remote location and low biological

productivity. A mid-depth mayimum in the particle flux was observed at

Site P. It is not possible to determine if this was an artifact of

variable trapping efficiency or i it was due to horizontal input of

particles.

The mid-depth flux maximum 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 seasonal 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 all

depths.

Nature of the Particles

Sediment-trap samples were dominated by large, rapidly settling

228T

particles of sea surface origin (HTnjo, 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



and increased v a factor of 6-8 to a nearly constant value below this

depth (Figure 3-2). Most of the plutonium in samples 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 suirface origin for the bulk of the particles

trapped at all depths.

228
Specific activities of 228Th 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

228R

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., l176). In order to maintain the constant specific

activities in particles trapped at mid-depths, particles must have

928
scavenged Th at or near the sea surface and then settled through the

water column in considerably less time than the 1.9-year radioactive

half-life of 228Th.

An average particle settling rate of 21 m/d (7665 m/yr) was

calculated 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 productivity cycles in sediment traps

placed at 3200 m in the Sargasso Sea (Deuser and Ross, 1980; Deuser et

al., in preparation). These rates are consistent with the rapid settling

velocities predicted fron the radioisotope distributions discussed

above.

CHMTCAL BEHAVIOR OF THORTUM-230 AND PROTACTTNTUM-231

Scavenging by Settling Particles

Specific activities of 230Th and 231Pa in trapped particles

increased with depth at Sites E and P (Figures 3-3 and 3-4), with the
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Figure 3-2. Concentration of
at Site P. Error bars

counting statistics.
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Figure 3-3. Concentrations of 230Th in sediment trap samples at

Sites E and P. 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 3-3.
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Figure 3-4. Concentrations of 2 3 1 Pa in sediment trap samples at
Sites E and P. 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 3-4.
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exception of the deepest 211Pa sample at Site E. This behavior is

consistent with continuous scavenging of these isotopes as particles

settle tbrough the water column, an( is in contrast with the behavior of

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

near linear increase with depth in the specific activities of 
2 3 0 Th and

?31 230?31Pa at Site P suggests that the particles accumulate 230Th and

3 Pa at a constant rate over any depth interval.

230 231 .
Unsupported Th/ Pa activity ratios from Sites S and E are

shown in Figure 3-5. Two samples of trapped particles and two samples of

filtered particles above 1500 m at Site E had nearly identical 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 t-ap samples at Site P

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

31Pa. Only an upper limit for 231Pa could be set with a

230 231
corresponding lower limit for the Th/ Pa ratio. The

230Th/2 31Pa 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

unsupported 2 3 0 Th/ 231Pa ratios of 27 or higher at all three sites.

Similar ratios are commonly found in deep-sea surface sediments, and are

5-10 times greater than dissolved 20Th/231Pa ratios (Chapters 4

and 5). Filtered particles at Site E and trapped particles at Site P

contained higher unsupported 
2 10 Th' 2 3 1Pa ratios than underlying

sediments (Figures 3-5 and 3-6). 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 2 30 Th/ 2 3 1 Pa activity ratios in sediment trap

samples, filtered particles, and sediments at Sites S2 and

F. The vertical dashed line indicates the ratio at which Th

and Pa are produced by uranium decay. Hatched areas

represent water depths.
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Figure 3-6. Unsupported 2 30 Th/ 2 3 1 Pa activity ratios in sediment trap

samples from Site P and KK1 Cores 1, 2, and A. The vertical

dashed line indicates the ratio at which Th and Pa are

produced by uranium decay. Hatched areas represent water

depths.
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to produce ratios of 35 (Site P-4280 rmj trap) or 40-50 (Site E, filtered

particles). Therefore, processes fractienating Th and Pa are not of

sedimentary origin, but must b, occurring in the water column. Settling

particulate matter preferentially scavenges Th relative to Pa from

seawater in open ocean enviromrents.

Activity ratios in surface sediments of three box cores taken in

association with Site P are also shown in Figure 3-6. Core 1 was taken

approximately 180 km southwest of Site P and represents recent sediment

accumulation in the area. Core 2 was taken within a few kilometers of

the sediment trap site. Sediments in both cores contained unsupported

230Th and 231Pa at a ratio consistent with a source by settling

particles like those collected with the sediment traps. Although Core 2

may have been taken in exposed Tertiary sediments, as previously

r. 230.
mentioned, it contained measurable a ,nts of unsupported 230Th and

231Pa in a ratio iaientical to that found in the deepest trap. If

erosion ceased at the end of the last glaciation (Johnson, 1972) and iF

the sedimentation rate is less than I mm/103yr, then perhaps only one

cm of recent sediment has accumulated since erosion ceased. Bioturbation

to a depth of approximately 10 cm woulc disperse recently accumulated

material within a much greater volume of old sediment, producing the low
230231230T /231

unsupported 230Th and 231Pa activities. The 230Th/231Pa ratio

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

renewed sedimentation had only occurred for a few thousand years.

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

in which case unsupporteJ 230Tbh and 231Pa present in the sediment

would have been adsorbed directly from seawater by surface sediments.

Unsupported 230 ~/231Pa ratios in KKI Core 4 were much lower than in

Cores 1 ana 2 and will be discussed later.
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Regeneration of Thorium-23(0 anid Prot; ctinium-231

istpe,232 230 231
Specific activities of uranium isotopes, 232Th, 230Th and 231Pa

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

P (Tables 3-1 and 3-3). Higher specific activities of 230Th and

231
231Pa in the sediments indicates that either most of the Th and Pa are

scavenged by the refraccory 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

230Th232T

excess 230Th232Th ratio was 2.6 and 2.5 times greater in the deepest

trap sample than in sediments at Sites E and P respectively. If the

decrease is due to radioactive decay of excess 230Th, the calculated

age of the sediment is 105,000 years. The excess 23 0Th/ 2 31Pa ratio

increased only slightly, if at all, between the 5086 m trap sample and

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

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

calculated from the change in the excess 2 3 0 Th/ 2 3 2Th ratio.

• 230T 232-

Filtered particles had an excess 230T 232Th ratio 5.5 times

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

230T

sediments is due to radioactive decay of excess 230Th, the calculated

age of the sediments is 185,000 years, and ther.e should be little or no
231

excess 231Pa remaining in the sediments. However, the excess

230Th/231Pa ratio was lower in surface sediments than in particles

filtered in the overlying water column. These changes in isotope ratios

between suspended particles and sediments clearly cannot be explained by

radioactive decay.

Thorium-230 and 231Pa are probably adsorbed to the surfaces of all

types of particles whereas 23.LTh is associated with detrital minerals
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(see discussion below). 'Two processes coulA be responsible for lower

230 232 93] "3920Th/ 232Th and Pa/ -Th ratios in surface sediments compared

to sediment trap samples. Pirst, if the flux of detrital minerals, the

carrier of 2Th, is today only 40% of the average flux during the late

Ouaternary, and if 230Th and 11Pa are removed from seawater at the

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

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

of 232Th. Alternatively, since sediments at Sites P and E contain

negligible amounts of biogenic material compared to the sediment-trap

samples, some of the 230 Th and 211 Pa scavenged by suspended material

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

?30 232 23' "I
excess Th/ Th and excess Pa/" Th ratios in the

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 230Th

concentrations at a station in the central north Pacific. The

concentration increased with depth from 1000 m to the sea floor (about

5900 m) with a gradient of 3-5 X 10 dpm 230Th/1-cm. A flux of

20Th, Fr, away from the sea floor can be calculated
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F K (dATh /dz) (3)Tli z Th

where K is the apparent vertical eddy difftsivity near the sea floor andz
230,

A is the concentration of 230, and z is the depth.
A222

K has been determined from 222Rn profiles at several locations
z

(Sarmiento et al., 1976), and of the stations at which K was measured,z

c2
the one closest to the site studied by Nzaki had a K of 45 cm /sec.

z

The apparent vertical eddy diffusivity is largely determined by mixing along

isopycnals (Sarmiento and Rooth, 1980). Since the flux of regenerated

230Tri away from the sediment-seawater interface is to be calculated, K
Z

is the appropriate parameter to use. It is of no consequence whether mixing

away from the sea floor occurs along or across isopycnals.

It is estimated from the decrease in the 230Th/232Th ratio between

trapped particles and surface sediments at Sites E and P that about 60% of

the scavenged 230Tb is regenerated. F, calculated from equation (3)
C). T-)

with the data of Nozaki is 4.3-7.0 dpm/cm2-103 years, which is 30-50% of

the rate of production of 230iTh by uranium decay in a 5500 m water

column. Other factors may also be involved. K varies from site to site
z

(Sarmiento et al., 1976), so the calculated FTh is only as good as the

approximation of Kz. FTh should be compared with the rate of delivery

of 230Th o the sea floor by settling particles rather than its rate of

production by uranium decay. Part of the 230Th produced by uranium decay

at the site where the 230Th profile was measured may be removed from the

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

ever having been scavenged by particles, in which case FTh would be more

230
than 30-50% of the rate oC delivery of particulate 230Th to the sea

i Loor. These uncertainties are of minor importance. The concentration

gradienit m(-asured by No aki is consistent with regeneration at the sea floor
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of a large portion of the 230T delivC:red by settling particles.

Sarmiento et al. (1976) showed that Kz decreases by an order ofz

magnitude or more above the bottoma mixed layer. The nearly linear dATh /dZ

measured by Nozaki (in preparation) tbrcuughout the water column implies that

2301
the vertical flux of 230Th also decreases by an order of magnitude, and

consequently 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

230Th concentration gradients coupled with measurements of mixing rates

from 2 2 2Rn distributions will be required to accurately assess the

magnitude of the flux of 230Th away from the sea floor.

Unsupported 230Th/231 Pa ratios were nearly the same in the deepest

trap sample and in surface sediment at Sites E and P while filtered

1 230 231
particles had a higher excess Th/ Pa ratio than the underlying

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

formed almost entirely by particles simiilar to those collected by the

sediment traps, then 230Th and 231Pa are regenerated with equal

efficiency. Alternatively, if particles similar to those sampled by in site

filtration form a significant portion of the accumulating sediments, then

230Th must be preferentially regenerated relative to Pa.

(1)The 2 3 0 Th/ 2 3 Lpa and 230Th/23 2Th ratios in filtered particles may

actu-ally be biased too low. Site E was reoccupied as the last station of

RiV 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.

The 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 1400n had lower xs2 3 0Th/xs 2 3 1pa and

xs2 3 0 Vi 2 3 2 Th ratios 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 fittered particles and

sediments.
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Ffficiencv of Scavenging by Settling- Particles

Particles obtained with sediment trans clearly scavenge thorium and

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

T and 23 Pa hv these particles can he made 1 v comparing their

fluxes into seliment traps with their production rates in overlying

seawater. Tn every case, fluxes of unsupported 2 h and 231Pa 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,

230 ~ 31
in part, for the low fluxes of 230Th 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 231Pa flux into the deeper

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

in overlying seawater (Table 1-6). High 230Th/231Pa 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 another 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

Bacon et al. (1976) showed that 210Pb/226Ra disequilibria in

seawater decrease with distance, both vertically and horizontally, from

the sediment- seawater interface. They concluded that mixing of

210
dissolved 210Pb to ocean basin margins, with subsequent scavenging at

210p

the sediment-seawater interface, is an important process removing 210Pb

230h

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

and 231Pa.
and Pa.
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Figure 3-7. Flux of unsupported ?3 0Th in the less than 1-mm size
fraction of particles collected at Sites S9, E, and P.

The solid 1ne is the rate at which 2 0OTh 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. Flux of unsupported 2 3 1 Pa in the less than 1-mm size
fraction of particles collected at Sites S2, E, and P.
The solid line is the rate at which 231Pa 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 t be counting error.
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Figure 3-8.
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TABLE 3-6

Scaled xs231Pa Deficiencva
.

Atlantic Pacific

Sample Deficiency Sample Deficiency

(% of Production) (% of Production)

Site S2 , 3694 m 61 Site P, 378 m NDb

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

aThe deficiency is calculated as:

230Th Production xs231Pa Flux
1 - ~ x 100*

xs230Th Flux 23 1 Pa Production xOO

bNot Determinable.
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Approximate limits can 1-e 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 hy assuming that

sediment traps are 100% effective at trapping the true vertical flux of

930
particles. Another limit is set by assuming that 230Th 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

230 1
removal of 230T h and 2 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 23 Pa in the

190~230Th-normalized 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 21 Pa produced by uranium decay at Sites

S2, E, and P. Second, because of the preferential adsorption of Th by

particles, horizontal mixing is less effective at redistributing 230Th

231
than 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.

It has been assumed in models 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 production by decay of their radioactive parents. Horizontal mixing

accounts for over half of the removal of 231Pa in the open ocean, and
accounts for over half of the removal of Pa in the open ocean, and
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TABLE 3-7

Relative Importance of Vertical and Horizontal Removal Processes.

Vertical (%)a Horizontal (%)b

100% Trap Efficiency Model

Sites S and E

47-86

20-50

14-53

50-80

Site P

6-87 (6 7 -87)a 13-96 (13-33)c

12-31 (24-31)a 69-88 (69-76)c

2 3 0Th-Normalized Model

Sites S2 and E

100

36-92

0

8-64

Site P

100

30-60

0

40-70

aBy scavenging to settling particles.
bBy horizontal mixing down concentration gradients.

cThree deepest traps.

2 3 0 Th

2 3 0 Th

-~---- -- I-cl---

~111~-1~--~--"- - -- -- - --
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2"0 231
conversevly, 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 t'an a factor of two for Pa, and

may be generally inaccurate.

Consequences for Calculated Sediment-Trap Trapping Efficiencies

Brewer et al. (1980) calculated trapping efficiencies of the sediment

930
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, FTh is the measured flux of excess

230Th, and PTh is integrated rate of production of 2 30 Th by uranium

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

Equation (4) that all of the 2 3 0 Th produced by uranium decay is

scavenged locally by settling particles, and that production by uranium

930q.
decay is the only source of 230Th.

A more accurate representation of TE would be

TE' = FTh/S 1 (5)

where STh is the integrated rate of adsorption of 2?0Th to settling

particles in the water column above the trap. Horizontal mixing may act
230T23

locally as a source or a sink for 230Th and the upward flux of 230Th

regenerated at the sea floor also acts as a source of 230Th.

Horizontal mixing probably acts as a sink for 230Th at Sites S 2 and E

as it does for 231Pa. If the flux of regenerated 230Th is negligible

at these sites, then STh < PTh and TE' will be underestimated by an

amount equal to the percent of the 230Th production that is removed by

horizontal mixing (Table 3-7).

The magnitude of the upward flux of regenerated 2 3 0nTh at Sites S2

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



-111-

230
trapping efficiency can be set. Tf horizontal transport of -Th is

230Thi

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

regenerated (2 3 0 Th/ 2 "2 in surface sediments is 40% of the ratio in

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

rescavenged equally throughout the water column, then S = 1.6 PTh'

and the trapping efficiency is overestimated by TE = 1.6 TE'.

The above two sources of error have counteracting effects on the

estimated trapping efficiency at Sites S9 and E and may be of similar

930
magnitude. fuantification of these fluxes of 230Th will allow more

accurate estimates of trapping efficiencies to be made from measured

fluxes of particulate 230Th.

Locations of Sinks for Forizontally Transported Elements

If 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 than its rate of

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

230Th/21 Pa ratio is less than 10.8. KK Core 4, taken near Site P

is one example of such an environment. Specific activities of 
2 30 Th

and 2 3 1 Pa were constant to a depth of 20 cm (Table 3-3), which was the

maximum depth of core penetration. If the constant activities are not a

result of bioturbation or some other sediment mixing process, then a

minimum sedimentation rate of 3 cm/10 3 yr is derived from the excess

2?IPa distribution. Activities of 2 1 0 Pb measured in three samples

(Table 3-3) show an excess of 210Pb with respect to 230Th at the

surface, a deficiency at 10-15 cm, and equilibrium at 19-21 cm. This
210 226a

reflects an input of excess 210Pb at the surface, a 226Ra deficiency

deeper in the core, and finally radioactive equilibrium of 230Th
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daughters at 20 cm, similar to cores studied by Cochran (1979).

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

o30 931T-b and - P: activitiec result from rapid sediment accumulation.

230 231
Fluxes of 230T and 31Pa into Core 4 are at least four times

their rates of production in the overlying seawater given the above

estimate for the sedimentation rate. Even if the sedimentation rate is

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

fluxes of 230Th and 931Pa are greater than their rates of

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

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

that the excess 2 0T /231Pa ratio must be less than 10.8 is only

partially fulfilled. The ratio in Core 4 is about 10, much less than in

typical deep-sea sediments such as KKI 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 (Cochran, 1979)

"30 231
where nearly constant 230Th and 23Pa activities were found to a

230T ad231pait h

depth of at least 20 cm. Fluxes of 230Th and 231Pa into the

sediments were greater than their rates of production in the overlying

230 h2 I

seawater, while the excess 230Th! 21Pa 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).

Sediment inventories of unsupported 230Th and 231Pa 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 (1970) also studied a core from the Argentine Basin where

"30 i31
sediments contained an exce-s - Th/ ? Pa ratio of about 10 to a

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

290 931
determined from the Th and Pa distributions, but it was very

230 931
high, and 0Th 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

2 3 0 Th and 21Pa into sediment traps identical to those used at Sites

S2' F, and P were greater than their rates of production in overlying

230 9 31
seawater, and 230Th/!231Pa 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

230Th/231Pa ratios (less than 10.8" have been found in sediments and
o 231

suspended particles is that -OTh and 231Pa are both accumulating in

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.

Particulate 230Th/231Pa Ratios: The Effect of Scavenging Rate

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

ocean. Residence times for 234Th, 228Th, and ?10Pb in the surface

layer of the oceans are as low as a few months (Bhat et al., 1969;
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Matsumoto, 1975; Bacon et al., 1.476; No-zaki et al., 1976; Knauss et al.,

1978; Li et al., 1979) where biological acti-vity results in the

incorporation of reactive elements into large, rapidly sinking fecal

matter (Turekian et al., 1974; Cherry et al., 1975; Kharkar et al., 1976;

Beasley et al., 1978; Bishop et al., 1977, 1978; K. Bruland, personal

communication). Scavenging onte settling particles is probably the

dominant process removing reactive elements like Th and Pa from surface

seawater. Scavenging rates are too rapid to allow for redistribution by

horizontal transport to be effective. If 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.

Production by uranium decay is the only significant source of 230Tb and

23 1 Pa to surface seawater. Consequently, the average 230Th/ 23iPa

activity ratio in particles settling from the sea surface must correspond

to the ratio at which they are produced by uranium decay, 10.8.

Samples were not obtained in the surface mixed layer at any of the

sediment trap sites. However, this effect can be seen at Site E and to a

lesser extent at Site P. In both cases, the 2 3 0 Th/ 23 1 Pa ratio

decreases towards the surface (Figures 3-4 and 3-5). At Site E,

particulate ratios above 1500 mra were within counting error of 10.8.

Lower biological productivity at Site P may account for the lesser effect

at that site.

Particles at the sea surface may fractionate Th and Pa to the same

extent as particles in the deep ocean, whbare particulate 230Th/ 231Pa

ratios are approximately ten times greater than dissolved ratios (compare

table 3-1 with Table 4-3). If so, then the dissolved 230 T 231Pa

ratio in surface seawater must be about one. Dissolved ratios in surface
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seawater have not been mea ,,red, but they zhould indicate whether or not

fract4onat4on occurs. Tn eit'er case, when one mechanism dominates the

-emoval of Tb and Pn from a parcel of water, the ratio <t which Th and Pa

are removed must equal the ratio of their combined inputs. In surface

seawater this ratio is 10.0.

In the deep ocean, horizontal transport may act as a source of

dissolved Th and ~a 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 Tb and Pa from the water column, the particulate

Th/ " Pa ratios must be between 3-5 and 10.8, the ratios at which

they are supplied by mixing and uranium decay respectively. However,

increased scavenging rates alone cannot account for the low

930 io31
Th/ Pa ratios 4n suspended particles in the Panama Basin

(Chapter 5', and presumably in the other areas where low 230Th/231 Pa

ratios have been found as well. Other factors affecting 230Th/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

"309I'31
high 930Th/ 231Pa ratios, regardless of the mechanism initially

causing high ratios in sediments.

Several lines of evidence demonstrate that the observed

2310 23-A1230 Th/ P231a 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-P

and 3-10) wer low throughouit the deep water, and although there was a

slight increase near the bottom, values only reached 10 ie/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. (1979) concluled that resuspended sediments

constituted a large proportion of the material collected in a trap

situated ?I/2 m above the sea floor during the first occupation of

Site S. Radioisotope results from Site S2 samples support this

concusio The228T 932h

conclusion. The 228Th/ 232Th activity ratio in Site S2 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 228Tb/39T
unsupported 928Th. Tf the 228Th/232Th ratio was one in resuspended

sediments at Site S2' and if the ratio in the primary flux of particles

did not change between 3064 m and 5206 m, then about 90% of the 232Th

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

S2 5206 m sample consisted of aluminum hydroxide. Contributions by

resuspended sediments are not apparent at other sites where the

?8Th/2 32 Th ratios increased near the bottom.
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Figure 3-9. Concentration of particles at Site E.
From Brewer et al. (1980).
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Figure 3-10. Concentration of particles at Site P.
From Brewer et al. (in preparation).
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Fluxes of detrital material increased with depth at Sites E aud P

(Honjo, 1980; Brewer et al., 1980, in prep.aration) ; however, detrital

minerals coastituted less thain 10% of the total flux at Site P even in the

deepest trap, so the portion of the total flux potentially derived by

resuspension of surface seiiments, which consist almost entirely of

detrital minerals, would be negligible.

Concentrations of plutonium in deep-sea surface sediments are an order

of magnitude lower in the Atlantic (Labeyrie 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 of particles

with resuspended sediments would have resulted in a decrease in plutonium

concentrations with depth. However, piutonium concentrations were nearly

constant in the deepest three trap samples at both sites, indicating that

there was little, if any, contributico of resuspended sediments older than

a few decades.

CHEMICAL BEHAVIOR OF OTHER ISOTOPES

Thorium-228

Many of the important aspects of the 228Th results have already been

discussed. Concentrations of 228Th in sediment-trap samples are

r228
consistent with its source by decay of 228Ra in surface seawater and near

the sa flor The228T
the sea floor. The 228Th results were also used as evidence that most of

the particles collected by sediment traps settle rapidly from the sea

surface.

Particles collected with the sediment trap at 3755 m at Site E

228 '3O
contained a -Th/23 Th activity ratio of 2.9 while particles filtered

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

consistent with the source of the Thi scaNvengcd by the two samples of



particles. Trapped particles have stttled Tapidly from the sea surface•
11 Ti'hi ratios (Knauss et al.

where waters typically contain !/igh ,928 "30Th ratios (Knauss et al.,

1978; Bacon, unpublished data) whereas smaller filtered particles have

probably been at mid-depth (3600 m) where concentrations of 228Ra, the

228
source of 228Th, are very low,. Thus, f;_Itered particles more accurately

e , 228 230
represent the ratio at whic T h aniJ 30Th are scavenged at 3600-3755

min than trapped particles.

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

228T i230T
of particulate Th with a 228Th/230Th ratio greater than would be

expected if the particles had simply scavenged dissolved Th at the

mid-depth dissolved 228Th/230h ratio. If adsorption of Th is a

reversible process (see Chapter 5), then particles settling from the sea

surface would act as a source of dissolved 228Th at mid-depths. Since Ra

is not significantly scavenged by particles, an equivalent source of

228Ra from settling particles would not exist. Dissolved 228Th/ 228Ra

ratios greater than one at mid-depth would provide convincing evidence for

the reversibility of thorium scavenging. Unfortunately, mid-depth

.228 228
dissolved 228T n! 228Ra ratios have yet to be measured.

Thorium-232

Specific activities of 232Th increased.with depth at Sites E and P.

Detrital components of trapped material also increased with depth at both

sites, and detrital elements were present at constant ratios in all of the

sediment trap samples at Site E (Brewer et al., 1980). Correlations of

2321h with Al and K in sediment trap samples are shown in Figures 3-11

and 3-12, and indicate an average shale-like -rock as the source of the

detrital minerals. Sedimeats from Cb 753-2 and atmospheric dust sampled at

Barbados (Rydell and Prospero, 1972) follow the same Th/A1 and Th/K
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Figure 3-11. Correlation between 2 3 2 Th and Al in sediment trap
samples, sediments, and atmospheric dust (Rydell and
Prospero, 1977) at or near Site E. Solid lines represent
average ratios for crust (C), shale (S), basalt (B), and
g-anite 'G) from Krauskopf (1979).
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Figure 3-12. Correlation between 2 3 2Th and K 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 (IQ79).
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correlations (Figures 3-1.1 and 3-12). The similarity in composition

suggests that atmospheric tc.asport of Saharan Dust, which also has a

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

source of the detrital material sampled at Site E. Furthermore, the

increase in the 232Th content of trapped material with depth was simply

a -result of the increasing abundance of de-trital 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 T'h/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) found that the correlation among other detrital elements at

Site P was likewise not as good as at Site E. If horizontal transport

influences the distribution of detrital particles at Site P, then the

variable composition of the detrital elements may indicate that detrital

particles are transported from different sources, i.e. from different

directions, at different depths.

Uranium

Uranium concentrations in trapped particles were nearly constant with

depth, with the exception of samples S,,2-5206 m and P-378 m. Uranium in

the S 2-5206 m sample was scavenged from seawater by the aluminum

hydroxide precipitate, which could not be separated from normal

sediment. The P-378 m sample may have become anoxic from decomposition

of organic material before processing (A. Fleer, personal

communication). Uranir-mi would then have been reduced from the (VI) to

the (IV) valence state arAnd scavengd by trapped material. There was
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Figure 3-13. Correlation between 2 3 2Th 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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ample uranium in the seaivater in tbhe two liter sample cup to have

provided the amount of uranium in the sampled particles.

It was previously shown that. soma of the uranium in sediment-trap

samples must have been recently derived from seawater. Bioauthigenic

uranium (Table 3-8) was calculated as the difference between total and

detrital uranium:

232 232U BA-z UT-z - (U/ Th)sed X Thz (6)
BA-z T-z sed z

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

the ratio in sediments. Values of UBA were 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 material as pronounced as the transport of Saharan dust by the

trade winds to Site E.

Bioauthigenic uranium cannot be an artifact of incomplete removal of

sea salt from the sediment trap material or scavenging of dissolved

uranium from seawater in the sample containers. Trapped material had

higher specific activities of uranium than would be 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 samples 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

uranium during sample storage. Bioauthigenic uranium concentrations

decreased with depth at Sites E and P, suggesting that it is a real

phenoinmoaon.

Uranium appears to be a conservative element in open ocean oxygenated

seawater (Turekian and Chan. 1971; Ku et al., 1977). Bicauthigenic

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

Bioauthigenic Uranium Content of Sediment Trio Material - Sites E and P.

Site E Site P
Depth Bioauthigenic Uranium Depth Bioauthigenic Uranium

(m) (m)
2 38 U dpm/g 23 8 U dpmig

389 - A 0.61 37, --

389 - B 0.53 978 0.57

988 0.45 2778 0.32

3755 0.42 4280 0.25

5086 0.17 5582 0.26
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depth at both sites, presu:m'aly due to regeneration with very labile

particulate carrier phases. This is in contrast to the behaviors of

230 231
Th and Pa which are scavenged throuighout the water column. A

decrease in UBA with depth is consistenc with its incorporation into

biogenic materials at the sea surface rather than scavenging of uranium

from seawater. It is of interest to determine whether measurable

concentration gradients should result from the rate of regeneration of

bioauthigenic uranium in the deep sea. If UBA is taken as 0.5 dpm/g in

particles originating at the surface (Table 3-8), and typical particle

fluxes are 0.5-2.0 g/cinm210
3yr (Table 3-1), then the bioauthigenic

uranium flux is 0.25-1.0 dpm/cm2103yr. Regeneration of this uranium

evenly throughout 2500 m 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/l (Turekian and Chan, 1971;

Ku et al., 1977) if the maximum mi'Hng time of the deep ocean is

1000-2000 years.

Actinium

The immediate decay product of 231Pa is 227Ac (Figure 1-1), which

is itself radioactive with a half life of 2i.7 years. Three processes

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

particles act as a closed system with respect to 231Pa daughters, Ac

will begin to grow into equilibrium once protactinium is adsorbed.

Second, sediments older than 100 years incorporated into sediment-trap

227 72
samples would have a 227Ac/ Pa ratio equal to one if both elements

are retained by the particles. Third, sincc most of the protactinium in

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

dissolved actinium which may itself be scavenged by particle.
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It appears that the bulk of. the rterial caught in sediment traps

settles'very rapidly through tlhe water column, perhaps in less than a
227 3

year. Very little 227Ac would have been produced by decay of 231Pa

on these particles, and the first process above would be negligible.

Plutonium results indicated that thcre was minimal contribution to the

trapped material by resuspended sediments greater than 100 years old.

Therefore, the third process above may be the dominant source of

particulate Ac in the sediment trap samples. If particulate Ac (Table

3-9) is derived entirely by scavenging of dissolved Ac, then the steady

state distribution of particulate Ac can be represented by

dXAc/dt * A AAc - X AcXAc -S(dXAc/dz) (7)

where: XAc concentration of particulate Ac

IAc scavenging rate constant for dissolved Ac

AAc concentration of dissolved Ac

227
xAc radioactive decay constant of 227Ac

S average particle settling rate

z depth

Then:

X = ( A /A )( - eAcZ/S) (8)
Ac Ac Ac Ac

Similarly for Pa:

Xpa = Pa A Pa )( 1 - ePaZ/S (9)
PaPa Pa

Thus

X 4 A (1 eXAcZS)
Ac Pa Ac Ac _-(0

(10)
x A A (1 - e PaZ/S

Pa Ac Pa Pa
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TABLE 3-9

2 2 7 Ac/231Pa Ratics at PARFLUX Site P.

Sample 227Ac 231pa 227Ac/ 231pa
(dpm/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

KKI Core 1, 3.8-5.1 cm 2.17+.19 2.23+.05 0.973+.088
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which for large, rapidly sttling particles (i.e. A z/S<<1.0)

reduces to

XAc _ AcAAc (Ii)

Xpa 4PaAPa

If the only source of dissolved Ac is by decay of dissolved Pa, then

AAc/APa < 1.0 (12)

Combining Equations 11 and 12,

XAc/X Pa >- Ac Pa (13)

or

Ac - Pa(XAc /XPa )  (0.1-0.6) Pa (14)

The residence time of protactinium (r Pa) at Site P is about 130

years (Chapter 4), and scavenging represents about 40% of the removal of

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

-1
'Pa 0.4(1 Pa) (1/325) years (15)

and

-1
Ac (0.1-0.6)(1/325) years (16)Ac

or the minimim residence time of actinium with respect to scavenging at

Site P, tAc l4Ac is 540-3250 years. A range of valutes is

derived for the minimum scavenging residence time of Ac because
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XAc /XPa increases with depto (Figu-r.: 3-14). XAc/XPa should be
X c/Xa increases with de~)Lr Ac Pa

constant with depth if 1) the approximation used to derive Equation 11

from Equation 10 is valid, 2) scavenginog is the only source of XAc , 3)
Ac'

PAc/ Pa is constant withl depth, and 4) AA /APa is constant

with depth. Since XAc/X pa ;icreases; with depth, one of the above

criteria is not fulfilld. If some of the particulate Ac is derived by

resuspension of old sediments or by decay of Pa on the particles, then

the scavenging residence time of Ac is longer than calculated above, and

540-3250 years must be viewed as a lower limit for the scavenging

residence time of Ac.

COMPARISON OF FILTERED AND TRAPPED PARTICLES

230 231
Specific activities of excess Th and Pa were higher in

filtered particles than trapped particles at all depths at Site E (Table

3-5). Thoriu:n-230 and 231Pa are present in samples of suspended

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.

Unsupported 230Th/231 Pa ratios were nearly identical at Site E

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

3-5), at about 121.5. Particles trapped at 3755 m and 5086 m had

ratios of 22 and 30. So'me of the 230Th and 231Pa contained by the

particles trapped at these depths was s:avenged above 1500 m at a ratio

030) 231
of about 12. The ratio at which 230' h and Pa were actually

scavenged at depths of 3000-5000 ri by trapped particles must have been



Figure 3-14. Particulate

0 -

2

z2rz
K

Lu
Qz~

-135-

227Ac/231Pa Ratio in Sediment-Trap Samples

PA RFL UX P

ACTIVITY RATIO
0.2 04 06

227Ac/ 231 P

0.8 1.0

!-4-I

1; 

7 7

r 1 T 1



-136-

much greater than the measured ratios of 12 and 30. Particles filtered

at 3600 m and 5000 m had probably been at depth for considerably longer

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

Th and Pa at those depths. Unsupported Th/ Pa ratios of 40-50

measured on filtered particles (Table 3--) 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

must have scavenged 3Th and 2 Pa between 3000-5000 m at a ratio

230h ? 31
greater than 22-30. Therefore, 2 3 0 Th and 2 Pa 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.

(2) Settling particles preferentially scavenge 230Th relative to

231 . 230 23123Pa from seawater, resulting in the high 230Th/231 Pa ratios found

" 30 2311
in many deep-sea sediments. Unsupported 230Th/ 2Pa ratios as high

as 50 were measured in suspended particles.

(3) The high 230Th/231Pa ratios in suspended particles did not

result from resuspension of sediments.

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

environments remove 231Pa at rates less than its production by uranium

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

930 210
as Th and Pb as well.
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(5' Reactive elements that are not removed from seawater by settling

particles are transported horizontally to environments where scavenging

rates are greater than in mcst of t!,e open ocean. At the open ocean

sites studied, horizontal transport is relatively more important for

removal of 231 Pa whereas scavenging by settling particles is relatively

more important for removal of nTh produced by uranium decay.

Sediments in environments with especially high rates of scavenging

contain inventor;es of 2 30 Th and 231Pa greater than would be expected

from their rates of production by uranium decay in the overlying water

column because of their input by horizontal mixing processes.

(6) Suspended particles near the sea floor have higher

230 "32 3 2230Th/ 2-h and ?3 Pa/ ?3 2Th ratios but identical unsupported

230 231230Th/?31 Pa ratios compared to nearby surface sediments at Sites E

and P. This is best explained by regeneration of most of the excess
930 231

930Th and excess 231Pa associated with suspended particles before

they are incorporated into sediments.

(7) Thorium-?3 2 in sediment trap samples is associated with detrital

minerals in a Th!Al ratio suggestive of an average shale composition at

S4 tes 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 bioauthigenic 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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(0) Fstimptes of the scavenging residence time of actinium are not

well-constrained. Rowever, 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

Sources of 234Th, 228Th, 230Th and 231 Pa in seawater by decay

of dissolved uranium and radium parents are well--defined. Rates of

removal of these isotopes from seawater can then be determined from the

degree of radioactive diseq.iilibrium between the reactive daughter and

soluble parent. The thorium isotopes listed above have a wide range of

(234T 228T . 230T
radioactive half-lives (23 Th: 24d; 228Th: 1.9yr; 230Th: 75200yr)

and thus are useful in the study of scavenging processes occurring at

races varying over several orders of magnitude. Several studies have

been made of the 234Th-- 238U and 228Th-228Ra disequilibria in

suirface seawater and nearshore environments (Bbat et al., 1969; Broecker

et al., 1973; Matsumoto, 1975; Knauss et al., 1978; Li et al., 1979;

Santschi et al., 1979; Minagawa and Tsunogai, 1980), where thorium

residence times of days to month3 have been observed.

Scavenging is much slower in the deep ocean, where 230 is the

best isotope to use in the studies of processes removing thorium from

seawater. Its 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 timTe scale

of a few decades (Moore and Sackett, 1964; Brever et al., 1980; this

230T
work). Few reliable 230Th data are available because of the large

volumes of seawater required to accurately measure its extremely low

concentratio,. The recent work of Nozaki (in preparation) is an
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exception, where 230Th was measured with sufficient precision to show

systematic trends with depth in the 230Th concentration.

One means of measuring the concentration of 230Th without

processing large volumes of seawater is to employ an adsorber which

extracts thorium in situ. Several investigators have used

MnO?-impregnated fibers to extract Ra and Th isotopes from seawater

(Moore, 1976; Knauss et al., 1978; Reid et al., 1979a,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

ocean, and calculate residence times of thorium from the measured

concentrations.

2) To determine whether the method could be accurately used to

measure the concentration of 231Pa as well as 230Th.

3) To compare residence times of Th and Pa, after successful

measurement of 2 31 Pa, and test for consistency with the conclusions

derived from sediment trap results (Chapter 3).

LABORATORY ADSORPTTON FXPFRTMENTS

A natural isotope yield monitor for the efficiency of extraction of

thorium from seawater onto MnO2 exists in 214Th, which is in

radioactive equilibrium with its parent 238U in the deep ocean at 2.5

dpm/l (Amin et al., 1074: Bacon, unpublished results). Activity ratios

of228 h234h an 30 h/34h

of 2 8 Th/ 2 34 Th and 3 0 Th/ 3 4 Th on MnO2 adsorbers can then be

used with the known 
34 Tb 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 monitor of protactinium exists in

934
seawater. However, Th can be used as a yield monitor for Pa if it

can be shown that Th and Pa adsorb to Mn0,2 without fractionation.

Scott and Nuzzo (1975) found no fractionation of thorium and protactinium

during adsorption to MnO 2 in a laboratory experiment. Additional

laboratory experiments were carried out to confirm that Th and Pa are not

fractionated during adsorption to the MnO2-coated Nitex adsorbers used

in this work. Adsorbers were prepared by precipitation of MnO 2

(cryptomelane) on acid-leached Nitex nylon fabric from a KMnO 4 solution

(Chapter 2).

Approximately 10 liters of natural, pH u 8, filtered (- lp

glass fiber filter) Vineyard Sound seawater was spiked with 234Th and

2 3 3Pa. The pH was measured before and after addition of the spikes to

insure that the pHT was not significantly changed. Several hours were

allowed for spike equilibraton. Strips of MnO -Nitex were then placed

in the seawater for various lengths of time. Thorium and protactinium

adsorbed to the Nitex were measured by gamma counting (93 keV for 234Th

and 312 keV for 233Pa) 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 was 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 MnO2,

determination of Th/Pa ratios was sufficient. Ratios were first measured

on the mixed spikes before addition to the 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



i If

-142-

of the adsorption period (one-half to two hours) the MnO 2-Nitex was

removed and counted. The seawater was then transferred to another

plastic container to which 30 ml concentrated HNO 3 and FeCl 3 carrier

were added. The pH was adjusted to 7 with NH4 OH to precipitate

Fe(OH) 3. Activity ratios in the Fe(OH) 3 were used to indicate the

Tb/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 HNO3 + HF, and the acid wash was evaporated to a small

volume and gamma counted.

Results from two adsorption experiments are shown in Table 4-1.

There is a peak in the gamma spectrum of 233Pa at 95 keV that is not

resolvable from the 93 keV 234Th peak. The 95 keV peak is equal to 73%

233
of the activity in the 312 keV 233Pa peak with the detectors used in

this work. Sufficient 234Th 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

activity ratio in the initial spike solution with the ratio in the

Fe(OH) 3 (Table 4-1). The change is caused by adsorption of thorium to

the plastic container with very little corresponding adsorption of

protactinium. Significant amounts of the thorium added to the 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 MnO2 from a solution with a

continuously changing Th/Pa ratio. The final ratios found on the Nitex
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TABLE 4-1

Adsorption of 2 3 Th and 2 33?a onto MnO2 -Coated Nitex.

Run No. Fraction Activity Ratio Count Rate (cps)

Pa T233a 234Th 233Pa

1 Initial Spikesb 1.70+.07 1.35 0.79

2 Initial Spikesb 1.627.08 0.86 0.53

1 MnO2-Nitexc 1.64+.03 0.40 0.24

2 Mn02-Nitexd 1.137.08 0.054 0.048

1 Fe(OH)3e 1.25+.03 0.44 0.36

2 Fe(OH) 3e O.95+.04 0.37 0.39

1 Container Wash f  25+5 0.45 0.013

2 Container Wash AO 0.33 0.0085

Background 0.005+.004 -0.0006+.0018

Run No. I Run No. 2

Nitex (Th/Pa)g 0.97-1.32 0.70-1.19
Solution (Th/Pa)

aActivity ratio of the 93-95 KeV peak to the 312 KeV peak. The 93-Q KeV

peak is corrected for the contribution by 233Pa of 0.728+.020 times the

312 KeV peak.

bBefore addition to the seawater.

CTwo-hour exposure to seawater, 2 x 12 cm strip of Nitex.

dOne-half-hour exposure to seawater, 2 x 12 cm strip of Nitex.

eRepresents Th/Pa ratio in solution at end of adsorption experiment.

fRepresents Th and Pa adsorbed to the walls of the container in which

the adsorption experiment was carried out.

gThe 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 solution limits 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 AD SAMPLING LOCATTONS

Passive adsorbers were prepared by rolling or folding approximately

40 X 60 cm sheets of MnO2-coated Nitex to fit into a 6 x 40 cm acrylic

tube perforated with 30 I-cm holes. Polycarbonate Swin-Lok (Nuclepore)

47-mm filter holders were fixe( to the ends of the tube to allow seawater

to pass through the ends and to allow easy replacement of the Nitex

sheets during seauential deployments. Tn every case, acrylic tubes

containing sheets of MnO -coated Nitex were attached at a depth of

3000 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 PARFLUIX Program at Site P (Honjo,

1Q80: 150 21'N, 151 0 28'W, 5792 m). The other five samples were

obtained from sequential two-month deployments 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 recovery at sea, samples were stored wet in plastic

bags and returned to Woods Hole for analysis by the procedure in Chapter 2.

RESUT TS

Calculation of Volumes Sampled

Measred23A
Measured 21h activities, A,,.n, were corrected for radioactive

decay according to Equation (1):

A = AT,, (eXtl)(At2)/(I - e^X2)
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°34hwhere A is the amount of 4Th adsorbed, X is the radioactive

decay constant of 234Th, tI is the time elapsed between recovery of

the sample and the measurement of the 234 Th activity, and t2 is the

duration of the deployment. Calculated values of A were divided by
o

2.5 (dpm/l) to arrive at the effective volume sampled (Table 4-2).

Approximately 0.05-0.10 dpm/l of the total Th is particulate

(Chapter 5). If 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 Equation (1). Since all of the

deployments were for about the same length of time, this assumption

cannot be tested. It is possible that the MnO2 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 )t2/(l-e- t2) used to correct for

decay of 234Th 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

934h
isotopes calculated from the 23 4 Th effective volumes is affected

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 MnO2-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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MnO2 -Nitex Samples Analyzed

TABLE 4-2

for Thorium and Protactinium Isotopes.

Site/Sample Deployment Date Effective Volumea Particle Fluxb

Sampled mg/m2.yr

(liters)

P 9/17-11/20/78 2240+169 16.6

D-A 5/31-7/30/79 1452+q7 23.6

D-B 8/3-10/5/79 647+43 NA

D-C 10/12-12/5/79 325+17 19.9

D-D 12/5/79-2/6/80 601+32 48.8

D-E 2/6-4/15/80 590+30 4Q.8

aSee text for method used to calculate volumes sampled.

bTotal 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 Thoriumn and Protactiniu;mi

Concentrations of thori:um and protactiniumnt isotopes in seawater

(Table 4-3) are calculated for each sample from the total amount of each

isotope adsorbed to the sheet of Nitex ind the effective volume of

seawater sampled. Few reliable data are available in the literature with

.230 231
which to compare the 230To and 231Pa results. Reported

concentrations of 230Th and 231Pa in seawater are presented in

Table 4-4. Values for 230Th activities in the deep ocean range from

0.5 to 3.5 dpm/10 3 1. Concentracions of 2 30Th determined by means of

the MnO2-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

between Sites D and P. Concentrations of 231Pa reported by Moore and

Sackett (1964) (Table 4-4) fall within the renge of those in Table 4-3;

however, the sample locations and depths are not directly comparable.

Concentrations of protactinium in suirface seawater measured by Imai and

Sakanoue (1973) (Table 4-4) tend to be higher than those in Table 4-3.

There is no consistent trend to their data, and the high values are

inconsiscent with the much greater scavenging rates in surface seawater

compared to the deep oceau.

Concentrations of 232Th measured at Site D are slightly greater

than the upper limit for 232Th of 0.016 dpm/10 3 1 in surface seawater

analyzed by Kaufman (1969). Turekian et al. (1973) used Tn/La ratios in

7 3
pteropod tests to predict an upper limit of 0.0017 dpm/1031 for the

concentratiion of 232Th (see their Table 3, the value in their text is a

/3, 232
misprint). The upper limit of 0.0019 dpm/10 I for dissolved 232Th 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).



TABLE 4-3

Protactinium Adsorbed to MnO?-Coated Nitex.

Sample 2 3 2Th 2 3 0Th 228Th 231Pa 228Th/230Th 230 Th/231Pa 230Th/232Th

dpm/103 liters Activity Ratio

P < 0.0019 1.082+.084 0.174+.020 0.316+.027 0.161+.014 3.42+.16 > SA9
D-A 0.015+.004 0.436+.036 1.72+.13 0.083+.007 3.95+.25 5.27+.36 29+8
D-B 0.020+.006 0.556+.047 2.26+.18 0.107+.010 4.06+.28 5.19+.43 28+8
D-C 0.033+.016 0.652+.050 2.18+.16 0.108+.011 3.34+.25 6.06+.62 20+10
D-D 0.015+.008 0.737+.054 2.44+.16 0.129+.011 3.31+.21 5.70+.45 49+26
D-E 0.022+.009 0.661+.048 2.45+.16 0.169+.014 3.70+.24 3.91+.29 30+12-17+2 

.9+2 01

Thorium and



TABLE 4-4

Concentrations of 
2'OTh and ?31pa in Seawater.

Sample Location Depth 230Th 231Pa Comments Reference

(m) dpm/1031 I

13031'N, 60*39'W 0 0.44+.11 -- Centrifuged to remove particles. Moore & Sackett (1964)

14-20'N, 60-54'W 0 -- O.13+.13

32-15'N, 74°48'W 4500 1.6+.2 --
14*14'N, 64*40'W 0 O.43+.11 --

17*36'N, 6516'W 800 0.31+.12 0.22+.10
13-21'N, 6420'W 800 -- 0.24+.10

32c57'N, 127*05'W 0 0.55+.10 -- In situ extraction onto Fe(OH) 3 - Somayajulu & Goldberg

32*57'N, 127 005'W 2500 1.62+.31 -- coated sponges. (1966)

35034'N, 124
0 34'W 2500 0.51+.15 --

33- 0 5'N, 143-15'E 0 0.78+.18 -- Total water - SO0 1 samples. Miyake Pt al. (1970)

33-05'N, 143-15'E 1000 1.24+.51 --
33-05'N, 143-15'E 3000 0.51+.15 --

37-54'N, 143-50'E 0 3.17+.69 --
37054'N, 143*50'E 500 1.2q+.28 --
37-54'N, 143-50'E 1000 1.38.97 -- #

37-54'N, 143-50'E 3000 3.5+1.0 --
37-54'N, 143-50'E 5000 l1.47+.37 --
40*36'N, 137 0 03'E 0 0.51+.09 --
40-36'N, 137°03'E 1000 1.29+.18 --
41-16'N, 131-01'E 2000 0.6Q+.09 --
41

0 16'N, 131001'E 3000 1.15+.14 --

390 02'N, 169-57'W 0 0.72+.15 5.2+.5 Total water - 1000 1 samples. Tmai & Sakanoue (1973)

30'05'-N, 17005'W 0 0.93+.20 --
I, 9g

31*54'N, 146*06'W 0 0.49+.1l 0.7+.2

Not Given 0 0.66+.21 --
I9 IS

41022'N, 175
052'W 0 0.45+.17 0.6+.3

38016'N, 156*46'E 0 1.8+.4 O.2+.l o

30-40'N, 129-30'E 0 0.58+.14 --

30'32'N, 170-39'E 0-700 0.1-0.2 -- Total water - four samples above Nozaki (in preparation)

700 m. Six samples below 2000 m.

2000- 0.7-2.0 Exact values not tabulated.

5000
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DISCUSSION

230Th/ 232Th Ratios

There is no production o,' dissolv(ed 3 Th in seawater by decay of a

dissolved radioactive parent. H1weve.r, there must be a finite

23"
concentration of dissolved 232'Th as evidenced by its incorporation into

authigenic manganese nodules at concentrations greater than in

surrounding sediments (Calvert and Price, 1977). Typical 230 /232Th

ratios in manganese nodules are compared with ratios in MnO2-Nitex

samples in Table 4-5. The MnO 2-Nitex sample at Site P has a ratio much

greater than that reported for any nodule. Ratios measured at Site D

fall within the range of values for nodules. However, the nodule sampled

nearest Site D has a ratio much less than the ratios measured in Nitex

samples from Site D (Table 4-5). The range of 2 30 Th/ 2 3 2 Th ratios may

represent varying degrees of mixturc or di~solved and particulate

thorium. The dissolved end member would then be best represented by the

ratio at Site P. Lower ratios at Site D may result from inclusion of

some particulate material in the Nitex samples. Manganese nodules have

even lower ratios because they contain even greater amounts of

particulate thorium associated with detrital minerals. The alternative

232
possibility, that the concentration of dissolved 232Th is greater at

Site D than at Site P, cannot be disproven without additional data.

Particulate Thorium and Protactinium in the Nitex Samples

Several lines of evidence indicate that the 230Th and 231Pa

adsorbed to the MnO2-Nitex were predominantly dissolved. Most of the

230 231 230,.
Th and Pa in seawater is dissolved. Particulate

concentrations measured by Kxishnasw'ami et alo (1976) at GEOSECS Station

226 were less than 20% of the total coentrtios of 230Th measured
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TABLE 4-5

2 3 0 Th/ 2 32 Th Activity Paticsa in MrnOn-Nitex Samnles Conoared to
Ratios in Deep-Sea Manganese Nodules.

Sample 230Th/232Th Activity RatioLocation/Reference Average Range

Site P, MnO2-Nitex > 500

Site D, MnO 2-Nitex 30 20-50

All oceans - 17 nodules 44 6-200
Ku & Broecker (1969)

8018'N, 153'05'W - 3 nodules 45 23-59
Somayajulu et al. (1971)

Equatorial Pacific - 3 nodules 111 (Q9)h 87(86)-149(116)b
Krishnaswami & Cochran (1978)

Individual Nodules Near Sites D and P

230Th/232Th Near Site:

C58 - 100; 33*57'N, 65047'W 6 D
Ku & Broecker (1969)

V21-D4; ,. 130N, % 1470W T7 p
Ku & Broecker Two Nodules > 34

A47-16; 902.3'N, 151 011.4'W 8 7(86 )b p
Krishnaswami & Cochran (1978) Two Nodules 149(116)b

aRatios are extrapolated to nodule surfaces.

bValues reported were for unsupported 2 30Th/ 232Th. There was some
uncertainty in the uranium-supported 2 30Tn value. 230Th/2 32Th ratios
would increase by < 5% if total 230Th activities were used.



-153-

during a reoccupation of the site by oz;' aki (in preparation).

30, 231
Measurement of particulate .nd dissolved Th and Pa on the same

water samples in the Panama and Guatemala Basins (Chapter 5) showed that

both isotopes are predominantly dissolved.

The Site P Nitex sample had an immeasurably low 232Th content, and

230 232the Th/i Th activity ratio was greater than 500. The

2 3 0Th/ 2 3 2 Th ratios for trapped particles at a similar depth and in

nearby surface sediments were 93 and 50, respectively (Chapter 3). Then,

particulate 2 3 0 Th could account for at most 10-20% (50/500-93/500) of

the total 230 Th. The particulate 231Pa/230 Th activity ratio at

Site P was approximately 0.033 (Chapter 3), and the 231Pa/230Th ratio

in the MnO2-Nitex sample was 0.3 (Table 4-3). Thus, even if all of the2 30T2

230Th were particulate, particulate 231Pa could account for a maximum

of about 11% (0.033/0.3) of the total. Since at least 80-90% of the

230Th was dissolved, a rnaimum of 1-2% of the 231Pa was particulate.

Similar arguments hold for Site D samples; however, upper limits on

contribution by particles to the measured thorium and protactinium can be

set only if particulate activity ratios determined at Site S2

(Chapter 3) are used, as particulate radioisotopes were not measured at

Site D. At Site S2 (3694 m) the particulate 230Th/232Th activity

ratio was 13.5, and the particulate 231Pa/ 230Th ratio was 0.037. The

230Th/232Th ratios in the Nitex samples at Site D range from 20-50.

If an average value of aiout 30 is adopted and it is assumed that all of

232 230
the 232Th was particulate, then the maximum particulate 30Th was

slightly less than half (13.5/30) of the total. The average ratio of

231 230,
231Pa/ 230Th in the Nit,x samples at Site D was 0.19. If at most

230 231

(13.5/30) of the 230Th w as particulate, the iaximum particulace 231Pa

was satout 9% of the Lotal.
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230Th/231Pa Activity Ratios

Thorium-230 and 231Pa 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). If thorium and

protactinium were scavenged from seawater at the same rates, then

230Th231p
dissolved thorium and protactinium would he present at a 230Th/231Pa

activity ratio of 10.8. Moore and Sackett (1964) found 230P31a

ratios in seawater of 1.4 and 3.4, with large uncertainties (Table 4-4).

All of the Th/Pa ratios observed in MnO2-Nitex samples fall in the

range of 3-6 (Table 4-3).

Deep-sea surface sediments commonly have 230Th/231Pa activity

ratios of 20-10 or higher (Sackett, 1964; Ku, 1966; Ku et al., 1972:

Chapter 3). Manganese nodules also act as a sink for many trace elements

in seawater. Nodule surfaces commonly have 230Th/231Pa activity

ratios less than 10.8, sometimes as low as 3 (Table 4-6). All of the

above information is consistent withr the conclusion in Chapter 3 that

settling particles preferentially scavenge 230Th relative to 231Pa,

resulting in a dissolved 230Th/231Pa ratio less than 10.8. As

previously discussed, thorium and protactinium appear to be adsorbed onto

MnO without fractionation. Therefore, the 230Th/ 2 31 Pa ratios in

manganese nodules simply reflect aesorption of dissolved thorium and

protactinium onto nodule surfaces at the ratio present in seawater.

Processes Removing Thorium and Protactinium from Seawater

930 31Concentrations of " 1'- and 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
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TABLE 4-6
Unsupported 2 30Th/ 231Pa Ratios in Manganese Nodules.

Ildl x~/s a ab~hINodule xsTh/xsPao0a IxsTh/IxsPab (IxsTh/IxsPa)/(xsTh/xsPa)

Activity Ratio

Ku and Broecker (1969)

V21 D 2 A 12.5 30 2.4
V20 D 4 A 4.0 6.1 1.5
V20 D 4 B < 5.5 6.5 > 1.2
6A 5.0 13 2.6
V18 D 32 5.9 13 ' 2.2
V18 T119 A < 9.3 20 > 2.2
V18 T119 B 40 40 1.0
C58 100 5.0 9.08 1.8
V16 T 3 9.0 12 1.3
D6253 2.5 5.4 2.2
V16 T 19 A 8.9 20 2.3
V16 T 19 A 8.6 19 2.2
El7 36 7.0 11 1.A

Krishnaswami & Cochran (1978)

A47 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

axsTh/xsPa is the unsupported 210Th/ 2 31Pa activity ratio

extrapolated to the surface of the nodule.

blxsTh/IxsPa is the ratio of the inventory of xs230Th (dpm/cm 2)

to the inventory of xs231Pa (dpm/cm2).
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al., 1980; Bacon et al., 1976; Chapter 3). Only rough estimates 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 predominantly 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 25-30% 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

E, reflecting seasonal changes in surface biological productivity (Deuser

and Ross, 1980). Sediment traps were identical at both sites, so results

are comparable even if the absolute fluxes are in error. Concentrations

of 230Th and 231Pa are lower at Site ,). consistent with the higher

scavenging rates compared to Site P predicted from 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 or

horizontal mixing along isopycnals to slope sediments, then the rates of

removal should be significantly less at Site P than at Site D.

MnO2-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

(800 m). Furthermore, the nearest continental margin is farther from

Site P than Site D. The extent of contact of seawater with the sea floor

can be shown by calculating the 228Ra concentration at each site.

"3" 228R wihdifssnt

Decay of 3 -Th in sediments produces 228Ra, which diffuses into

the water column and subsequently decays to 928 Because the
the water column and subsequently decays to h. Because the
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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

the concentrations of 230Th and 228Th 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 = X Ap - (Th + Th)ATh = 0 (2)

230 ?28
where: A Th= activity of 20Th or T28 h

Th

A = activity of parent isotope, ? 4 U or ?28Ra
p

X = radioactive decay constant of 230Th or 228ThTh

Th = first order chemical scavenging rate constant

Values of Th calculated by substitution of A 230Th (Table 4-3)
2 3Th

and A23L (2.85 dpm/!l: Ku et a]., 1977) into Equation (2) are
3/U

-1 -1

approximately 0.04 yr and 0.025 yr at Sites D and P

-1
respectively. As *Th is much less than X 228Th (0.52 yr ),

228 228228Th is nearly in radioactive equilibrium with 228Ra. The

concentrations of 228Ra calculated from Equation (2) are 2.7 and 0.18

dpm/1031 at Sites D and P respectively. The much higher 228Ra

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 both be more effective at Site

D than at Site P, and it is impossible to determine which process

dominates removal of 0Th and 231Pa at either site.

230 231
Short Term Variations in " Th and Pa Concentrations at Site D

There is a slight correlation between the concentrations of 230Th

and 211Pa 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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Figure 4-1. Concentrations of 230Th (circles) and 2 31Pa (squares)
determined from the MnO 2-Nitex adsorbers at Site D plotted
against the flux of particles into a sediment trap at the
same depth during each sampling period.
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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 f(rhapter 3).

In order for the observed changes in the concentrations of 
2 Th

and 231Pa to result from regeneration of Th and Pa scavenged at

shallower depths, the rates of production of these isotopes must be at

least as large as the rates of change of their concentrations at depth.

230
A simple calculation for 230Th shows this not to be the case. A

maximum rate of change in the concentration of - Th in the deep ocean

of 0.2 dpm/10 1-vr is used (Table L-3), and the ocean is divided into

230
two 2000-m layers, with some fraction of the 230Th scavenged in the

shallow layer regenerated in the deep layer. The rate of production of

230Th in each layer is 0.005 dpm/cm?-yr. The average rate of change

230 2
in the Th concentration in the deep layer is 0.04 dpm/cm2-vr. In

the extreme case that all of the "
0 Th scavenged in the shallow layer

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 
2 3 0Th

would be only 0.01 dpmlcm ?yr, a factor of four less than the rate of

change of the concentration. Therefore, regeneration and changes in the

scavenging rate of thorium in the deep ocean cannot be responsible for

the observed rate of change in the concentration of 2 3 0 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 = Th

may be calculated from Equation (21~. 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

as a source or a sink for 230Th and 231Pa depending on the

environment (Chapters 3 and 5). As long as mixing acts as a net removal

of 230Th and 231Pa from a parcel of water, the residence times of

2 30 Th and 231Pa 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 (?), and the derived scavenging rates

can only be used to qualitatively compare res dence 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

protactinium in seawater independent of their measured concentrations was

made by Brewer et al. (1980) from sediment trap results. Their estimates

of T Th of 22 years (misprinted 27 years in their text) and T Pa of

31 years pertain to removal of the elements from the entire water column

at Site F (Chapter 3). A T Th of 22 years falls within the range of

values determined at Site T, while TTh determined at Site P was

somewhat higher (41 years).

The -, Pa estimated by Rrewer et al. is lower than the values in

Table 4-7, and consequently their TPa Th ratio of 1.4 (1.15 in

their text is a misprint) is less than the values of 2-1 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 TTh (years) TPa (years) TPa / Th

P 41.2+3.2 130+11 3.16+.36

D-A 16.6+1.4 34.2+2.9 2.06+.25

D-B 21.2+1.8 44.0+4.1 2.08+.26

D-C 24.8+1.9 44.0+4.5 1.77+.23

D-D 28.1+2.1 53.1+4.5 1.90+.22

D-E 25.2+1.8 69.6+5.4 2.76+.29
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mechanism by which 230Th and ?31Pa 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 borizontal mixing to other

environments (Chapters 3 and 5). Residence times for thorium 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

onto settling particles is a better approximation for 30Th than for

2 31 Pa.Pa.

The residence time of thorium in most of the deep, open ocean falls

in the range of 15-60 years, and the residence time of protactinium is

1.5-3.0 times longer than that of thorium. Since T Th and T Pa 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

930 911230Th and 9Pa as their residence times in seawater are orders of

magnitude less than their radioactive half-lives. Virtually all of the

230Th and 231Pa produced in seawater is removed to some depositional

sink which must be found to make a mass balance for 230Th and 231Pa

in the oceans.

Speculation About Growth Rates of Nanganese Nodules

Distributions of 210Th and 231Pa in manganese nodules have been

commonly used as a means of determining nodule growth rates, although

there is some controversy about the validity of the method (Krishnaswami

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 protactinium adsorb frorm seawater onto nodules at a constant rate,

and that their specific a.tivities at a nodule surface remain

approximately constant with time. Then the decrease with depth in the

specific activities of 2302 d 231 Pa can be used to determine the

rate at which a nodule has grown. The alternative view is that manganese

nodules grow rapidly, and adsorption of thorium and protactinium occurs

after growth has ceased. Distributions of 230Th and 231Pa with depth

in nodules would then result from diffusion into the interior of the

nodules, or from an artifact of the sampling procedure. However,

Krishanswami and Cochran (1978) have used 210Pb distributions in

230T~ n 231padsrbtosd

manganese nodules to show that the 230Th and 231Pa distributions do

not result from an artifact of the sampling procedure.

The inventories of 230Th or 231Pa in a nodule, I(dpm/cm2 ), are

a function of their rates of adsorption, R(dpm/cm2103yr), and time:

dl/dt -R - 1 (3)

If dR/dt-0, then:

I (RA )(I - e t) (4)

Two examples will be considered:
231

Case 1). Nodules grow, or grew, rapidly. Thorium-230 and 231Pa adsorb

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

230Th and 231Pa (Ku and Broecker, 1969; Krishnaswami and Cochran,

1978). If an arbitrary maximum nodule age of 2 X 10 years is assumed

for the rapid growth model, then Equation (4) written for 230TA and

231Pa can be combined tc yield

1.0 < (U, i/I Pa)/IR,~T ) <a 1.12 (5)
L. -Pa 6. P
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231230h
Since 231Pa is lost from the nodule surface faster than 230Th by

diffusion into the nodule, and from Equation 5

xsh/xsPa > R Th/R (0.9-1.0) TI /I ) - (6)
o Th Pa "h Pa

or

I h/IPa < (l.1)([xsTh/xsPa jo (7)

230 231
where [xsTh/xsPaj is the unsupported Th/ Pa activity ratio

o

extrapolated to the nodule surface. Results from three studies are

presented in Table 4-6 showing that ITh /IPa is considerably more than

a factor of 1.1 larger than [xsTh/xsPa] o . These results are not

consistent with the rapid growth of nodules.
230Tan 231paa

Case 2). Nodules grow slowly. Adsorption of 230Th and 231Pa at

nodule surfaces and their decay within nodules is at a steady state, and

the distributions of 230Th and 231Pa with depth in nodules reflect

the growth rate of the nodules. Then,

R /RPa [xsTh/xsPaj (8)

and combining Equation (4) written for 230Th and 231Pa for very

large t,

ITh /iPa 2.3(P Th/RPa) = 2.3([xsTh/xsPalo) (9)

Several nodules in Table 4-6 have (I h/I Pa)/([xsTh/xsPa]o ) ratios

of about 2.3, consistent with the slow growth rate model. Furthermore,

if the ratio at which 230Th and 231Pa adsorb to MnO2-coated Nitex

is representative of R1 t/RPa' then the 2 3 0 Th/ 2 3 1 Pa ratios in

Table 4-3 are more consistent with [xsTn/xsPa] (Case 2, Equation (8))

than with I/1i/Pa (Case 1, Equation (5)).

Many of the nodules in Table 4-6 have ITh /Ipa less than 2.3 times

[xsTh/xsPa Pa] o . This may indicate that some nodules are not at a steady

state with respect to accumulation and decay of 230Th and 231Pa.
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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 Mn02 adsorbers may be'used to extract

thorium isotopes and protactinium from seawater. Little or no

fractionation occurred during adsorption of thorium and protactinium to

23&h
MnO 2 in a laboratory experiment. Therefore Th may be used as a

yield monitor for Pa as well as Th isotopes to indicate effective volumes

of seawater sampled.

(2) Thorium-?3 0 and 2 3 1Pa collected by passive MnO2 adsorbers

were predominantly dissolved, with very minor contributions by

particulate isotopes.

230 231
(3) Dissolved 30Th/231 Pa activity ratios ranged from 3-6,

compared to ratios of 30-50 measured in suspended particles (Chapter 3).

High 230Th/231Pa 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

in Chapter 3 that 230 Th is more rapidly removed from seawater than

Pa by scavenging onto settling particles.
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230 31
(5) The ratio at which 3Th and 2Pa are adsorbed to

MnO2-Nitex adsorbers is more consistent with slow growth rates of

manganese nodules than rapid growth rates.



CHAPTIER 5.

PROCESSES REMOVI1G TIUM ANID PR 'CACTINIUM FROM SEAWATER:

.OCEAN-MARGIN E NVIRONMENTS

INTRODUCTION

Particulate material in the open ocean preferentially scavenges Th

relative to Pa (Chapter 3). Particulate 230Th/ 231Pa 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 dissolved

230 1/ 231Pa activity ratios of 3-6 and the ratio of 10.8 that would

be expected from the isotopic composition of uranium in seawater if Th

and Pa were scavenged from seawater without fractionation. Fluxes of

particulate 230T and 231Pa into sediment traps at Sites S2, E and

P were less than their rates of production in the overlying water

column. Low fluxes may have resulted in part from undertrapping the true

flux of particles. However, the 2 3 0Th/2 3 1' Pa activity ratios of 30-35

could only occur if there is a mechanism locally removing Pa from

seawater other than scavenging by settlLng particles. Radioactive decay

is not a significant sink for dissolved 230Th or231Pa (Chapter 4).

Manganese nodules have long been acknowledged as a preferential sink for

231Pa relative to 230Th. However, it is doubtful that there are

sufficient quantities of manganese nodules in the ocean to balance the

deficiency of 231Pa relative to 30Th observed in most deep-sea

sediments (Ku and Broecker, 1969). Some other Pa sink is required to

balance production of Pa in seawater.

Bacon et al. (1976) concluded that removal of 210 Pb from the deep

ocean, like 231Pa, does not occur entirely by scavenging onto settling

particles. They found that 210Pb/226Ra 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 210Pb produced in the

open ocean. Since ocean margins act as sinks for 210Pb produced in the

open ocean, it seemed reasonable to investigate ocean margins as

230 "31
potential sinks for 20Th and 231Pa produced in the open ocean, and

more specificallv, as preferential sinks for 231Pa relative to

230Tb.

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 MnO2, an efficient

adsorber of many reactive elements, at the sediment surface -s one means

of making margin environments an efficient sink for reactive elements in

seawater that comes into contact with the sediments. Concentrations and

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

ocean. Resuspension of sediments by intense bottom currents could result

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. Finally, upwelling along certain margins causes extremely

high biological productivity with its ensuing high flux of biogenic

particulate debris. Therefore, several 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

sink for 230Th and 231Pa 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 simultaneously 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 Guatemala Basin (Figure 5-1). Second, sediment traps were

deployed in August, 1979, on Teg 17 of R/V KNORR, 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 sediment

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 STIE Site (J. Bishop, personal communication).

STIE moorings were 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 PARFIUX 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).
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Battery-powered pumps used to filter seawater in situ were the same

systems as were used during R/V OrEANTUS, Cruise 78, Leg 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 KN 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 OC 78-1 (subsequent to KN73-16) that Nuclepore

filters did not clog any faster without prefilters than with them, so the

practice of prefiltering has been discontinued.

Sheets of MnO2-Nitex identical to those described in Chapter 4 were

packed into cartridges in the pumping systems between the filters and the

pumps. The plumbing sequence of the filtering systems used on KN 73-16

was: prefilter - Nuclepore filter - MnO2, cartridge - battery powered

pump - flow meter - exit. Effective volumes of seawater from which Th

and Pa isotopes were scavenged onto MnO2 were calculated from the

amounts of 2 31Th adsorbed (Chapter 4).

Analytical procedures for the analysis of radioisotopes in sediment

trap material, Nuclepore filters and MnO9 -Nitex adsorbers are described

in Chapter 2.

RFSUT TS

Fluxes of material recovered in STIE sediment traps are presented in

Table 5-I along with other basic information on the deployment. Results

of radiochemical analyses of the trapped material are presented in

Table 5-2. Errors given in Table 5-2 are ± lo 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 STIE Sediment Trapsa.

Mooring Depth Flux (< 1-mm Size Fraction)b Percent of Total Fluxc

(m) mg/m 2"day g/cm 2 1000 yr

C 667 96.5 3.52 84.4

C 1268 104.6 3.82 95.8

D 2265-RT 3d 116.9 4.27 97.7

D 2265-RT 4d 156.0 5.69 95.4

D 2265-RT 5d 219.5 8.01 98.3

A 2869 152.6 5.57 95.6

A 3769 175.3 6.40 97.1

B 3791 177.7 6.49 96.3

aSTIE deployment: 5*21'N, 81*53'W; 112-day deployment,

August-November, 1979.

bAll radioisotope analyses were performed on the less than 1-mm size

fraction of the trapped material.

CPercent of total flux is the flux of < 1-mm particles, given
here, divided by the total flux, including the > 1-mm particles.

dRT indicates Rotating Trap; 3,4, and 5 represent sequential
four-week sampling periods.



TABLE 5-2

Radioisotope Content of Sediment Trap Material:

dpm/g

238U

STIE Site.

233paPa
239+240 234 23 230 231

Pu t U it Pa
Act 4vity Ra.3 io

0.0879+.0070

0.103+.010

0.191+.0! 3

0,276 .017

0.265+.017

0.189+.014

0.163+.016

0.166+.014

0.451+.018

0.955+.031

2.295+.057

3.058+.075

3.4584.084

2.091+.056

1.598 .045

1.901+.054

2.028".056

2.671+.072

4.68+.11

6.28+.14

7.16+.16

3.73+.10

2.978 -.082

3.66+.10

0.788+.047

Lost

0.878+.037

0.889+.031

0.9134-.037

0.716+.039

0.815+.035

0.861+.034

0.0642+.0034

0.1777+.0081

0.2811 +.O08Q9

0.544+.041

0.802+.023

0.285+.012

0.1916+.O084

Lost

A A

Depth
(m)

ooring
2 3 0 Th

667

1268

2869

3769

3791

2265-RT

2265-RT

2265-RT

C
c

A

A

B

5 D

4 0

3 D

0.421+.026

Los

0.420,-.024

0.287+. 017

0.318+.025

0.461+.030

0.505+.029

0.543+.030

1.34+.10

Lost

1 .26+.063

1.256+.051

1.268-.061

1.364+.067

1.21 3.066

1.443+.070

7.02+.47

937+ .O

8.16 .R

5.62 -. 24

4.33+.16

7.34+.37

8.34+.43

-- --

----"----rc~---

----------- --

040 0

232 Th



TABLE 5-3

KN 73-16 Tn Situ F;ltration SnmplPqs:
Sample Sizes.

Station Locations and

Station Location Water Sampl e Volume Weight of Particles
Depth Depth Fil tered rollected

(m) (m) (li ters) (mg)

1110 050 06'N, 81*32'W 3 4 4 0 -4 29 0 a 1500 3005 65.5

22750 210qo 34.5

3000 1413 26.8

1114 11 009.4'N, 87035.2'W 5369 2000 3530 70.4

3000 1Q45 38.0

4700 1732 33.2

1117 09-35.7'N, 89-08.1'W 3470 1500 2487 30.0
2250 1909 18.3

2900 3347 41.7

1120 07004.1'N, 91 041.4'W 3620 1000 3195 21.7

1500 2591 24.5

2250 2112 17.3

3100 4265 35.5

1122 040 08.3'N, 94022.1'W 3100-3500 1100 2877 22.9
1600 3888 31.0

2100 1928 27.1

2600 1755 27.8

aDepth changed because of ship drift during sampling.
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filtered, and amounts of particulate mnaterial collected. Effective

volumes of seawater sampled by scavenging dissolved Th and Pa onto the

MnO2-Nitex adsorbers are given in Table 5-4. Scavenging efficiencies

in Table 5-4 are the ratios of the effective volumes sampled to the total

volumes of seawater pumped through the MnO2-Nitex cartridges.2

In some cases two Nitex adsorbers were placed in tandem. Scavenging

efficiencies of the Nitex were low (5-15%) and were nearly the same for

front and back adsorbers where two were used. MnO2-coated Nitex was

originally designed for use as a passive adsorber (Chapter 4), and was

not intended to scavenge elements efficiently from seawater when placed

in line behind filters( ). The method was chosen because of its ready

availability. Concentrations of 230Th determined on front and back

adsorbers for samples 1110 - 1500 m and 1122 - 2600 m are in good

228
agreement (Table 5-5). Agreement is also good for 228Th in the 1122 -

2600 m sample. The discrepancy betweea the 228Th concentration

determined on the front and back adsorber in sample 1110 - 1500 m cannot

as yet be explained.

Radioisotopes were measured in the less than 1-mm size fraction of

samples from all sediment trap sites. The greater than 1-mm size

fraction constituted less 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 drawai from the results.

(1)A much more efficient system, in which seawater is pumped through a

cartridge filled with MnO 2 -coated fibers, has been developed by Reid

et al. (1979).
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TABLE 5-4

Effective Volumes of Seawater Sarmpled by M.OO,-Nitex Adsorbers.

Station Depth Volume Volumea Scavenging
(m) Filtered Sampled Efficiency

(liters) (liters) (percent)

1110 1500 (front) 3005 212+19 7.1
1500 (back) 3005 311+22 10.4
2250 2190 178+24 8.1
3000 1413 151713 10.7

1114 2000 3530 563-49 15.Q
3000 1965 203+17 10.4
4700 1732 24z+1Q 14.1

1117 1500 2487 170+15 6.8
2250 1q09 444+37 23.3
2900 3347 492+37 14.7

1120 1000 3195 170+15 6.8
1500 2591 139+11 5.4
2250 2112 193+15 9.1
3100 4265 248+25 5.8

1122 1100 2877 444+27 15.4
1600 3888 393+20 10.1
2100 1928 362+23 18.8
2600 (front) 1755 311+28 17.7
2600 (back) 1755 202+14 11.5

aVolume sampled was calculated as (234Th dpm)/(2.5 - P),

where P was the concentration of particulate 234 Th.



-179-

TABLE 5-5

KN 73-16: Dissolv.ed Ridioisotopes.

Sample 232 230 228 231 230 231
Station/Depth Th Th Th Pa Th/ Pa

(dpm/106 liters) Activity Ratio

1110-1500 (front) -3+11 133+25 3L8+57 Lost

1110-1500 (back) -8+8 151+21 505+55 42.8+6.0 3.54+.60

1110-2250 89+21 420+67 865+135 51+11 8.2+1.6
1110-3000 54+21 181+31 1130+120 47+10 3.85+.59

1114-2000 9.6+4.3 223+25 247+32 41.6+6.3 5.35-.76

1114-3000 15+12 306+39 412+64 40.4+8.1 7.6-+1.6

1114-4700 1890+160 615+57 1630+140 37.7+6.0 16.3+2.3

1117-1500 49+21 442+68 235+62 ND --
1117-2230 47+12 439+45 435+97 ND --

1117-2900 12+8 337-33 508+50 35.6+5.0 9.5+1.3

1120-1000 29+1.6 262+41 587+82 ND --
1120-1500 84+22 477+64 395+111 49+11 9.7+2.3

1120-2250 19+13 545+59 104+44 40.4+8.9 13.5+2.9

1120-3100 38+12 285+38 141+42 40.7+7.6 7.0+1.3

1122-1100 7+6 300+27 180+51 93+10 3.22+.36

1122-1600 13+6 328+27 100+24 75.6+8.5 4.34+.52

1122-2100 7+7 365+33 182+32 104+12 3.49+.39
1122-2600 (front) 9+9 297+35 370+49 56+10 5.3+1.0

1122-2600 (back) 7+12 268+37 345+59 ND --

ND = Not Determined.



Concentrations of particulate radioisotopes in KN 73-16 samples are

presented in two ways. Specific activities in dpm/g of particles are

presented in Table 9-6 for comparison with STIF samples. eoncentrations

in dpm110 6 1 are presented in Table 5-7 for comparison with

concentrations of dissolved isotopes measured on the MnO 2 adsorbers

(Table 5-5).

Total 230Th/ 31Pa activity ratios in STIE samples are listed in

Table 5-?. Detrital, ,iranium-supported 230Th and 231Pa were

calculated for STIE samples assuming that all of the ?32Th is detrital

and that the detrital !8 U/232Th activity ratio is 0.8±0.4. 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

detrital U/Th ratio as was done at Sites E and P. Unsupported 2 0Th

231
and 231Pa values calculated with the above detrital uranium correction

are presented in Table 9-8. Activity ratios are decreased only a little

from those in Table -?.

932
Particulate 2 32 Th concentrations were too low to he accurately

measured in many of the samples of filtered particles. Therefore,

230Th and 231 Pa activities in these samples were not corrected for

detrital, uranium-supported contributions. 1owever, the corrections

would be small, and would not have a significant effect on the Tb/Pa

ratios.

DTSCITSSTON

Scavenging of Thorium and Protactinium in the Panama Basin

"30 311
Specific activities of ?0Th and - Pa in trapped particles both

increased with depth at the STTE Site (Figures 5-2 and 5-3), similar to

patterns observed nt other sediment trap sites (rChapter 3). The linear
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TABLE 5-6

KN 73-16 Particulate Radioisorope Concentrations

Sample
Station/Depth

230T 228ThTh Th
2 3 1Pa 238 230 231P

U _Th/ Pa

(dpm/g)

1110-1500
1110-2250
1110-3000

1114-2000
1114-3000
1114-4700

1117-1500
1117-2250
1117-2900

0.133+.056
0.043+.055
0.257+.082

0.206+.031
0.107+.045
36.9+1.8

-. 007+.067
0.08+.10

0.122:.043

1120-1000 0.05+.14
1120-1500 0.08+.09
1120-2250 0.06+.12
1120-3100 0.14+.11

1122-1100 0.017+.061
1122-1600 0.087+.071
1122-2100 0.074+.081
1122-2600 0.050+.061

3.01+.23
2.99+.21
3.44+.29

3.20+.16
2.69+.20

12.23+.66

2.72+.26
5.85+.4
6.40+.36

3.00+.29
5.3q+.36
9.13+.53
8.87+.59

&.19+.31
8.42+.48
7.12+.52
6.377.43

4.63+.37
5.25+.38

12.05+.71

2.36-.14
2.92+.23
26.4+1 .3

1.99+.26
2.72+.38
5.78+.41

3.0L+.46
3.34+.34
2.50+.40
7.07+.82

4.39+.39
3.50+.35
2.94+.39
3.60+.39

0.377+.061
0.296+.05L
1.17+.11

0.428+.043
0.403+.062
1.57+.11

0.353+.062
0.464+.087
0.935+.074

0.166+.060
0.322+.069
0.54+.11

1.363+.082

0.205+.087
0.452+.061
0.657+.002
0.647+.086

Activity Ratio

1.08+.20
0.55+.17
0.78+.22

Lost
0.63+.19
0.88+.20

0.73+.21
0.89+.32
0.91+.26

0.59+.2s
0.77+.10
0.91+.35
0. 94+.21

1.02+.43
0. q1+. .22
0.90+.25
0.50+.22

8.0+1. L
10.1+2.0

2.95+.38

7.47+.83
6.7+1.1

7.78+.69

7.7+1.A
12.6+2.6
6.89+.67

18.1+6.3
16.7+3.8
17.0+3.6
6.51+.S8

20.4+8.8
18.6+2.7
10.8+1.7

0.8+1.5

- tpml.



-182-

TABLE 5-7

KN 73-16 Particulate Radioisotope Concentrations - dpm/106 1.

Sample 232Th 230Th  228 231 a  238U 234Th
Station/Depth Th Th Pa

(dpm/ 106 liters) (dpm/1)

1110-1500 2.9+1.2 65.6+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 /.65+.85 8.7+2.7 0.100+,006
1110-3000 4.9+1.6 65.3+5.6 229+13 22.2+2.2 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+3.7 6.38-.98 9.9+3.1 0.0643+.0072
1114-4700 707+34 234+13 507+25 30.1+2.1 16.9+3.9 0.153+.013

1117-1500 -.08+.80 32.8+3.1 24.0+3.1 4.26+.75 8.8+2.5 0.0523+.0058
1117-2250 0.73+.94 56.1+4.3 26.0+3.6 4.45+.84 8.5+3.1 0.0432+.0092
1117-2900 1.52+.54 79.8+4.5 72.0+5.1 Ii.7+.92 11.4-03.3 0.1113+.0095

1120-1000 0.3+.9 20.4+2.0 20.7+i-3.1 1.13+.41 4.0+1.7 0.0486+.0030
1120-1500 0.8+.9 50.9+3.4 31.6+3.2 3.05+.66 7.3+2.4 0.G663+.0068
1120-2250 0.5+1.0 74.8+4.4 20.3+3.3 4.40+.90 7.4+2.8 0.0413+.0058
1120-3100 1.2+1.0 73.9+4.9 58.9+6.8 11.35+.68 7.8+1.8 0.104+.018

1122-1100 0.14+.48 33.4+2.4 34.7+3.1 1.63+.70 8.1+3.4 0.049+.005
1122-1600 0.69+.57 67.1+3.9 27.9+2.8 3.60+.49 7.3+1.7 0.057+.007
1122-2100 1.0+1.1 100+7 41.3+5.5 9.2+1.3 12.7+3.5 0.117+.011
1122-2600 0.08+.10 101+7 57.0+6.2 10.3+1.4 7.7+3.4 0.122+.015
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Unsupported 2 3 0 Th and 2 3 1 Pa

kBLE 5-8

in S"TE SeAiment Trap Samples.

Depth 230 h 231 230  231
(m) xs Th xs Pa x2 Thxs 2Pa

(dpm/g) (Activity Ratio)

667 0.381+.039 0.0610,.0038 6.25+.75

1268 0.873+.051 0.1739+.0083 .02+.38

2869 2.142+.096 0.2741+.0096 7.81+.44

3769 2.84+.13 O.534+.020 5.31+.32

3791 3.25+ 14 0.792+.024 4.10+.21

2265-RT-5 1.940+.094 0.278+.012 6.98+.45

2265-RT-4 1.468+.079 0.186+.009 7.91+.57

2265-RT-3 1.768+.086 Lost --

Unsupported activities were calculated assuming that the uranium series were

in radioactive equilibrium in detrital phases and that the detrital
2 3 8U/ 2 3 2 Th activity ratio was 0.8+0.6.
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Figure 5-2. Thorium-230
at the STIE

content of sediment-trap samples collected
Site.
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Figure 5-3. Protactinirum-231 content: of sediment-trap samples
collected at the STIE Site.
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Figure 5-4. Unsupported 230 /231r/ a activity ratio in sediment-trap

samples from the STIE Site. The dashed line indicates the

ratio at which 2 30Th and 231Pa are produced by uranium decay.
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increase with depth in the specific activities of 230Th and 231Pa is

230 731
consistent with continuous scavenging of dissolved 230Th and 31 Pa by

settling particles. The major contrast in radiochemical results between

STIE samples and those froT, Sites S.,, F, and- P is found in the

230Th/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 231Pa ratios (Chapter 4; Table 5-5). At the open ocean

PARFLUX sites, 2 3 0 Th! 31 Pa ratios increase with depth in trapped

material, while at the STTE site the deepest sample had the lowest ratio,

although there was no real trend with depth.

Particle fluxes at the STTE Site are ?-L, times greater than at Site E

and an order of magnitude greater than at Site P (Table 3-1 and 5-I).

Particulate 230Th fluxes at the STTE Site were roughly three times

greater than at corresponding depths at Sites S2, E, and P, while the

fluxes of particulate 2Pa were about an order of magnitude higher

than at the other sites (Table 5-9; Vigures 3-7 and 3-8).

Ratios of the fluxes of particulate 230Th and 231Pa 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 sea 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

sediment traps may have increased with depth, and 4) loss of material due

to zooplankton grazing in the traps may have decreased with depth. None

of these processes can ke proven as solely responsible for the increase

in the flux to production ratios.
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TABLE 5-9

Fluxes of Unsupported 230Th and 231pa into STIE Sediment Trapsa.

Depth Flux: dpm/cm 2 103 Ratio: Flux/Productionb

(m)

xs 230Th xs231 Pa xs 23 0Th xs231Pa

667 1.34+.14 0.215+.013 0.773 1.34

1268 3.33+.19 0.664+.032 1.01 2.18

2869 11.93+.52 1.5274.053 1.60 2.14

3769 18.15+.86 3.42+.13 1.85 3.78

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 1.42 1.94

2265-RT-3 7.54+.37 Lost 1.28 --

aMeasurements were made on the less than 1-mm size fraction of trapped

particles. See Table 1.

blntegrated production by decay of uranium in the overlying water column.
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UNSUPPORTED 2 30Th (dpm/cm2 103 y)
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Figure 5-5. Flux of unsupported 230Th 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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UNSUPPORTED 23 1Po (dpm/cm 2 103 y)
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231
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.



-191-

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 4ncreased 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 concentration in trapped material in the deepest

sample was 75% of the concentration in the shallowest sample

(Table 5-2). Plutonium has a source near the sea surface, and does not

exist in sediments greater than about 10 years old. The organic matter

content of trapped material also rema'ned bigh in the deepest §amples (S.

Honjo, personal communication), more like the shallower trap samples than

typical surface sediments.

As it is reasonably certain that the sediment t-aps at the STTE Site

collected particles winnowed from local topographic highs, it is

impossible to determine from sediment-trap results the extent to which

230 931
the Panama Basin is acting as a sink for 230T h and 231Pa introduced

by horizontal mixing from the open ocean. However, concentrations of

230 "11
dissolved Th and Pa are lower at the STTE Site than at Site P

(see discussion below), so mixing should result in a net transfer of

?30 231
dissolved 30Th and 2Pa from the open ocean to the Panama Basin.

The low 230Th1231 Pa ratios in the STTE samples indicates that a
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greater proportion of the 231Pa than the 230 Th in the trapped

particles had a source by mixing from the open ocean, consistent with the

231 20
conclusions of rhapter 3 that more Pa than Th is removed from

the open ocean hv horizontal mixing.

Particles filtered at the STIE Site (Station 1110, Figure 5-1) had

230 2310Th/ 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

9' 0 231230Th and 231Pa are scavenged at the STTE Site. The same conclusion

was reached from Site E samples (Chapter 3).

A 230Th/ ?11Pa ratio of 3.0_.4 was measured in particles

filtered at 3000 m at Station 1110 (Table 5-6). The deepest trap sample

also had the lowest unsupported 230Th 31Pla 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 MnO (Chapter

4). Redox processes in the sediments in the area of the STTE Site may

cause the precipitation of MnO 2 at the sediment surface (lynn and

Bonatti, 1965; Bonatti et al., 1971). Higher manganese contents were

found in some of the STTE samples than in any of the samples from Sites

S2, E, and P, presumably as MnO 2 . Manganese and aluminum contents of
2'*

sediment-trap samples are given in Table 5-10. Excess Mn (xsMn) is

calculated as

xs Mn = MnT - (Mn/Al) L X Al (1)

where MnT and Al are the total Mn and Al contents in the samples and

(Mn/Al) L is the lithogenous, or detrital, Mn/A1 ratio, which
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TABLE 5-10

Calculated MnO 2 in Sediment Trap Samples.

Sample Depth
(m)

Ala

(ppm)

Mna Mn/Al

(Weighc Ratio)

MnO2b

(ppm)

xs 2 3 0 Th/xs 2 3 1Pa

(Activity Ratio)

STIE

667
1268
2265-RT 4
2265-RT 5
2869
3769
3791

11800
14500
17600
24400
27200
37000
38700

191
186
253
370

1610
9880
9240

0.016
0.013
0.014
0.015
0.059
0.267
0.239

211
182
264
397

2358
15512
14-474

6.25+.75
5.02+.38
7.91+.57
6.98+.45
7.81+.44
5.31+.32
4.10+.21

Site S2

3694 21800 780 0.036 1.073 27+2

Site E

389
988

3755
5086

7600
13100
28900
36400

56
78

330
460

0.0073
0.0060
0.0114
0.0126

29
20

297
445

12+2
12.4+1.1
21.7+1.2
29.6+1.8

Site P

978
2778
4280
5582

1400
2900
2900
9400

63
69
53

404

0.045
0.024
0.018
0.043

90
87
62

571

18.3+1.7
30.0+1.0
34.9+1.7
30.3+1.6

aAl and Mn results from
(in preparation).

Brewer et al. (1.980) and Brewer et al.

bMnO 2 is calculated as 1.5 (xsMn), where xsMn is

from Equation ( 1 ).
calculated

- r ^l ---~--s--. C3-- -- -----*--IC----- ~----- -U- L_ _~ ~___,~,~_,~,~__IC -------* --- ---- ----

~-'~-----~ - ~----'--~'~ ------e

1----~1~1-~--~-- -'-1-"1- - - --
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unfortunately is not well defined. 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

(Krishnaswami and Sarin, 1976). A value of (Mn/AI) L of 0.005 was

assumed considering the above information, and to avoid zero or negative

values of xsMn. Values of MnO 2 , calculated as 1.6(xs Mn), are

presented in Table 5-10.

A negative correlation between unsupported 230Th/ 231Pa ratios and

MnO 2 would be expected if MnO 2 accounts for a significant proportion

?10 931
of the total scavenged Th and 1Pa. There is a negative

correlation for the data in Table 5-10, however the correlation

coefficient is only -0.A4, 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 MnO9 content of trapped particles on the

2 3 0 Th! 2 3 1 Pa ratios can be shown by another calculation using two STIE

230
samples as examples. Tt is assumed fo- the calculation that 230Th and

231Pa are adsorbed to MnO2 to the same extent as to the surfaces of

manganese rodules, which have 2 30 Th contents as high as 1000 dpm/g and

20bTh/ Pa activity ratios as low as 3 (Ku and Broecker, 1960;

Krishnaswami and Cochran, lq78). Then the 7265-m RT5 sample, with 397

"30 231
ppm Mn0O should have 0.107 dpm Th and 0.13 dpm Pa per gram

of sample associated with the MnO 2 . The 3 0 Th and 2 31 Pa associated
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with the remainder of tb sample (2 3 0 Th = ?.091 - 0.397 = 1.6o/ dpm/g;

2 3 1 Pa = 0.28S - 0.132 = 0.151 dpm/g) are present at an activity ratio

of 10.4.

The same conditions for adsorption of 230Th and 231Pa to MnO 2

can he applied to the 3769-m sample, which had 15500 ppm MnO 2 . This

sample would then contain 15.5 dpm 230 Th and 5.2 dpm 231Pa per gram

associated exclusively with the MnO2, much more than the total 230Th

and 231 Pa contents of 1.06 and 0.54 dpm/g respectively. Thus the

and 931
quantities of 30Th and 231Pa estimated above to be associated with

the MnO 2 in the 2??65-m RT5 sample were much too large. STTIF samples

above '100 m all had MnO contents and 2 3 0 Th/ 2 Pa ratios similar

to the 2265-m RT5 sample. Therefore, particles other than MnO 2 are
230Tan 2MI 23 °' I

adsorbing 210Th and 21Pa at low 20Th11 Pa ratios in the Panama

230Th231p aiswl

Basin. The effect of particle composition on 230Th/231Pa ratos will

be discussed further in Chapter 6.

Scavenging of Thorium and Protactinium in the Guatemala Basin

Profiles of particulate 230Th and 231Pa concentrations along the

transect into the Guatemala Basin are shown in Figure 5-7a and b.

Particulate 230Th concentrations increased with depth (Figure 5-8), in

a pattern similar to that found by Krishnaswami et al. (1976) farther to

the west in the Pacific. Krishnaswami et al. used a one-dimensional,

steady-state scavenging model to derive an average particle settling rate

of 300-000 m/v from the increase with depth in their measured particulate

230Th concentration. Tt is assumed in their model that ?0Th is

removed from the water column exclusively by irreversible scavenging to

settling particles. Thbus their model predicts a linear increase with

depth in the particulate 20Th concentration. Mid-depth minima in
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Figure '-8. Concentration of partiuclate 2 3 0 Thl/9 3 1 Pa at the KN 73-16

stations. The trend of the data, although strongly

influenced hy 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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"30hparticulate 30Th 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 STIF Site (S. Honjo, personal communication).

If a similar variabil.ity in current direction with depth is a common

feature in the ocean, then horizontal mixing may affect the distributions

030 "30
of dissolved 23 0 Th, and )Th associated with the fine fraction of

particles collected hv filtration, to different extents at different

depths, resulting in the observed mid-depth minima in the concentration

of particlate 230Th.

The settling rate calculated by Krishnaswami et a!. (1976) is much

less than the apparent settling rates of particles collected with

sediment traps (Chapter 1; Brewer et a]., 1980: Deuser and Ross, 1980).

Particles samples by in situ filtration tend to be smaller than particles

collected with sediment traps. Particles greater than 62 u were

excluded by prefiltration from the KN 73-16 samples, and generally

constitute a small portion of the total particulate material sampled by

filtration. Tn contrast, the 62 pm-1 mm size fraction constituted

25-55% of the trapped particles collected at Sites S2, E, and P (Honjo,

1080). Some disaggregation of large particles collected by sediment

traps occirred prior to their cize determination (Honjo, 1980), so

particles greater than 42 p constituted Pn even greater proportion of

the trapped material than the amount determined by sieving. Therefore

the greater settling rates inferred for the trapped particles compared

with the filtered particles are consistent with the known differences in

their size distributions.
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230 .231
Particulate Th/ Pa activity "ratios rre shown in Figure 5-9.

Two trends are immnediatel, obviCus: 1) the ratio increases into the open

ocean and 2) the ratio decreases with depth, particularly at Stations

1120 end 1122. The first trend is predicted from the conclusions of

Chapter 3. Thorium is preferentially scavenged by settling particles in

the open ocean. Open ocean conditions are approached at stations 1120

230- 23and 1122 and the 230Th/231Pa 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,

where 230Tn/231Pa ratios increased with depth. The dissolved

230 231.230Th/231 Pa ratio does vot 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 Tb (Chapter 6).

A mraid-depth maximum was found for the concentration of dissolved

230 1 ~~~230 hburnmdea
2 3 0 Th (Figure 5-10). Since production of 230Th by uranium decay

occurs at a constant rate throughout the section, the rate of removal

must be lowest at mid-depth. This is not unexpected, as very rapid

removal rates have been found for Tb isotopes in surface waters,

presumably as a result of biological activity and higher concentrations

of particulate matter (Bhat et al., 1969; Broecker et al., 1973;

Matsumoto, 1975; Knauss et al, 1978). Scavenging rates may increase near

the sea floor, either because of increased concentrations and fluxes of

particle caused by resuspension of bottom sediments, or because of direct

contact of the water with the sea floor. A near-bottom decrease in the

2 3 0 Th concentration was not observed at an open-ocean site (300 32'N,

170 0 39'E) studied by Nozaki (in preparation). Bacon et al. (1976)
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suggested that 2 1 0 Pb may be scavenged at the sediment-seawater

interface in ocean margin environments by iron and manganese oxides

precipitating in surface sediments. Manganese oxides are precipitating

at or near the sediment-seawater interface in the area of the transect

(Lynn and Ronatti, l965: 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 by Nozaki (in preparation). Scavenging to

manganese dioxide would also partially explain the lower particulate

T30 /I]Pa ratios near the sea floor (Chapter 6), although as

discussed in regard to the STTE 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

concentrations of 230 Th would be found near the continental margin and

that concentrations would increase with distance into the open ocean.

There is a tendency for the 2 30 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 enA of

the transect as dissolved protactinium concentrations were highest at

Station 112? (Table 5-q) and were nearly constant at the other stations

at values about half the concentration measured at Station ll??. Tf the

data reflect a real sink for Th and not for Pa, then this may result from

a change in the concentration and composition of suspended particles

(Chapter 6). 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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2 30r 123
at Site P were predominantly biogenic, and had high 230Th/23 Pa

ratios. The influence of the particles responsible for the low

Th/ 231Pa ratios near the continental margin decreases into the

open ocean, as evidenced by the increasing particulate 30Th/ 231Pa

ratios. The decreasing influence of these particles may offset the

increased scavenging of 3 Pa by the bigher flux of biogenic

particles. The combined effect of the increasing flux of biogenic

particles and the decreasing influence of margin-related particles could

result in a lower concentration of dissolved 230Tb, without a

corresponding decrease in the concentration of dissolved 231Pa, at the

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 Tb and Pa during adsorption from

seawater.

Dissolved 2 3 0 Th/ 2 3 1 Pa ratios are presented in Table 5-5. Ratios

measured at Station 1122 are typical of open ocean values observed at

Sites P and D (rhapter A. Ratios tend to be higher at other stations,

although no consistent pattern emerges. Sample 1114 - 4700 m, with an

anomalously hgh ratio, will he discussed later. Within the counting

errors, the other samples all have ratios less than or equal to the

seawater production ratio of 10.8. Near-margin dissolved 230Th/"31Pa

ratios greater than or equal to ratios in the open ocean prove that the

low particlate 230Th/ 31Pa ratios do not simply result from greatly

increased scavenging rates compared to the open ocean. Particulate

2302?31 . 230 231230Th/31 Pa ratios would equal the ratio at which 20Th and 231Pa

are supplied if scavenging rates were rapid enough to completely remove
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all of the dissolved 2 3 0Th and 231Pa supplied to the area.

Thorium-230 and P31Pa are supplied at a ratio of 3-6 by horizontal

transport from the open ocean and a ratio of 10.8 by uranium decay.

Particulate 210 Th/ ?Pa rptios are about a factor of ten greater

than dissolved 23 0 Th/ 3 I Pa ratios in the open ocean (Chapters I and

4A. If similar fractionation of Th and Pa during adsorption occurred in

margin environments, then dissolved 210Th/! Pa ratios less than one

would be found. The results in Table 5-5 clearly show this not to be the

case. Even if there is a small, systematic fractionation of Tb and Pa

230Th931araistth
during adsorption to Mn0,, the dissolved 230Th/ 31Pa ratios at the

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.

Therefore, the low particulate 30Th231 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

dAd/dt = A d - (X + ,) Ad = 0 (12

where: Ad is the activity of dissolved reactive daughter isotope

X is the radioactive decay constant of the daughter isotope

AdP is the activity of the dissolved parent isotope

Sis the rate constant for removal by scavenging

Then 4, is calculated from measured values of Ad and Ad P, and

scavenging residence times, T d, are calculated as 1/4,.
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This can be shown to be in error. Approximately 4% of the total

234Th concentration in the deeper samples in the Guatemala Basin is

particulate (Figures 5-11). Using Equation (2) with a 238U

concentration of 2.5 dpm/l and a dissolved 234Th concentration of 2.4

dpm/l, a residence time for dissolved 2341h of 2.3 years is

calculated. If this uptake is irreversible, and if i is the same for

all Th isotopes, then dissolved 230Th should be present at 60

dpm/106-1 in samples with 0.1 dpra/l particulate 234Th. The average

dissolved 230Th concentration in samples with approximately 0.1 dpm/l
ofpriuae234T pmI6-

of articulate 234Th was 370 dpm/10 -i, clearly much greater than

predicted by the irreversible uptake model. Therefore, there must be

some mechanism by which 230Tb is returned to solution, either by

desorption from particles or by redissolution upon remineralization of

labile carzier phases (Chapter 3). Recent work of Bacon (personal

cormaunication) indicates that the Th isotopes were in an

adsorption-desorption equilibrium in the samples taken in the Panama and

(4eeamla Basius. Therefore, desorption and regeneration (Chapter 3) may

both operate co return scavenged thorium to solution.

asidence Times of Thorium and Protactinium

230 228 234 231
Reactive isotopes such as Th, 228Th, Tbh, Pa,

210 '40210Pb, and 20 Po are predominantly in the dissolved state in the deep

open ocean in spite of their short residence times (this work; Bacon et

al., 1976; Somayajulu and Craig, 1976). This is true even in areas near

contineLal margins where scavenging rates are higher than in open-ocean

230, 231
environmen!ts. Particulate 230Th and 231Pa constitute less than a

quarter of their total concentratLons in the Guatemala Basin (Figure

5-12a ald b). Therefore, particle conicentrations greater than those
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measured at these stations (10-20-gI1; Figure 6-1) are required before

"30 231
the rates of removal of . Th a-,d P23Pa will be limited by the

settling rate of particles rather than their rates of adsorption to

particles.

It is of interest to compare the concentrations of dissolved 230Th

231
and 231Pa, and their corresponding residence times, measured 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

concentrations of 230Th and 231Pa and their known production rates by

uranium decay

Ird -Ad/Q(AU (3)

where: rd is the residence time of Th or Pa, Ad is the dissolved
acivtyof230Th 231

activity of 230Th or 231Pa, X is the radioactive decay constant of
2301 or 231i~ 235 U

230Th or 231Pa, and AU is the activity of 234U or 235U.

Residence times calculated in this way from data obtained in the Panama

and Guatemala Basins are presented in Table 5-11 along with a summary of

the results from Sites D and P. Residence times of 230Th and 231Pa

are both lower in the Panama and Guatemala Basins than at Sites D and P,

although the maximum residence times found in the Guatemala Basin are

within the lower part of the range of values observed at Site D. More

rapid rates of removal of 230Th and 231Pa in the Panama and Guatemala

Basins than in the open ocean would be expected from the reasons

discussed at the beginning of this chapter.

If production by uranium decay is the only source of dissolved

230Th and 231Pa, then Equation (3) gives an accurate representation

of their residence times. Ir scavenging is the only process removing

dissolved Th and Pa from seawater, thb' the residence times from
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TABLE 5-11

Residence Times of Dissolved 2 3 0 Th and 2 31Paa

Sample 230 231
Station/Depth Th Pa

(Years)

1110-1500 (front) 5.t --

1110-1500 (back) 5.7 18
1110-2250 16 21
1110-3000 6.9 19

1114-2000 8.5 17
1114-3000 12 17
1114-4700 23 16

1117-1500 17 --

1117-2250 18 --

1117-2900 13 15

1120-1000 10 --

1120-1500 18 20
1120-2250 21 16
1120-3100 11 17

1122-1100 11 38
1122-1600 13 31
1122-2100 14 43
1122-2600 (front) 11 23
1122-2600 (back) 10 --

Site P, 3 2 0 0b 41 130
Site D, 3 2 0 0b 23 (16-28) 49 (34-69)

aResidence times were calculated from Equation 3 in the text and are

directly proportional to the dissolved concentrations in Table 5-5.

bResults from Site P and average and range of results from Site D are

given for comparison. From Chapter 4.

- -- - ~~------'-- ----YI~-ll--~ --. ^---



-213-

Equation (3) are appropriiate[y designated scavenging residence times.

However, Equation (3) neglects the effects of horizontal mixing. If

scavenging and horizontal transport are the only processes that remove

230 231
dissolved 230Th and 231Pa from the water column, then a more accurate

representation of the scavecngig residence time is

T d Ad/( AU + KH a 'A d/ aX )  (

where KH is the horizontal eddy diffusivity and X is the horizontal

distance. Therefore, the residence times in Table 5-11, T d, are in

error by the amount
2Ad 2

rd [( XAU + KH aAd/ x 2)/X Au d (

At the open-ocean sites, where mixing acts as a sink for dissolved

230 231 2 2
230Th and 231Pa, KH a Ad/ X < O, and r d < T d

Conversely, at the STIE Site, where horizontal transport acts as a sourc

of 23 0 Th and 231Pa, K 0, 2A / X2 > O, and t d > T d
231

Horizontal transport acts as a sink for ovec half of the 231Pa produced

by uranium decay at Sites $2, E, and P, while it is less important as a
230 231

sink for 230Th (Chapter 3). Therefore, 231Pa will be used in the

following discussion to emphasize the importance of horizontal transport

231

on the calculated scavenging residence times. If most of the 231Pa

produced in the open ocean is removed by horizontal transport, then

-KH a 2AdPa/ a X2 > 0.5 (X AU), and the true

scavenging residence time, T, ' is underestimntated by at least a

factor of two. Conversely, if the Panama Basin acts as a net sink for

230 23J.
horizontally transported 230Th and 23Pa, then particulate

230Th/231 Pa ratios of 5-6 (Table 5-8) indicate that at least half of

the 231Pa is derived by horizontal mixing from the open ocean. In this

case, values of t Pa in Table 5-11 arc too high by a factor of at

4)

5)

e
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least two at Station 1110. Therefore, because of horizontal transport of

2 31 Pa, T Pa' (Site P)/.r ' (Sq"F) is at least four times greater

than T Pa (Site P)/Pa (STIE) calculated from residence times inPa Pa

Table 5-11. Then the actual scavenging rate of 231Pa in the Panama

Basin is about 25 times greater than at Site P. Horizontal transport of

230 231.'0T and 1Pa is not well auantified, so true scavenging residence

times, Td , cannot be determined like the easily calculated values of

T d in Table 5-11. Nevertheless, the values of Td in Table 5-11

are useful as (1) they provide lower limits for the scavenging residence

times in the open ocean, (2) they accurately represent the total

residence times in open ocean areas where production by uranium decay is

the only source of dissolved 230Th and 231 Pa, and (3) they provide

upper limits for scavenging residence times in areas like the Panama

Basin 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 by mixing processes when scavenging

rates vary by an order of magnitude between two environments. Other

reactive elements, including those of pollutant origin, may be similarly

231
redistributed. The extent of rpdistribution of 21Pa would not have

been predicted from the behavior of 210Th. Thus it is possible that

redistribution of other elements may 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 removal rates in the open ocean.
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Geochemical Behavior of Other Tsotopes

Thorium-2?

Detrital minerals formed an increasing percent of the total trapped

material with depth at the STTF Site, as they did at Sites S2, E, and P

(rbapter 3: Honio, 1080: Brewer et al., 1080). A strong correlation of

all of the detrital elements with A1 was observed at Site F, including

2Tb (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

" 32T
shales. A strong positive correlation between 2Th and Al was also

found in samples from the STTE Site (Figure 5-13); however, the

2 3 2 Tb/A1 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 Saharan

origin with typical 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 5-1), a contribution by basalts is clearly

indicated. -his suggests that T1/AI ratios may be a good indicator of

sources of detrital minerals in deep sea sediments.

239
Concentrations of dissolved and particulate 21Th are given in

Tables 5-5 and 5-7, respectively. Several of the samples have levels of

232
Th significantly greater than blanks. While it is difficult to find

trends in data so close to detection limits, it does appear that

particulate 3Th concentrations increase with depth and also increase

near the continental margins (Stations 1110 and 1114). This distribution

is reasonable since 2 32Th is expected to be associated with detrital

material supplied by resuspension and by input from the continent.
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Figure 5-1 1. Thorium content plotted against aluminum for STTF sediment
trap samples. The solid lines indicate average ratios for
shales (9), crust (r), and hasalts (B), from Krauskopf
(1070. For comparison, samTles at Sites V 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

particulate 232 Th of a few pm/10 6 1 (Table 5-7). Specific

activities of 232Th in filtered particles at Stations 1110 and 1114

("able 5-6) are similar to values measured in STTE sediment-trap

samples. At stations Iarther 'From the continent, the concentrations of

239
particulate 2Th are lower, and only upper limits of about I-?

dpmIO6 1 can he set.

Dissolved ITh concentrations measured with the MnO 2-Nitex
2

adsorbers are highly variable. Some of the samples are not above the

239
detection limit of a1 out 0.005 dpm 23 Th (approximately 20 ng).

232
However, many of the samples contain amounts of 232Tb in excess of

232 6
blank levels. Values of dissolved '32Th are less than 100 dpm/10 I,

6
and average about 30 dpm/106 1 fexcluding Station 1114 - 1700 m), close

to the range of five values found at Site D of 15-33 dpm/106 1

(Chapter 4).

One sample taken deep in the Middle America Trench off the coast of

Nicaragua (Station 1114 - 4700 m) contained extremely high concentrations

239
of dissolved and particulate 2Th (Tables 5-' and 5-7). Since these

are the only samples with such high Th concentrations, it is necessary to

consider the possibility of contamination. All of the filters were

stored together until their use at sea. Nitex sheets were prepared in

batches of I-, and stored ;n contact with each other. Tt is highlv

unlikely that a single randomly contaminated filter and one randomly

cnntaminated Nitex sheet should be chosen for use on the same sample.

Taboratory 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. It is highly unlikely that two laboratory contamination
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events should occur on the same filter-Nitex pair. The only time that

the filter and Nitex were together was during the sampling at sea. No

'3 T was taken to sea as a tracer or for any other purpose. The same

pumping systems were used at every station, so contamination could 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 2
32 Th at the bottom of the trench is

real.

Concentrations of other radioisotopes in the Station 1114 - 4700 m

230Thcnetaini

sample are not unusually high. The dissolved Th concentration is

less than two times greater than at the other stations and is

approximately equal to values found at the open-ocean Site D

(Chapter 4). Particulate 230Th is only 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

transect. The dissolved 230Th P231Pa ratio is the highest observed at

any of the stations, and this sample is the only one with a ratio

significantly greater than 10.8. Particulate Pa comprises the greatest

percentage of total Pa of any of the KN 73-16 samples, so the particulate

230Th/3 Pa ratio at 4700 m is identical to the ratio in other

samples at Station 1114. The anomalously high dissolved 230Th/231Pa

ratio is coitsistent with the unusually high 232Th concentration, which

muCt result from an unknown process preferentially stabilizing dissolved

232,h

Th and an unknown source of dissolved 232h.

Thoriumi-228
228h

In the open ocear, 228h is prcoduced near the sea surface and near

the sea floor as a result of the distribution of its parent 2 2 8Ra
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(Trier et al., 1Q72). Specific activities of 228Th in trapped material

were constant through mid-depths at Sites E and P because of the lack of

a mid-depth source nnd the high settling velocity of the surface-derived

particles. Specific activities of 278Th in trapped particles increase

with depth at the STTE Site (Tible 5-2). This suggests that the STTE

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

radioactive decay. Production of dissolved 228Th throughout the water
milrity f the228T

column at the STTFIE Site would explain the similarity of the 228Th

distribution with depth in the STITF samples to the distributions of

230 931230Th and 231Pa with depth at all of the sediment-trap sites.

The 228Th distribution in the Guatemala Basin (Tables 5-5 and 5-7)

is consistent with its source by decay of 2?8Ra. The highest

particulate 228Th concentrations were found at Station 1114 near the

continental margin and near the sea floor, similar to the near-bottom

increases in qpecific activity of particulate 228 Th observed at Sites E

and P. Processes affect ng the 228Th distribution are best illustrated
228 23

by particulate 228Th/2 30ThI activity ratios (Figure 5-14). The

distribution is a function of the sources of these two isotopes.

Production of 230Th occurs at a constant rate throughout the water

column, whereas Th production is limited to water which has been in

contact with the sea floor within a few half-lives of 228Ra. These

.228 930
sources are reflected in the highe- particulate 22 Th/ 230Th 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

is much greater than the half-life of 228Ra.
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The distribution of dissolved 8Th is similar to that of

particulate Th, and again reflects the source of 278Th by decay of

2"8 97828Ra. Concentrations of dissolved 2 Th in the mid-depth minimum at

the open ocean end of the transect 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

Site D (Chapter 4). Either the flux of 8Ra out of the sediments is

lower in the Guatemala Basin than at Site D, or greater scavenging rates

in the Guatemala Basin reduce the 228Th concentration to levels much

below that found at Site D. The former possibility is expected from the

23?
lower 232Th contents in STTE samples compared to samples from Sites

S 2 and E, while the latter explanation is supported by the higher

scavenging rates calculated for the Panama Basin compared to Site D from

the 230Th data (Table '-11). Both factors work together to produce the

228
lower 228Th concentrations in the Cuatemala Basin compared to Site D.

Uranium

Uranium contents in STTE samples are nearly constant with depth

(Table 5-2), and the 2 3 8 U/, 3 Th ratios are much higher than in

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 greater than the

amount of detrital uranium (Chapter 3). An average basalt 238U/?32Th

ratio was assumed for the detrital minerals in the STIE samples since the

?2Th/A] ratio approached that for basalt (Figure 5-14). Bioauthigenic

uranium (UBA) (Table '-12) accounts for 70-90% of the uranium in the

STTE samples, so possible e-rors in the assumed detrital U/Th ratio would

have a small effect on the calculated UTBA contents.
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Bioauthigenic uranium coatents of the STIE samples are equal to those

measured in the 389-mn sample -ct Site E ;ad -in the 978-m sample at Site P

(Chapter 3). Fluxes of UBA at Sites E and P ranged from 0.25-1.0

2 3dpm/cm2 i0'y (Chapter 3), nearly an order of magnitude less than the

fluxes measured in the STIE sarimples (Table 5-12). If the entire flux of

UBA at the STIE Site, including the flux from winnowed sediments, were

regenerated in a 500-m layer of bottom w-ater: the dissolved uranium

concentration would change at a rate of 0.08 dpm/l-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 conservative

behavior of uranium, also applies in the Panama Basin, where UBA fluxes

are an order of magnitude greater than 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 apperis not to be significantly

remineralized in the water column in the Panama Basin. Since sediment

938 ?32
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; 29 0 17'N,

870 15'W, 747 m) are qualitatively similar to the 667-m STIE sample.

Kraemer (1975) found a 38U/ 232Th activity ratio of about two in

surface (9-23 cm) sediments, about a factor of two greater than the U/Th

ratio in fluvial particles introduced to the area. Kraemer also found a
230Th238U  231 23
23 0 Th/ 2 3 8 U ratio less thjan on- and a 231Pa/2 3 5U ratio greater

than one. For comparison, the 667-. STIE sample contained a
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TABLE 5-12

Bioauthirenic Uranium in STIE Samples.

Depth 238 a 232 aa
()Depth 238Ua  232Tha BA U BA-Flux Detrital-UBA) BA

dpm/g dpm/cm2 103y % of Total U

667 0.788 0.089 0.6q9 2.46 11
1268 Lost -- -- -- --

2265-RT 3 0.861 0.166 0.695 2.97 19
2265-RT 4 0.815 0.163 0.652 3.71 20
2265-RT 5 0.716 0.189 0.527 4.22 26
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 238U/232Th activity ratio of 1.0
(Krauskopf, 1979).
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230 23831 /235

230 /238U ratio of 0.57 a:nd a Pa/3 ratio of 1.78. The

similarity in the isotope diistribution between the 667-m STIE sample and

the sediments studied by Kraerner indicates that hemipelagic sediments may

act as a sink for seawater-derived uranium (see Veeh, 1967), and may act

231 230as a preferential sink for 3Pa relative to Th (Chapter 6).

Kolodny and Kaplan (1973) concluded that removal of uranium from

anoxic waters of Saanich Ilet 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 arnd P than at the STIE site, and

suggests that organic matter is the carrier phase for UBA , supporting

the conclusion of Kolodny and Kaplan (1973).

23
If the measured UBA 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 ring- of 10 5 to 10-6 of the total uranium

concentration. Precision of the measurements was not particularly good

becaus;e of the small am iunts of particulate uranium measured. Uranium is



not scavenged to a significant extent onto marine particles because of

the stability of the soluble UO2(CO 3  complex (Starik and

Kolyadnin, 1957; Langmuir, 1978)_ Under redicing conditions uranium is

reduced from the hexavalent to the tetravalent state in which it is very

particle reactive, much like tetrava!.ent thorium. Uranium (VI) reduction

in seawater should occur at a slightly higher Eh than reduction of

Fe(III) (Langmuir, 1978). Therefore, while U(VI) reduction may occur in

sulfide-bearing sediments, it would not be expected to occur in seawater

except in basins with restricted circulation where sulfate reduction is

occurring, or possibly in microenvironments where the Eh is lower than in

the surrounding seawater. An intense 02 minimum occurred at all of the

stations occupied during KN 73-16, where 02 concentrations were below a

few IjM/kg (unpublished data). tW1hile samples were not taken in the 02

minimum, concentrations of particulate uranium below the minimum are no

higher than 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 02 minima

is not a sink for uranium in seawater.

CONCLUSiONS

(1) The Panama and Guatemala Basins act as a preferential sink for

231Pa compared to 230T. [n contrast to the open ocean, where

adsor-ption strongly favors Th, particles in these ocean-margin

230 231 o
environments adsorb 'Th and Pa with little or no fractionation.

(2) Particle size is not a factor in the ratio at which 230Th and

231a ar scavenged i he Paaa asi, to the extent that particles
Pa arc scavenged ina the Paama Eas Ln, to the extent that particles
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collected by Filtration and with sediment traps represent different size

distributions.

(3) Adsorption to MnO, is not ent;relv responsible for the low

particulate 20Th/ Pa aatios in the Panama Basin. Other tvpes of

particles must also adsorb Th and Pa without fractionation.

(A) Scavenging rates in the Panama and Guatemala Basins are at least

an order of magintude higher than in the open ocean. The increased

scavenging rates result from a higher flux of particles and more intense

scavenging at the sediment-seawater interface. However, even in this

230 731
environment of intense scavenging, 30Th and 231 Pa are predominantly

dissolved.

(5) Because of the higher scavenging rates in the Panama and

Guatemala Basins, concentrations of 0Th and 1Pa are lower than in

the open ocean. Horizontal mixing processes result in a net transport of

930 130Th and 2Pa down concentrntion gradients. Thus, these basins are
°30 231

acting as a sink for -30Tb and 231Pa produced in the open ocean.

931
Horizontal transport redistributes Pa in the ocean to a greater

extent than 3 0 Th.

(6) The distributions of particulate and dissolved thorium isotopes

showed that scavenging of thorium is not an irreversible process.

(7) The sea floor is a much more efficient scavenger of 230Th in

the Panama and Guatemala Basins than in the open ocean, probably as a

result of scavenging by freshly precipitated MnO, at the

sediment-seawater interface.

f81 Thorium-232 is associated with detritial minerals in the Panama

Basin, showing a strong correlation with Al in a Thn/Al ratio indicating a

source from basalts.
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(9) Bioauthigenic urani.u,, contents of trapped material in the Panama

Basin are about the same Ls in trapped mattrial at shallow depths at

Sites E and P. However, buthigenc urniu rnium is not regenerated in the

water column in the Panama Basin. Hemiipelagic sediments may therefore

act as a sink for surface sawater-derived uranium. Results from the

sediment-trap samples are consistent with the conclusion of Kolodny and

Kaplan (1973) that removal of dissolved uranium from seawater results

from association with organi.c matter.
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CHAPTER 6.

GENERAL SUMMARY

INTRODUCTION

The speciation of an e!emet in seawater is an important factor

determining its geochemical behlavior. Elaborate computer models have

been developed to predict the distribution of elements amcng various

dissolved species and particulate phases (Nordstrom et al., 1979).

Balistrieri et al. (1980) developed a model to predict the rate of

removal of a 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 fic

well with the trend of the other elements. However, as they pointed out,

a lack of stability constants for Pa prevented its inclusion in the

model. The chemistry 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 constants for

the hydrolysis and complexation behavior of thorium have been determined

(Silien and Martell,1971; Smith and Martell, 1976; Baes and Mesmer,

L976). In contrast, the solution chemistry of protactinium is poorly

understood.

This chapter consists of three sections. Some aspects of the

solution chemistry of thorium and protactinium will be discussed in the

first secticn. The second section consists of some specuiatio-a about the
4230 t231.

mecianisms producing th- 2 3(fTh / 2 3 1Pa ratios found in different

deposi tional environments. The conclusions derived from this thesis work

ar"e summarized in the finral section.



-229-

SOME ASPECTS OF 'HE SOLUTION (4FMTSTRY OF THORTITM AND PROTACTTNTUM

Reviews of the solution chemistry of protactinium have been compiled

by Keller (1066) 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. Little 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 et al., q1970; Cotton and Wilkinson, 1972; Bulman,

1980). Thorium exhibits some chemical similarities to Group TV-B

elements Zr and Hf, while protactinium is chemically similar to Group V-B

elements Nb and Ta. Thorium and protactinium are also members of the

actinide series, which involves filling the 5f electron shell. However,

tetravalent thorium and pentavalent protactinium, the ionic forms stable

in natural environments, both lack 5f electrons. 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 indicative of

actinide series elements. Tetravalent protactinium contains one 5f

electron, 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 pa0 2 is much less stable than than the MO2
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actinyl ions of U, Np, and Pu (Cotton and Wilkinson, 1972). PaO 2 is

probably in equilibrium with PaO(OH) + or Pa(OH) (Guillaumont2 4

et al., 1968). Tf the speciation of Th and Pa were predicted by analogy

with the known behavior of Pu(TV) and Pu(V), Th would be expected to be

(4-n )+
strongly hydrolyzed as Th(OH) (4 -n ) while Pa would form the stable

n
+

and weakly hydrolyzed Pa0O+ (Cleveland, 1979). By further analogy

with uranium, which forms the stable 10+2 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 C0O, + Li = 3N, H = 1-3N), Pa is present

+2 / 2
as a divalent ion, either PaOOH + 2 or PafOH) 2  Guillaumont

3.

prefers the former because of the strength of the Pa=0 bond. A

tripositive species, Pa0 + 3 , was suggested at greater than 6-8N

HClO4 . In contrast to the results of Guillaumont et al., (1968),

Liljenzin (1970) found evidence for a tripositive Pa species at pH less

than 0.5 and reported that dipositive species did not form a significant

portion of the dissolved Pa at any acid concentration. Liljenzin did not

discuss the discrepancy with the results of Guillaumont et a]l. (1968).

Guillaumont (in Guillaumont et al., 1968) studied the fourth and

fifth hydrolyses of Pa in 3N (Li+H)C10 4 , and reported values of

-2 -5
K 4 =9X10 and K =3 .2X10 . 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 PaO2,

PaO(OH), or Pa(OH) exceed the concentration of dipositive

ions, and at pH greater than about 4.5 the neutral species Pa(0H) 5 is

formed. The existence of a neutral species leads to the formation of

colloids, which occurs at pH q 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

+5
first hydrolysis constant for Pa ,

+5 0 4 +
Pa 5 + H20 Pa(OH)+4 + H

2 '

3+1 +5
is 10 -+ . Thus, significant amounts of Pa+ 5 should not occur in

aqueous solutions. Estimates of the second hydrolysis constant are not

available. In contrast, the first hydrolysis constant for Th is about

10 - 3 (Baes and Mesmer, 1976). At pH 2, it is therefore possible to

have Th+ 4 coexisting with monovalent Pa species such as PaO, PaO(OH)+

+2
and Pa(OH) .

4.

According to the model of Balistrieri et a]. (1980), the rate at

which a reactive element is scavenged from seawater is proportional to

the magnitude of its first or second hydrolysis constant. It is

necessary to know the proper reference species for the hydrolysis of Pa,

i. e. the species that forms the Pa-hydroxyl bond (Pa + 5 , PaO+ 3 , or

Pa0O), in order to include Pa in the model. Tf the first hydrolysis
2'

constant for Th 4 is compared with the first hydrolysis constant for

+51
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 U022, which is weakly

hydrolyzed, rather than U+ 6

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;

uillaumont et al. 1968). The first hydrolysis constant for Pa0 + 3 is

+4 +
still much greater than that of Th . However, if PaO2 is the

2



-232-

stable reference species for the hydrolysis of Pa, with a hydrolysis

stability constant of 3.2 X 10 (Guillaumont et al., 1968), then

hydrolysis of Pa would be weaker than for Th, and the model of

Balistrieri et al. (1080) would predict that Pa is scavenged less rapidly

than Th. Regardless of which is the correct reference species for the

hydrolysis of Pa, at the pF of seawater Pa should exist as the neutral

species Pa(0H) 5 , Pa0(OH)3, or PaO20P in the absence of complexation

by other ligands and Th should likewise exist as the neutral Tb(OH) .

Uncertainty in the reference species for hydrolysis of Pa is only one

of the problems in determining its speciation. Guillaumont et al. (1968)

pointed out that some of the inconsistencies in the stability constants

determined by different investigators may result 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 ' Pa 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 (Pa0 + 3 is the proper reference species), and if the

model of Balistrieri et al. (lq80 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(OTI) (5-n)+ + x- --- Pa(OH) L
n+ xL -- nLx

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 extent 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

-2 - -2 - >
F >C2 04 >OH >SO >SCN >C1 >r >IO0>NO>C10

244 3 3 4

(Myasoedov et al., 1979), was largely determined in this way. Most of

the available data is pre-1970 and has been summarized by Guillaumont et

al. (1968). In some cases, only ligand:Pa ratios were determined, as was

the case with the organic complexes. Kolarich et al. (1967) presented

constants for the reaction of Pa+ 5 with various ligands to form

unhydrolyzed species such as PaCI and PaNO3 , which would not

exist in their IN TC10 4 reaction medium. The hydrolysis behavior of Pa

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 unlikely that

- -2
positively charged species can be formed with Cl , SO or

NO at their concentrations in seawater.
3
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SPECULATTON ABOUT PROCFSSFS RFMOVINC TIHORTIUM AND PROTACTINTUM

FROM SEAWATER

A. The Tnfluence of Scavenging Rates on Particulate 230Th/231Pa

Ratios

With one exception (Ku, 1966), at all of the locations where

230Th/231Pa ratios less than 10.8 have been found in sediments,

230Th and 231Pa are both accumulating in the sediments at rates

greater than their rates of production in the overlying water column.

Sediment samples were not obtained in the Panama Basin; however, fluxes

of both isotopes into sediment traps 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

are not only acting as sinks for ??0Th and 231Pa supplied by

horizonta1 transport from the open ocean, but these environments also act

931 930
as preferential sinks for -31Pa relative to 230Th.

Particulate 2 30 Th/231Pa 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 from

hydrocasts at each of the sediment trap sites (Spencer et al., 1978;

Brewer et al., 1980; in preparation), and ranges of particle

concentrations neasured1 at depths near each sediment trap are used in

Figure 6-1.

The variables plotted in Figure (-I do not show exclusively the

relationship between scavenging rate and the resulting ratio at which

230Th and 231a are adsorbed. Sedient trap samples represent
Th and Pa are adsorbed. Sediment trap samples represent
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Figure 6-1. Particulate 2 30Th/ 2 3]Pa activity ratios plotted against

the concentration of suspended particles. Results are from

samples analyzed u~ring this work and Antarctic siliceous

sediments from DeMaster (1979). CEOSrS Station Q91 was used
to determine an average particle concentration in the area

where the cores were taken. Concentrations of particles

were determined from lvdrocasts at each of the sediment trap

sites. Ranges of particle concentrations 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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integrated 230Th ?31Pa ratios collected by particles over the depth

230han 231p edt

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

which 230Th and 231Pa are scavenged Pt 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 the concentration of particles in the water

column (Chapter 3). Nevertheless, there is a clear negative correlation

between particle concentration and particulate 230 rh/231Pa ratios.

As particle concentrations become very high, particulate 230Th/231Pa

ratios approach the open ocean dissolved 230 Th/231Pa ratio. Thus

there are two lines of evidence linking scavenging rates with particulate
230 931230h .231

230Th/231Pa ratios: 1) sediments with low 20Th/ 231Pa ratios are

230 231
accumulating excess Th and 2Pa at rates greater than their rates

of production by uranium decay in the overlying water column, and 2)

particulate 230Th/231Pa ratios are negatively correlated with the

concentration of particles.

As scavenging rates increase to the point where adsorption to

particles is the only sink for dissolved 230Th and 231Pa, the

particulate 230Th/231 Pa ratio must approach the ratio at which

230Th and ?31 Pa are supplied in the dissolved state. However, it was

shown in Chapter 5 that increased scavenging rates alone cannot account

" 30r 2 31
for the low particulate 2 Th/ 2 1 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

2 30Th231
at low 23Th/231Pa ratios are different from the chemical properties

of particles in the open ocean.



B. Composition of Particles as a Factor rControlling 2 3 0 Th! 2 3 1 Pa Ratios

Some data on the composition of trapped particles at PARFLUX Sites

S2, E and P and the STIE Site are presented in Table 6-1. Various

types of surfaces are represented by Al (clay), Fe (Fe(OW3), Mn

(MnO21 , Si (SiO2), organic matter and CaCO 3 . Sites S, E and P are

in typical open-ocean environments with high particulate 230Th/231Pa

ratios (below 100 m at Site F), whereas 230 Th/ ?31 Pa ratios are

uniformly low at the STTE site.

Sediment-trap samples from Site P have by far the lowest Al contents,

while STIE samples and samples from Sites S2, and E have similar Al

contents. Tron contents of STTE samples are also very similar to those

at Site E; however, 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 STIE site. CaCO3 is significantly lower in

STTE samples, although it is stIll the dominant component. Total Si is

somewhat lower at Sites S and P and is highest at the STTE site. A

better indicator of biogenic Si is the Si/Al ratio, which is lowest at

Site S and is by far the highest at Site P. Concentrations of several

elements were also determined by neutron activation of aliquots of the

samples of filtered particulate matter from the Panama and Guatemala

Basius (Figures 6-?, 6-3, 6-4, 6-5, 6-6).

230 231
It is difficult to explain the measured particulate 230Th/ 23Pa

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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TABLE 6-1

Compositions of Particles Collected at Four Sediment Trap Sites3 .

Component S2  E P STIE

(Sediment Trap Site)

Al (%)

Fe (%)

Mn (ppm)

Organic Matter (%)

CaCO 3 (%)

Si (%)

Si/Al (weight ratio)

Particle Flux
(g/cm

2l0
3y)

2.2

0..75

780

10

68

7

3.2

0.74

0.76-3.8

0.2-1.9

40-460

20-10

62-50

9-15

11-4

1.6-1.9

0.1-0.95

0.01-0.24

40-370

16-10

72-61

5-10

34-11

0.2-0.6

1.5-4.0

0.9-2.0

120-1 3 2 0 h
9000-1 0000C

22-12

40-25

15-20

13-5

3.5-8.0

aResults are included here only for samples on which 2 30 Th and 2 3 1Pa were

measured. The first number of the cange represents the shallowest sample at

each site and the second number ruepresents the deepest sample, except for
particle fluxes. Data are from Honjo (1980) and Brewer et al. (1980; in

preparation).

bAll samples except 3769 M and 3791 m.

CSamples from 3769 m and 3791 m.

------------ ~-----------~------ --~---~--- I- -- -
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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 2 must be adsorbing 230Th and 231Pa

from solution at a ratio less than 10 in the Panama Basin (Chapter 5).

This does not, however, prove that the MnO 2 content of particulate

matter has no effect on the ratio at which Th and Pa are adsorbed from

230T /231

seawater. One of the features of the particulate 230T 231Pa 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

290 231
6-2), suggesting that the lowTer particulate - Th/ Pa ratios in the

deepest samples may be partly caused by the higher Mn concentrations.

Resuspension of MnO 2 precipitated in the surface sediments (see Chapter

5) or precipitation of dissolved Mn that has diffused out of the

sediments would cause the higher particulate Mn concentrations near the

sea floor. Powever, other factors must also be involved, as some of the

samples near the margin (Station 111A-2000 m and 3000 m, Station

230h 1231
1117-1500 m) have low particulate 230 231Pa ratios and low

particulate Mn concentrations. Particles other than MnO2 near the

margin must also adsorb Th and Pa without fractionation, in agreement

230 231
with the conclusion expressed in Chapter 5 that the low 230Th/231 Pa

ratios in the STTF samples were not caused entirely by adsorption to the

MnO? in the trapped material.

Detrital Minerals Versus Biogenic Particles

Tt might be expected from the preferential association of of 230Th

with deep-sea sediments and 231 Pa with manganese nodules that



-242-

Figure 6-3. Particulate Mn/A1 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/A1 ratios at stations along a transect
across the Guatemala Basin.
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particulate 230Th/ 231Pa ratios would correlate inversely with the

particulate Mn/Al ratios. The opposite trend is, in fact, observed for

the shallower samples in the Guatemala Basin. Samples at the seaward end

of the transect have both the highest Mn/Al ratios (Figure 6-3) and the

2 30T/ 231

highest particulate 30Th/231Pa ratios (Figure 5-0). The increase in

the Mn/Al ratio away from the margin is not caused by an increase in the

concentration of particulate Mn (Figure 6-1), but rather by a decrease in

the concentration of particulate Al (Figure 6-4). It can be inferred

from these results that the high ?Th/ Pa ratios in deep-sea

sediments and in the shallower samples at the seaward end of the transect

are caused by preferential adsorption of 230Th by particles other than

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 above, 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 and 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/A1 ratios (Figure 6-6), which equal values typically

measured in open-ocean particulate material (R. Collier, personal

communicati on).

The increase in the particulate 230Th/ 231 Pa ratio toward the

seaward end of the transect would bp expected from the results in

Chapter 3. The particulate Al and Ca concentrations and V/A1 ratios

discussed above all indicate a decreasing proportion of detrital
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particles and increasing proportion of biogenic particles with distance

awgy from the margin. Sedimnut-crap s-,nples at Site P, which general..y

co-,tained higher 230Th/231Pa ratios thao samples at Sites S and E
2

at similar depths, also had the highest biogenic/detrital particle ratio

(Table 6-i; Honjo, 1980, perc~ouaal communication). Preferential

adsorption of Th relative to Pa by biogenic particles and adsorption

without fractionation by Mr; 2 and detrital particles might then be

suggested to explain these observations. However, the Site E 5086-m

sample had Al and Mn contents as high as most of the STIE samples (Table

230T 231

6-1), yet the Site E 5086-m sample had a 23Th/ Pa ratio of 30

(Chapter 3). Thus, some factor other than the total Al(clay) and

Mn(MnO2 ) contents must determine the ratio at which Th and Pa are

scavenged from seawater.

if the detrital particles in the Panama Basin adsorb Th and Pe

without fractionation, then they must be compositionally different from

the detrital particles at Site E. This is, in fact, the case. Detrital

minerals at the STIE Site are dominated by smectite with minor

contributions by chlorite and kaolinite whereas detrital minerals at

Sites S2 and E are dominated by illite and kaolinite with minor amounts

o smectite (Honjo, 1980, personal comm(nunication). While this does not

prcve that smectites are responsible for the low particulate

230 Th/231 a ratios in the Panama Basin, the possibility must be

con-si red. Adsorption studies :hould be carried out with these minerals

to determine the ex:tent tu whih they are likely to have influenced the

30 231
particulate 230h/3a ratis.tc frI Pa ratios

Calcium Carbonate

Biogan~ic particles can be divided iv a simple manner into CaCO 3

organic mwatter, and ona. STIE ampl - have about the same opal contents
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(indicated by Si/Al ratios) as samples from Site E (Table 6-1). However,

the CaCO3 content of STTE samples is significantly lower than for

samples from Sites S2, E, and P (Table 6-I). Particulate Ca

concentrations were highest at the seaward end of the KN73-16 transect

(Figure 6-5), where the highest particulate 230Th/231 Pa ratios were

found. These results suggest that fractionation of Th and Pa by CaCO 3

should be considered.

Lower 230Th/231Pa ratios in shallower sediment-trap samples at

Sites E and P, whiich had higher raCO3 contents than the deeper samples,

contradict the hypothesis that CaCO 3 causes the fractionation of Th and

Pa in the deep ocean unless there is a change in the chemical nature of

the CaCO 3 with depth. Fresh, whole raCO3 tests in the sediment-trap

samples are nearly pure CaCO3, while broken or partially dissolved

tests contain associated Si, Al, and other elements (C. C. Wu, personal

communication). Fragmentation and dissolution of CaCO3 particles may

increase with depth, so the per cent of the total CaCO acting to

remove other elements from seawater also increases with depth, which

could account for the increasing 230Th/231Pa ratios with depth in

sediment-trap samples.

Two cores studied by rochran (1979) provide further evidence

contradicting the hypothesis that CaCO causes the initial

fractionation of Th and Pa during adsorption by deep-sea particles. Both

cores were from the PAMOUS area on the crest of the Mid Atlantic Ridge

wt 230 "11
and contained sediments with 230Th/ ?]Pa ratios of eight or less.

The sediments consisted of r0-60% and 68-80% CaO., and the core with

2j0 2 1
the higher rnCO3 content had the lower " Th/ Pa ratios.

Finally, cores in the Caribbean and equatorial Atlantic studied by
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Rosholt et al. (1961) and Ku (1966) contained 50-75% CaCO 3, yet the

surface sediments had 2T10h/231Pa ratios near 10.8. Therefore, the

hypothesis that CaCO 3 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

Iemipelagic sediments studied by Kraemer (1975) from the Gulf of
230 h231p

Mexico had an excess 230Th/ 231Pa ratio less than 10.8. These

sediments also had a Mn/A! ratio of 0.007, indicating that they contained

little MnO2 (see discussion of xs Mn in Chapter 5) in 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 studied the

clay mineral composition of the sediments, but made no note of whether or

not there was a significant amount of smectite. He did not report the

organic matter content of the sediments; however, the major elements were

determined, and the major mineral components sum to about 92%, 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 tIe sediments studied by Kraemer

contained bio-authigenic uranium (see rhapter 5), organic matter may also

230 931
partly account for the low Th/ Pa ratios at the STIF Site and in

the sediments studied by Kraemer. The organic matter content was about

the same in the shallowest samples at al? 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 STIFE Site (Honjo, 1980, personal

communication). If 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/231Pa ratio with depth.

The content of certain extremely 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

910 231
particulate 0Th/ 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 Silica

Six cores studied by DeMaster (1979) in an area of rapidly

accumulating Antarct;c siliceous oozes consistently contained sediments

with 210Th/231Pa ratios less than 10.8, and three cores had ratios of

five or less. Biogenic opal constituted 48-60% of these sediments,

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 scavenging

rate in this environment (see discussion above), rather than adsorption

730 231
to silica, may account for the low Th/ Pa ratios.

Of the cores studied by Ku (1966), the two with the lowest

230 *'312307Th/231 Pa ratios in the surface sediments, 8.6 and 12, were

diatom-radiolarian oozes from the equatorial Indian Ocean 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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230had
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 CaCO 3 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 (1970) or in the Panama and Guatemala Basins, they do suggest

that biogenic silica adsorbs 'rh and Pa without fractionation even in

areas of normal open-ocean scavenging rates.

2TO 231
Kuznetsov et al. (1967) measured the ' Th and Pa contents of

surface sediments from a suite of cores from the Tndian and Pacific

Oceans. Surface sediments in five cores from areas of siliceous oozes in

"30 231
the Tndian Antarctic contained an average 30Th/23 Pa ratio of about

10, and only one core had a ratio greater than 10. The average ratio for

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 ! for a

discussion of the effect of bioturbation on 230Th/2 31Pa ratios).

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 fromr the sediment-trap

data. The flux of biogenic silica did not change much with depth at the

open ocean sediment-trap sites (Honjo, 1Q80), where the particulate

2 30Th/?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

the 2 3 0 Th/ 2 3 1 Pa ratios in the sediment-trap samples.

Particle Composition-Summary

No clear correlation of particulate 230Th/231Pa 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.

Particles other than MnO 2 adsorb Th and Pa at a low 230Th231Pa

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 preferentially adsorb

Pa. Studies should be carried out to determine the degree of

fractionation of Th and Pa during adsorption to these particulate

phases. Selection of sediments for future study from environments chosen

for better control of these variables would lead to a better

understanding of the mechanisms removing these elements from seawater.

C. Depth Dependent Factors

Sediments on the crest of the Mid Atlantic Ridge and the slope of

Molokai Tsland have much lower 130Th/231Pa 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 (KKI-Core 4; 2701m)
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230 231
bad a Th/ Pa ratio three t imes greater than the ratio in the

sediments (30 vs. 10). Particles rrpped art 1000 m had a ratLo of 18.

As the trapped material was rece-ntly dierived from the surface,

remineralization was minimal, and better preservation of labile carrier

phases is not responsible for lower ratios in KKI Core 4 (2701 m)

compared to KK Cores 1 aud 2 (approximately 5800 m, Chapter 3).

ITherefore, either particles formed at the sea surface have different

compositions near Molokai Island than at Site P, or the low ratios in the

slope sediments result from near bottom processes.

There is no reason why particles formed at the sea surface over the

cresL of the Mid Atlantic Ridge should be different from particles formed

over the flanks of the ridge. However, 230Th/231Pa ratios were a

factor of 2-4 lower in surface sediments on the ridge crest than in

Learby deeper surface sediments (Cochran, 1979; Ku et al., 1972).

Therefore, lower ratios in ridge-crest sedi-Lents cannot be attributed to

differences in the composition of surface-derived particles.

If variable composition of surface-derived particles and preferential

preservation of labile biegenic particles can be ruled out as means of

producing the low ratios in KKl--Core 4 and in sediments from the crest of

the Mid Atlantic Ridge, then the low ratios must be caused by some

near-bottom process. There must be some chemical properties that

distinguish the slope and ridge-crest sediments from nearby deeper

sedimuents and trapp ed part:icles. Ccncentrations of all of the ma jor

elements were not deteriilLed for sedii-,ents from the Mid Atlantic Ridge or

from Molokai Island. The CaO 3 content olf the ridge-crest sediments

was determued to be 50-80% (Cochran, 1979" and the total Si and K

contents of KKIL Core 4 vre ,feasored (A. FleE r, personal communication),
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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

21OTh/231 Pa ratios in these cores. Both cores are near sites of

volcanic activity and could therefore contain hydrothermally derived

MnO 2 . A detailed chemical analysis of these sediments would indicate

probable particulate phases responsible for the low 230Th/231Pa

ratios.

D. Scavenging in urface Seawater

Particulate ?0Th/ ?31Pa ratios in shallow sediment trap samples

approached 10.8 at Site E and decreased toward the surface at Site P.

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

horizontal mixing to other environments, to be effective. Measurement of

230 "31.
dissolved 23Th/?31 Pa ratios in surface seawater would indicate

whether particles in surface seawater fractionate Th and Pa to the same

extent as particles in the deep sea. If dissolved ratios are about 10.8,

then surface particles do not fractionate Th and Pa during adsorption.

Alternatively, if surface particles adsorb Th and 23Pa at a ratio

about 10 times greater than the dissolved ratio, as is the case in the

?9 14OI 31deep ocean, then the dissolved PTh/ Pa ratio in surface seawater

must be about one.

Only a few samples of surface seawater have been analyzed for 230Th

and 231Pa, and as noted in Chapter 4, the measured concentrations seem

unreasonably high. Imai and Sakanoue (1073) 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
230T 231

variability in their results, but with one exception, 230Th/ Pa

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

230 931
concentrations of dissolved 230Th and 3 Pa, then their results

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/231Pa ratios in surface seawater are approximately

10.8, then the compositional differences between 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 lChemistrv

Only factors pertaining to the chemistry of the particulate phases

have been considered. Adsorption 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 uliquitous 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 (Elliott and

Huang, 19791. Organic matter has been shown to coat virtually any solid

surface placed in seawater (Neihof and LToeb, 1977, 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 best explained by adsorption to bumic-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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GENERAL SUMMARY OF INFORMATION 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 column throughout most

of the open ocean. Settling particles in the deep open ocean

preferentially scavenge Th relative to Pa, so that particulate

'30 231.
0Th/23 Pa ratios are about an order of magnitude greater than the

dissolved ratios in the seawater with which they are in contact. High

2 30 Th/ 2 3 1 Pa ratios commonly found in deep-sea sediments are a result

of this preferential adsorption of Th relative to Pa.

In contrast to the fractionation by suspended particles, manganese

dioxide adsorbs Th and Pa from seawater without measurable

fractionation. Low 30Th/231 Pa ratios commonly found in manganese

nodules result from the adsorption of dissolved Th and Pa at

approximately the dissolved ?0Th/21 Pa ratio in seawater.

230 931
Gradients in the concentrations of 2Th and 231Pa exist between

different areas of the ocean with different scavenging rates. Horizontal

mixing acts to redistribute 230Th and 231Pa from areas with low

scavenging rates to areas with high scavenging rates. Preferential

removal of 0Tb by adsorption to settling particles in the open ocean

231
is counterbalanced by more extensive redistribution of 21Pa from the

open ocean to areas of enhanced scavenging rates. Fluxes of particulate

2'0210Th into sediment traps can be used to set limits on the extent of

redistribution of 231Pa by horizontal mixing. More than half of the

2 Pa produced by decay of dissolved uranium at the open-ocean sites
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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.

Studies by other investigators support the conclusion that 231Pa is

redistributed by mixing processes to a greater extent than 230Th. In

areas where sediments have low 2 30Th/ 2 3 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,

environments which act as sinks for horizontally transported 2 30 Th and

231 Pa, i. e. environments where scavenging rates are greater than in

the open ocean, also act as preferential sinks for ?31Pa.

A negative correlation between particle concentration, which is one

factor determining scavenging efficiency, and particulate 30Th/ 31Pa

ratios was found. This is further evidence that the preference for

adsorption of Th by marine particles is less in areas of high scavevnging

rates.

Fractionation of Th and Pa during adsorption to marine particles,

730 231
defined as the particulate Th/ Pa ratio divided by the dissolved

230Th/231 Pa ratio, decreases by an order of magnitude from the

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/21 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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It was shown that particles other than MnO 2 are scavenging Th and

Pa in the Panama Basin without fractionation. However, particulate

230 Th/231Pa ratios in near-bottom samples at the seaward part of the

Guatemala Basin may be lowered relative to the shallower samples by the

higher concentration of particulate MnO2 . No other clear correlations

between particulate 30Th! 231Pa 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 2'0Th and 231 Pa

collected with sediment traps is regenerated along with labile biogenic

carrier phases. -horium and protactinium are regenerated from trapped

particles witlout measurable fractionation at two open-ocean sites

studied. Thus Th and Pa may have distrihutions 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). If other aspects of the

geochemical behavior of Tb. and Pa hold for reactive elements in general,

then ocean margins and areas 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 MnO 9-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

the concentration of dissolved 232 h of 1.0 Y 10-6 dpm/1 (8 X

10-12g/]) was determined at one of t. e open-ocean sediment-trap sites,
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2 30T93
where the dissolved 230Th/232 Th activity ratio was greater than 500.

This upper limit for the 2 Th concentration is nearly an order of

magnitude lower than previous estimates of the upper limit, and the low

concentration is consistent with the lac!, of a source of dissolved

232ITh. Higher 2Th concentrations measured at other sites may

indicate a greater rate of solubilization of 21Th 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 23 Th 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 Saharan

dust, which has a shale-like composition. Particles collected at Site P

also had a Th/Al ratio near that of average shales, although there was

more variability to the data than at Site E. Thbe Th/Al ratio in

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(VT) to U(T7) 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 Eh as the reduction of Fe(TTI). Particulate uranium

-5 -6
constitutes only 10 to 10-6 of the total uranium concentration in

seawater.

It is difficult to create conditions in laboratory experiments that

accurately reproduce the natural environment. One approach to the study

of the environmental 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 Lake) are presented. The results of this

study strongly suggest that carbonate 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 in 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 major 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 the times of

the two analyses referenced in Table A-I.

The geochemical behavior of the natural uranium- and thorium-series

isotopes in seawater has been the focus of this thesis work, and Mono

Lake offers the opportunity to study the effects of varying chemical

compositions of natural waters on the chemistry of these elements. For

example, one concern is the ability of major 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 that Mono Lake would be an

ideal place to study the chemical behavior of the other actinides as well.

Expected Chemical Behavior of the Actiuides

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 at., 1980). In contrast with this, Simpson et al.
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TABLE A-]

Composition of Mono Lake Water and Average Open Ocean Seawater.

Mono Lake

(a)
409
82
87
187

CO2
Q4AL
9.4

0.108
1.5?2

9 . 7 a; 1 0 c; 0 . 5 d

(hb)
536
107

Seawater

(mM/1)

540
28
2.13
0.17

357
1 240
-18.5

0.16
1 .99

/70
10
10
82

8

a. Whitehead and Feth (1961).

b. Simpson and Takahashi (1973).

c. Simpson et al., (1980).

d. This work.

Cl-

SOT,?
HCOroi?

To tal

Na+
-K+

Ca+2
Mg+ 2

pH
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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-l). The results of 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

-4 +2 +3 +
Pu > Pu0 > Pu " > PuO (Cleveland, 1979).

2 2

Adsorption of metal ions is strongly a function of their tendency to

hydrolyze (Balistrieri et al., 1980). Therefore, the rate at which

plutonium is removed from Mono Lake water by adsorption to settling

particles would be dependent on its oxidation state, which was not

measured in Mono Lake.

Plutonium in the hexavalent oxidation state is chemTnically similar to

2uranium in the same state, forming stable MO? os(ndla n

Rozzell, 1970; Cleveland, 197P) 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 Lovett, 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 suggested
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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 UO 2(CO3 3 (Starik and

Kolyadnin, 1957; Starik et al., 1967; Langmuir, 1978). Solubility

enhancement by carbonate complexation has also been observed for thorium

(Kurbatov 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 speciation of plutonium in natural waters, Pu-carbonate

complexes are difficult to study because of the extent of hydrolysis of

Pu at a pH high enough for CO32 to be present (Cleveland, 1979).

Thorium (TV) 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

carbonate ion complexation.

Tn view of the possible importance of carbonate complexation with

respect to the solubility and general 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 Take water. The natural actinides, actinium,

thorium, protactinium and uranium, should be present in Mono Lake water
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only in the (II), (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, 1q79, a sample of approximately 11 liters was obtained

from Mono Lake in a plastic cubitainer and was shipped to Woods Pole for

analysis without any pretreatment. The pH of the sample when it arrived

at Woods Hole was 0.5, somewhat lower than reported previously

(Table A-1). 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 possible future

analysis, one acidified and one not. The remainder of the sample was

acidified with concentrated HNO3 to pH < 1, and the water was allowed

to degas for several days to remove all of the carbonate and

236 2 79 233 242
bicarbonate. Isotope yield monitors U, Th, Pa, Pu,

and 243Am were added along with FeCI 3 carrier. Several days were

allowed for equilibration. The pH was then adjusted to approximately 7

with concentrated NP4ON to precipitate the Fe as Fe(OH , which

carries the actinides with it. Actinides were purified by ion exchange

chromatography and solvent extraction (Chapter 2), and plated as thin

sources suitable for alpha spectrometry.

Actinium is quantitatively isolated free of thorium isotopes during

927
the course of this procedure. The Th daughter is then allowed to

grow into radioactive equilibrium with 2 2 7 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

counted to determine the 227Th 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. Errors reported in Table 2 are ± Ia 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

227 928 229227Th by 28Th and 22 Th daughters present as recoil contaminants

on the detector surface.

Insufficient 236U spike was added to the primary sample, so that a

large correction was required to remove the contribution by the 234U

peak tail to the 36U peak. To more precisely determine the uranium

concentration, the acidified archive subsample was analyzed for uranium

using an appropriate amount of 236U 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 subsemple.

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-4). This difference may simply be due to sampling at different

times and locations within the lake. The difference 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) Mono Lakea Seawater

(dpm/1031iters)

Seawater References

(IV) 886+29

(IV) 1674+43

(IV) 966+36

(VI) (2.6+.2)X105d
(2.40+.05)X105d

(V) 79.4+2.9

(?) 24.8+2.4
ru 44e

(III) < 6 (1.5+4.2)

(III) 2,7+.6

0.002--.03
0.016

0.4-1.0
0.3-1.3
0.5-1.6

0.2-2.0
0.05-0.8 b

1-7 c

2.5X10 3

0.1-0.3
0.13-0.24

1-5

NDf

0.3-0.7

Chapter 4
Kaufman, 1969

Chapter 4
Moore and Sackett 1964
Somayajulu and Goldberg

Chapter 4
Knauss et al., 1978
Knauss et al., 1978

Ku et al., 1977

Chapter 4

Moore and Sackett 1964

Bowen et al., 1980

Livingston and Bowen, 1976

a. This work.
b. Open ocean surface water.

c. Nearshore surface water.

d. First value from main sample. Second value from acidified archive

subsample.

e. Simpson et al., 1980.

f. Not determined.

2 3 2 Th

2 30 Th

1966

2 2 8Th

238 U

------ -- ---- ------

-- ~

-



-281-

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 10 to 10 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 protactinium

calculated for Mono lake 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 environment 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 (TV, 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 actinides in Mono

Lake. Powever, 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 Lakea Seawater Seawater References

2 3 4U/2 3 8U 1.14+.01b  1.14+.03 Ku et al., 1977

2 2 8 Th/ 2 3 2 Th 1.19+.05 50-100+ Chapter 4

230Th/231Pa 21.08+.95 3-5 Chapter 4

1.4; 3.4 Moore and Sackett 1964

2 2 7 Ac / 231 Pa <.08 NDc

241Am/239+240Pu 0.109+.026 0.2-0.3 Livingston and Bowen, 1976

T m(yr) 668+23 15-40 Chapter 4
Brewer et al., 1980
Moore and Sackett 1964
Somayajulu and Goldberg 1966

T Pa(yr) 343+15 30-130 Chapter 4
Brewer et al., 1980
Moore and Sackett 1964

TTh/h Pa 1.95+.11 0.13-0.87 See above

a. This work.
b. From acidified archived subsample.
c. Not determined.
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complexes was discussed earlier. Furthermore, of all of the major ions,

carbonate is the most enriched in Mono Lake relative to seawater

(Table A-I). Further work is required to resolve the specific mechanism

responsible for the higher actinide concentrations.

It is interesting to note that a similar high concentration for

227Ac was not observed. tf the residence time for trivalent actinides

in Mono Lake water was as great as found for thorium and protactinium

( Table A-? and discussion below), ? 7 Ac, with a half-life of 21.8

years, would be expected to be in radioactive equilibrium with its parent

?31Pa. Only an upper limit for the concentration of 227Ac could be

set for Mono Lake water, but the Ac/Pa ratio is clearly much less than

241 /2394 240p

one (Table A-3). Similarly, the 241Am/ 2394240Pu activity ratio

(Table A-3) is less than half the ratio observed in seawater and in

atmospheric fallout (Livingston et al., 1975; Livingston and Bowen,

1976). Concentrations of trivalent actinides in Mono Lake are therefore

not enhanced to nearly the same extent relative to seawater as are the

higher valent actinides.

234 938 U
Enrichment of U34 relative to 2U is commonly observed in

natural waters (Nikolayev et al., 1979). The 234U/238U activity

ratio in seawater is constant at 1.14±+ .03 (Ku et al., 1077). Mono

Lake has an activity ratio indistinguishable from seawater (Table A-3).

Preferential loss of 2 3 4' U from rocks into solution results from

selective oxidation of 24 U during the process of radioactive decay

from 238U to 234U or preferential leaching of ?34U from mineral

lattices damaged by radioactive decay (Fleischer and Raabe, 1978;

Fleischer, 1080).
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232
No source of dissolved 232Th by radioactive decay of a dissolved

parent isotope exists in nature. Virtually all 232Th in the

environment is bound in detrital mineral latices, and any found in

solution must arrive through weathering or leaching from rocks. As a

result, the concentration of 232Th in seawater is extremely low.

Concentration enhancement in Mono Lake is best illustrated by 232Th,

which is present at a concentration 3 X 10 - 4 X 105 greater than in

seawater (Table A-2).

The daughter of 232Th is 228Ra, which is relatively soluble and

eventually decays to 228Th. Because of this source of dissolved

228 228 239228Th, 228Th/ 232Th activity ratios in seawater as high as 100 or

more are found (Table A-3). In Mono Lake the ratio is only slightly

greater than one, indicating that the mechanism responsible for the

higher concentrations of actinides in Mono Lake does not similarly

enhance the radium concentration.

Production of 230Th and 231Pa is by the radioactive decay of

their uranium isotope parents. Since the 234U/238U ratio in Mono

Lake is the same as in seawater, the relative rates of production of

230 231l 230
230Th and 231Pa should also be the same. Recently produced 230Th

and 2 3 1 Pa are expected, from their rates of production and radioactive

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
230Thi

produced in the oceans, with preferential incorporation of 230Th in

deep sea sediments and 231Pa in manganese nodules (Ku, 1976). In the

open ocean, settling marine particulate matter preferentially scavenges

thorium relative to protactinium from seawater (Chapter 3), resulting in

a 2 3 0Th/231Pa activity ratio in solution significantly less than 11
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(Table A-3). The situation is reversed in Mono Lake, with a

230Th/231Pa 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 h231
Perhaps it is merely a coincidence, but a 230Th/231Pa 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

o313Pa from old rocks over a long period of time during which their

concentrations have simply built up in Mono Lake water, kept in solution

by complexation. Scholl et al. (1967) determined a salt budget for Mono

LTake and concluded that salt has been accumulating over a minimum period

of 37,000 years, 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 production

by decay of uranium in solution. Therefore, it is reasonable to model

Mono Lake in a manner similar to seawater, where the only significant

930 931
source of -Th and 2 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

230 231
for the concentrations of Th and Pa according to the equation

dNd/dt =(Xd + d)Nd

where: Nd = concentration of daughter atoms ( 30Th or ?31Pa)

234 U 35N = concentration of parent atoms U or U)
p

d = radioactive decay constant of daughter isotoped

Xp = radioactive decay constant of parent isotope

d = first order chemical scavenging rate constant.
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Residence times, Td, are defined as / d, and are calculated

by substituting known values for the parameters in Equation (1) and

solving for *do Tf 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. (1.80) found that the inventory of plutonium in

Mono Lake was approximately equal to the amount expected from atmospheric

fallout. Therefore, river input is not a significant source of plutonium

to Mono Lake, adding confidence to the assumption that river input of

230 931T230 and )Pa 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.

Conclusions

Results of this work are in agreement with the conclusion of Simpson

et al. (1980) that certain actinides are present at much higher

concentrations in Mono Lake than in other natural waters. Evidence 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.

roncentrations of trivalent actinides (Ac and Am) are not enhanced in

Mono Lake to nearly the same extent as the higher-valent actinides.
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