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ABSTRACT

The artificial radionuclide Plutonium (Pu) has been introduced into

the environment primarily as fallout from atmospheric nuclear weapons

testing during the 1950's and 1960's. Earlier studies of Pu geochemis-

try are generally based upon the measurement of the combined activities

of 239Pu and 249Pu (detected by alpha-counting and written as 239 '240 Pu)

and assume an identical geochemical behavior for Pu from any of its

fallout sources. A major focus of this thesis is the development of a

mass spectrometric (m.s.) technique for the analysis of Pu in marine

sediments, pore waters, sediment trap material and sea water from the

North Atlantic. With the m.s. technique, not only is the detection

limit for 239 '240 Pu increased by over an order-of-magnitude, but the

240Pu and 239 Pu isotopes can be separated as well.

The increased sensitivity for Pu provided by m.s. allowed me to

measure Pu in deep-sea pore waters for the first time. Pore water

studies are sensitive indicators of early diagenetic reactions, and can

be used to examine the unresolved question of the extent of Pu remobil-

ization out of marine sediments. Along a transect of cores ranging from

highly reducing muddy sediments on the shelf to more oxic and carbonate-

rich sediments in the deep-sea, I have found that the solubility of Pu

is predominantly controlled by the distribution of Pu in the solid
239,240

phase. The calculated Pu distribution coefficients (Kd = dpm

per kg on solids/dpm per kg in solution) range from 0.2-23 x 10 , with

some suggestion of a trend towards lower values in the deeper cores

(Kd's <10 4 in cores from water depths >2500m). Diffusive flux calcu-

lations based upon the observed Pu pore water gradients suggest that

since its introduction, negligible Pu has been remobilized out of the

sediments at all of the sites. On a time scale of 10 -103 years

however, Pu remobilization may be significant.

A large suite of sedimentary Pu and 210Pbex inventory data are also

examined from the Northwest Atlantic shelf, slope and deep-sea sediments.
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Comparisons between Pu and 210Pb are of interest since both isotopes

are predominantly supplied by atmospheric delivery to coastal waters,

and since both isotopes are used to study recent accumulation and mixing

processes in marine sediments. Inventories of these tracers will re-

flect their source function, removal efficiencies, and lateral transport

in water and particles. A major conclusion is that the sediment inven-

tories decrease with increasing water depth, reflecting a decrease in

the net scavenging of these elements off-shore. Pu sediment inventories
210 ex

drop-off with increasing water depth much more rapidly than Pb in-
210

ventories, due to either the shorter residence time of Pb compared to

Pu with respect to water column removal processes, or due to comparisons

between the naturally occurring 210Pb steady-state scenario and the more

recently introduced fallout Pu. When Pu and 210Pbex inventories are

summed over water depths out to 4000 m in the Northwest Atlantic, the

sediments can account for roughly 24 + 8% of the expected Pu and 83 + 15%

of the expected 210Pbex inputs.

The 240Pu/ 239Pu ratio data provided by the m.s. provide a unique

insight into the relationship between the specific sources of fallout Pu

and its geochemical behavior in the oceans. I find a systematic decrease

in the 240 u/239Pu ratio in sediments from 0.18 on the shelf to 0.10 in

deep-sea (4500- 5000 m) sediments from the Northwest Atlantic. This

trend is consistent with a model whereby Pu from surface based testing

at the Nevada Test Site ( 240Pu/239 Pu = 0.035) is carried by tropospheric

fallout particles of a distinct physical/chemical form which are rapidly

removed from the water column at all depths, in contrast to global stra-

tospheric fallout ( 240u/ 239Pu = 0.18) which is only efficiently

deposited to the sediments in the shallower cores where scavenging is

more intense. This two source model was chosen since there is no evi-

dence for the present day fractionation of 239Pu from 240Pu in the water

column and sediment trap data.

This two source model is supported by the analysis of 240pu/ 239pu

ratios in marine sediments from the 1950's and 1960's which show lower

or equivalent 240 u/239Pu ratios than present day samples from the same

locations (Nevada fallout was confined to 1951-1958 while global fallout
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inputs peaked in 1961/62). Also, while all of the North Atlantic

deep-sea sediments show some evidence of the Nevada inputs (i.e.
240 239Pu/ 23Pu <0.18), the net inventory of Pu from the Nevada source can

be shown to decrease with increasing distance away from the Nevada

source. Using the observed sediment 240u/23 Pu ratios and a two end-

member mixing model, the Pu supplied by the Nevada source in deep

Northwest Atlantic sediments (>4500 m) is shown to account for roughly

40% of the total sediment 239,240 Pu inventory. The very low inventories

of 239P240Pu in the deep-sea sediments in general serves to accentuate

the Nevada fallout signal at these sites.

A pronounced dis-equilibrium is observed between the solid phase
240 239Pu/ Pu ratios (which range from 0.10-0.18) and the pore water
240 239

Pu/ Pu ratios (which are constant at =0.18) at all sites. The

low ratio Nevada fallout Pu is apparently more tightly bound by its solid

phase carrier than Pu from global fallout sources and is therefore not

participating in the general solid/solution exchange reactions.

Within an individual sediment profile, the 240Pu/23 Pu ratios are

relatively constant from core top to core bottom. Using a sediment mix-

ing model which combines the Pu activity data and the resulting 240pu/
Pu ratios given the two Pu sources, I have been able to constrain the

input function of Pu to the slope and deep ocean sediments. The data

are consistent with a model which suggests that the bulk of the Pu

deposited to the deep ocean sediments arrived early-on in the fallout

record.
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CHAPTER 1

Plutonium in the Marine Environment:

Introduction, Objectives and Background

I. INTRODUCTION

This thesis will examine the distribution and behavior of fallout

plutonium in the marine environment. The main source of this plutonium

(Pu) is atmospheric nuclear weapons testing during the 1950's and early

1960's (Perkins and Thomas, 1980; Harley, 1980). Researchers have been

able to use the known pattern of fallout Pu deposition, to study

removal processes in the water column (Bowen et al., 1980; Santschi et

al., 1980; Livingston and Anderson, 1983; Fowler et al., 1983; Bacon et

al., 1985), and in understanding mixing processes in marine sediments

(Guinasso and Schink, 1975; Krishnaswami et al., 1980; Benninger and

Krishnaswami, 1981.; Kershaw et al., 1983; Cochran, 1985). Such

studies are based upon the measurement of the combined activities of

239Pu and 240Pu (wr'itten as 239P240Pu) and assume an identical

geochemical behavior for Pu from any of its fallout sources. The

results of this thesis will show that the oceanographic chemistry of Pu

is more complex than previously suspected.

A major focus of this work is on the mass spectrometric (m.s.)

analysis of fallout Pu in a series of marine sediments and pore

waters. With a m.s. method, not only is the detection limit for
239'240Pu lowered, but the 239Pu and 240 Pu isotopes can be

separated as well. The 240Pu/ 239Pu ratio data are used in this

thesis to show that there are significant differences in the

geochemistry of Pu depending upon the specific sources of fallout Pu at

a given site. More specifically, it appears that Pu from surface-based

nuclear testing is delivered to the oceans in a distinct

physical/chemical form which is more rapidly removed from the water

column than stratospheric fallout from high altitude tests. These

results have major implications for the interpretation of Pu's
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geochemical behavior in deep sea sediments, where 239,240pu

inventories are generally quite low, and in ocean basins which have

received substantial fallout from surface based tests, such as the

North Pacific basin (Bowen et al., 1980).

The major objectives of this thesis are outlined below, and

correspond to results and discussions in Chapters 3-7 of this thesis.

Once the objectives have been presented, the remainder of this chapter

will include an introduction to the study site, followed by a short

review of the sources and general aquatic chemistry of Pu.

II. OBJECTIVES

1. A primary objective is the development of a thermal ionization

mass spectrometry technique to measure fallout plutonium concentrations

and isotope ratios at the extremely low levels found in marine

sediments, pore waters, seawater and sediment trap samples. Mass

spectrometric detection techniques for Pu have been developed primarily

for use within the nuclear power and nuclear weapons industries. The

application of this technique, however, has mainly been confined to

precise determinations of Pu isotope ratios rather than for determining

low level Pu concentrations. With isotope dilution m.s., the detection

limit for 239Pu and 240Pu is at least an order-of-magnitude lower

than detection by traditional alpha-counting techniques, which allows

one to detect 239,240Pu at the 10- 18M/kg level in liter volumes of

water. Furthermore, the m.s. technique has the added advantage of

yielding separate 239Pu and 240Pu determinations, in contrast to

alpha-counting, where the alpha-decay energies of these two isotopes

are essentially identical and hence inseparable.

2. This thesis will examine the distribution of plutonium between

pore waters and sediments in the Northwest Atlantic shelf, slope and

rise region, in order to link Pu solubility and mobility to the general

biogeochemical cycles operating over this wide range of geochemical

settings. The question of the potential remobilization of Pu from

sediments has remained an unresolved topic for many years (Koide et
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al., 1975, 1980; Edginton et al., 1976; Livingston and Bowen, 1979;

Noshkin and Wong 1979; Bowen et al., 1980; Carpenter and Beasley, 1981;

Santschi et al., 1980; Sholkovitz and Mann, 1984; Cochran, 1985).

Plutonium diffusion out of sediments has been postulated to explain

deep water enrichments of 239 ,240 Pu in the Pacific (Bowen et al.,

1980) and in lakes (Alberts and Orlandini, 1981; Sholkovitz et al.,

1982), as well as apparent discrepancies between solid phase

239240pu, 137Cs and 210Pb records (Livingston and Bowen, 1979;

Cochran, 1985). Convincing evidence for or against Pu remobilization

is difficult if not impossible to obtain from solid phase results

alone. Pore water studies have long been known to provide the most

sensitive indication of diagenetic behavior (Froelich et al., 1979;

Berner, 1980). Plutonium pore water work has been limited due to the

extremely low concentrations of 239P240Pu in pore solutions,

therefore difficulties arise in collecting enough solution for
239,240Pu analyses by alpha counting. To date only two oceanic cores

have been analyzed for 239p240Pu in pore waters, one from the shallow

sediments of the Irish Sea (contaminated from nuclear fuel reprocessing

wastes) (Nelson and Lovett, 1981), and the other from Buzzards Bay,

Massachusetts, U.S.A. (Sholkovitz and Mann, 1984). The distribution

coefficient, Kd (=dpm 239P240pu per kg of solids/dpm 239t240pu

per kg solution), found in both of these studies was =10 5 , with no

evidence for the sharp pore water gradients necessary to support

significant remobilization of Pu. One of the objectives of this thesis

was to extend this type of study to continental shelf, slope, and

deep-sea sediments, where Pu pore water profiles could be examined

under a variety of geochemical settings.

3. Given the relatively large number of cores which have been
239,240 210

analyzed for Pu and/or Pb from the Northwest Atlantic

shelf and slope region, an examination of regional sediment inventory

patterns with respect to water column removal and deposition processes

is possible. Plutonium and 210Pb inventories are compared since both

of these isotopes are supplied by atmospheric deposition, and because

both of these tracers are used to study sediment accumulation and
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mixing on the 10-100 year time scale (Benninger and Krishnaswami, 1981;

Carpenter et al., 1982; Beasley et al., 1982; Officer and Lynch, 1982;

Cochran, 1985). A mass balance for 239P240Pu and 210Pbexcess

will be made in order to determine their total fluxes into and out of

the study region. This mass balance will be used to test the

hypothesis of Spencer et al. (1981), which suggests that the lateral

transport of 210Pb from the ocean's interior is a significant source

of 210pb to these slope sediments.
4. Isotopic ratios of 240/239Pu in these North Atlantic samples are

examined in order to understand the specific sources and removal rates

of fallout Pu at a given site. A systematic decrease in the

240Pu/ 239Pu ratio in sediments with increasing water depth is

found, similar to the Gulf of Mexico data of Scott et al. (1983). My

evidence from 240u/ 239Pu ratios in sediment trap samples, water

column profiles, and early 1960's sediment samples all support the

existence of at least two distinct sources of fallout Pu to the North

Atlantic, each with different geochemical properties and removal

rates. This evidence for the input of different fallout Pu types will

have important bearing on: a) the use of Pu as a geochemical tracer to

study the present day removal of radionuclides from the water column,

b) estimates of the transport of Pu by large biogenic particles and the

remineralization rate of this material at the sediment/water interface,

and c) studies which must assume an input function for Pu to pelagic

sediments in order to model benthic mixing rates (see below).

5. A model approach is used to constrain the input function of

fallout Pu to marine sediments by combining the Pu isotopic data with
239'240Pu and 210Pb activity data in the sediments. Since the input

and removal of Pu to the ocean cannot be considered to be in

steady-state due to its recent introduction to the oceans, any sediment

mixing model must assume an input function for Pu deposition. This

input function will not be proportional to the known fallout patterns

if the removal rates of Pu to the sediments have not been constant.

For example, one extreme case is that the bulk of Pu delivered to deep

sea sediments arrived as a pulse centered around the years of maximum
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Pu fallout, and hence maximum surface water Pu concentrations. A

second scenario is that Pu removal rates have remained constant with

time, with present day fluxes being equal to previous removal rates.

Both of these input approximations have been used in previous

239,240Pu modelling attempts (Officer and Lynch, 1982; Sayles and

Livingston, 1985; Cochran, 1985; Anderson et al., 1986). In my model,

210Pbex activity profiles are used to obtain benthic mixing rates.

These mixing rates are then used in a Pu pulse or continuous input

model to look at Pu isotopic ratios in the sediments resulting from the

Nevada and stratospheric fallout sources, each with their

characteristic 240u/23 Pu ratio. Given the large number of

239,240Pu and/or 210Pbex profiles from this study region, an

attempt can also be made to statistically examine benthic mixing rate

variability in shelf, slope, and deep-sea sediments.

III. THE STUDY REGION: THE NORTHWEST ATLANTIC SHELF, SLOPE AND RISE

A. The SEEP Program

Most of the samples which were analyzed for this thesis were

collected as part of the U.S. Department of Energy sponsored program

called SEEP (Shelf Edge Exchange Processes). The SEEP program is a

multi-disciplinary undertaking involving marine biologists, chemists

and physical oceanographers. The SEEP program is broadly designed to

study cross-shelf exchange in the Mid-Atlantic Bight region. It was

hypothesized that fine-grained, organic-rich matter being produced on

the shelf was being transported to the upper slope sediments where

fine-grained sediment deposits are known to occur. The main focus of

attention in the SEEP research includes: 1) a study of the physical

forces driving the off-shore transport of suspended matter in the shelf

region, 2) an examination of the importance of the shelf/slope front in

the transfer of material to the upper slope, 3) determine if the upper

slope is truly the final site of deposition of particle reactive

elements and organic carbon, and 4) establish evidence for or against

the horizontal removal of particle reactive tracers from the ocean's
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interior to this margin site. In the following discussion the N.W.

Atlantic shelf, slope, and rise regions will refer to the U.S.

continental margin from Cape Hatteras to Nova Scotia out to water

depths of 4000-5000 m (Fig. 1.1).

The first stage of the SEEP experiment (SEEP-I) consisted of a

variety of measurements and sampling activities along a transect

essentially due south of Martha's Vineyard at 710W (Stations A-F,

Fig. 1.1). Samples were collected from stations with water depths

ranging from less than 50 m on the shelf to close to 3000 m on the

upper-rise. A series of seven moorings (at 90-2700 m water depths)

were deployed during the winter, spring, and summer of 1983-1984 to

collect seasonal and depth-dependant sediment trap samples (using 10-

to 14-day sampling intervals and two separate deployments of the

sediment trap arrays). These moorings were also used to collect long

term transmissometer and current data (see Fig. 1.2 for mooring depths

and typical configurations). Box cores and gravity cores were

collected at many depths along this transect, and my pore water and

sediment samples were analyzed from box core samples at five depths

along the transect-90, 500, 1200, 2300, and 2700 m (in addition, I

analyzed box core samples from the deep-sea at 4469 and 4990 m from box

cores collected independent of the SEEP program, i.e. Stations G and H

in Fig. 1.1). Large volume samples for suspended particulates and

dissolved natural and artificial radionuclides were obtained by an

in-situ pumping system (Mann et al., 1984; Bacon, 1986). Discrete

water column samples and extensive CTD and transmissometer data were

collected during these same cruises. Satellite imagery and wind speed

data have also been obtained to support the field observations.

The results from this first SEEP experiment are just emerging,

with reports and abstracts from two major meetings being the chief

source of information thus far (AGU Spring meeting, Baltimore (1985)

Eos 66(18); AGU/ASLO winter meeting, New Orleans (1986) Eos 66(51)).

Manuscripts by numerous participants in SEEP-I have already been

submitted for an upcoming volume of Continental Shelf Research. This

issue will provide a comprehensive analysis of the SEEP results to
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Fig. 1.1: Map showing the location of cores used in this study. box
cores are identified by letters A through H on this map, as
discussed in the text.
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Schematic diagram of mooring arrays deployed during the
SEEP-I experiment.
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date. The general geological and biological research of this region

which is of importance to this thesis will be briefly described below,

based upon previous studies and some early SEEP-I results.

A prominent feature of the SEEP region is the continental slope,

which is a topographic discontinuity between the continental shelf and

the upper continental rise. While the shelf has an average seafloor

gradient of <1*, the slope has a relatively much steeper gradient of

2-6* with variations from 4-110 around its steepest sections (Garrison

and McMaster, 1966; Tucholke, 1984). The slope is a relatively narrow

feature (10-50 km wide) which is heavily dissected by a large number of

submarine canyons and channels. The shelf/slope break occurs between

100-200m water depths, while the base of the slope occurs at 2000 +

200m, where there is a marked gentling of the seafloor gradient at the

upper rise (see Fig. 1.1).

Evidence exists for wave cut terraces at the outer shelf edge,

which were formed at lower sea level stages during previous glaciations

(Garrison and McMaster, 1966). During the last glaciation (15,000

years before present), northern rivers crossed the present day shelf

carrying melt water and suspended sediments directly to the slope

region. At latitudes >410N, glaciers are likely to have deposited

sediment directly to the slope. With the rising sea level, the

winnowing of shelf clays occurred. At present, a majority of river

suspended sediments are trapped in the estuaries and at inner shelf

sites adjacent to the major northern rivers (Milliman et al., 1972).

Biogenic and ice rafted debris appear to be the major net contributors

of sediment accumulation to the continental margin region since the

last glaciation. The continued reworking and erosion of existing

sediments will also affect sediment redistribution and accumulation

within the region.

Quite extensive data exist on the sedimentology of the surface

sediments of the U.S. Atlantic continental margin. The most extensive

surveys were conducted in the 1960's and early 1970's by the Woods Hole

Oceanographic Institution, the U.S. Geological Survey, and Duke

University. These surveys involved the collection of over 6000 surface
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sediments from the shelf and slope regions along the entire U.S.

continental margin. Results from this work have been published by

Hathaway (1971, 1972), Milliman et al. (1972), and Schlee (1973), among

others, and this data set will be the primary source for the background

minerology discussions below.

Shelf sediments are generally characterized by a high sand

content, with clay and silt contents rarely exceeding 1%. The

exception to this is the "Mud Patch" region where, as the name implies,

shelf sediments exist which contain a high fraction of muddy sediment

(>30% silt and clay, 1-2% organic carbon). The original source of

these fine-grained sediments is likely the previous winnowing and

erosion of fine sediment by strong tidal currents which occur on

Georges Bank and Nantucket Shoals, resulting in the southwestward

transport of suspended sediments to the Mud Patch site (Bothner et al.,

1981). A possible present-day source of fine-grained material is the

continued reworking of subsurface material on Georges Bank or the

erosion of outcrops of older sediment. Evidence for physical

resuspension at the Mud Patch site can be seen in bottom photographs

which show high suspended sediment loads (5-10 mg/1) in the overlying

bottom water following high wind events (Twichell et al., 1981).

Extensive biological reworking of Mud Patch sediments has also been

seen in numerous 210Pbex and 239'240Pu sediment profiles from

this site (Santschi, 1980; Bothner et al., 1981; Buesseler and

Sholkovitz, 1984; Anderson et al., 1986; and following chapters in this

thesis). It should be noted that the total area of this atypical shelf

feature is rather small, representing only =5% of the total shelf

area between Cape Hatteras and Nova Scotia (Buesseler et al., 1985).

The slope sediments in this region contain somewhat higher organic

carbon contents and higher silt and clay contents than sandy shelf

sites (=0.5% organic carbon, 20-30% silt and clays (Hathaway, 1971;

Steinberg and Kaplan, 1985)). It is precisely the presence of these

fine grained deposits on the upper slope that have led to the

hypothesis of the existence of cross-shelf transport and preferential

accumulation of particle reactive tracers and organic carbon on the
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upper slope.

The slope sediments contain 5-20% carbonate, consisting mainly of

planktonic foraminifera tests, and generally increasing with depth

(Tucholke, 1984). This is in contrast to <5% carbonate levels on most

of the shelf. The clays which are present on the slope in this study

region are predominantly illite and chlorite, the so-called "northern

clay assemblage" (Hathaway, 1972). The slope south of Cape Hatteras is

the site of the "southern clay assemblage", consisting predominantly of

montmorillonite and kaolinite. The cause of this difference in clay

minerology is due to differences in the drainage basins of the northern

and southern rivers.

Less is known about continental rise sediments than either slope

or shelf sites. Biogenic debris appears to contribute to the net

accumulation of sediment in this region. Carbonate from settling

pelagic planktonic foraminifera makes up about 25% or more of the

weight of the rise sediments. Biogenic silica is also significant out

to 2250 m (10-15% amourphous Si02) (Walsh et al., 1985).

The fine-grained slope sediments, combined with the relatively

steep slope topography, are conducive to down slope gravitational

sediment movement. Evidence exists in the geological record for

slumps, slides, debris flows, and turbidity flows over much of the

continental slope and rise (Embley, 1980; Knebel, 1984). These mass

flows represent a continuous spectrum of gravity-driven transport

mechanisms on both the large (travel distances on the order of 100's to

1000's of kilometers) and small scale. Seismic data and core samples

provide the bulk of the evidence for such mass wasting processes.

The two tracers which I use in this thesis to examine sediment
239,240 210pb ex. Both of these

mixing and accumulation are Pu and Pb Both of these

radionuclldes record sedimentary processes which have occurred during

the past few decades, and cannot be expected to record evidence for

large scale mass wasting events which occur very infrequently. In only

5 out of the 25 cores which have been analyzed for 239 P240Pu and/or

210Pbex during the SEEP program is there any obvious evidence for

non-steady state physical or biological, mixing or accumulation events
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(Anderson et al., 1986). While sediment slumping and slides are often
suspected to be important in this region, these radioisotopic tracers
support generally steady-state mixing and accumulation mechanisms

during the recent decades.

Previous studies of benthic fauna along the New England slope can
be used to estimate the species abundance along the SEEP-I transect
(Rowe et al., 1974; Grassle, 1977; Wiebe, 1984; Grassle, 1986). The
number of benthic macrofauna collected in box core samples along the
slope is on the order of 4000 individuals m-2 (using a 0.5 mm mesh
size) and does not change systematically within the 1000-3000 m depth
range (Rowe et al., 1982; Grassle, 1986). At depths greater than

3000-4000 m, the abundance of benthic organisms decreases (Rowe et al.,
1982); however, the amount of data from continental rise cores from
this region is quite limited. The most numerous benthic macrofauna
along the slope are the polychaetes, with Aurospiro dibranchata being
the dominant species in the 1700-3600 m depth range (Grassle, 1977).
Many of the polychaetes and deep-sea fauna, in general, feed at the
sediment-water interface, removing particles from the surface and
depositing them at depth in the sediment. In addition to the vertical
transport of sediment by burrowing organisms, considerable lateral
mixing of sediments may occur due to the horizontal burrowing
activities of hard urchins (along a subsurface plane at depth of
10-15 cm) (Grassle, 1986). 239,240Pu and 210Pbex profiles from
this region will be used to quantify benthic mixing rates and to
examine the variability in these rates within individual cores, between
cores at the same depth, and between cores along the entire transect
(80-5000 m).

IV. SOURCES OF PLUTONIUM

Plutonium was first produced and hence discovered in 1940 by
Seaborg et al. (1946). To date 15 isotopes of Pu, ranging from 232pu

246to Pu, have been produced and studied (Taube, 1964; Milyokuva et

al., 1969). Of these isotopes, only six have decay half-lives of
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greater than one year (see Fig. 1.3), with the 238,239,240 and 241-Pu

isotopes being the most abundant. The tremendous energy released

during the fission of 239Pu and hence its military weapons

applications, resulted in the immediate large scale production of this
239

artificial radioisotope. The production of Pu is commonly

performed by the irradiation and subsequent capture of slow neutrons by
U in a nuclear reactor or cyclotron. The relevant reaction is as

follows:

238 239 L. 239 IE 239
U (n,y) 2 U 23 min )  Np 2.3d 239pu

Heavier isotopes of Pu can be produced by subsequent neutron capture

steps from 239Pu, either in a nuclear reactor setting, or during the

large neutron flux which is produced during the explosion of an atomic

or thermonuclear bomb. The relative abundances of the Pu isotopes in a

reactor fuel or in nuclear weapons fallout will depend upon the nature

and intensity of the neutron flux and the time span over which this

flux and subsequent radioactive decay occurs. Although the resulting

isotopic ratio of Pu in fallout and irradiated reactor fuel is

variable, these sources can generally be characterized by their

isotopic signatures. Typical Pu isotopic ratios in fallout and

irradiated reactor fuel are given in Table 1.1.

The input of fallout Pu from atmospheric nuclear weapons testing

programs is the largest source of Pu to the environment, including the

oceans. (Harley, 1980; Perkins and Thomas, 1980). In total, roughly

400 kCi of 239Pu and 240Pu have been deposited in the environment

from these atmospheric weapons tests, with =330 kCi being deposited

as stratospheric, or so-called global fallout (Harley, 1980). A

discussion of the historical input of fallout Pu will be presented in

order to assist in interpreting some of the Pu isotopic and activity

patterns observed in present day marine samples.

The first significant environmental release of Pu occurred with

the "Trinity" nuclear test shot on 16 July 1945 in Alamogordo, New

Mexico, U.S.A.. The complete historical input pattern of fallout Pu

has been obtained in several ways: 1) through reference to announced
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Fig. 1.3: Plutonium isotopes and nuclear decay products (from Taube,
1964).
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TABLE 1.1. Relative Abundances(1l of Plutonium Isotopes in Global
Fallout vs. Power Reactors

Global Fallout

3.5 x 10- 5

1
0.18
0.0035
0.004

Nuclear Reactor(2)

6.42
1
0.45
0.168
0.067

(1) Data are normalized to 239Pu and are reported on a mass basis,
decay corrected to 1986 (from 1963) for fallout 238 Pu and 241Pu.

(2) Assuming 30,000 Mwd/ton exposure
Ref.: Perkins and Thomas (1980).

Mass

238p u
239pu
240pu
241pu
242pu

I I I I I i I
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atmospheric nuclear weapons testing yields (see Fig. 1.4 and

Table 1.2), 2) through the determination of fallout activity patterns

in wet and dry deposition (E.M.L., 1980), or 3) through the examination

of fallout records in dated ice cores (Koide et al., 1979, 1985),

sediment cores (Koide et al., 1975, 1980, 1982; Krey, 1983; Breteler et

al., 1984), or corals (Freeman et al., 1985). The 90Sr (a fission

product in nuclear fallout) depositional pattern at New York City has

been reliably monitored since 1954 and is shown in Figure 1.5. Since

the 90Sr/239240Pu activity is essentially constant in fallout
90

debris (=56 in 1980), this Sr record can be regarded as

representing the historical input pattern of fallout Pu at this site.

The main features of this record include considerable fallout in the

mid-to-late 1950's and a drop-off in fallout deposition in 1960 and

early 1961 (during the U.S.A./U.S.S.R. testing moratorium). This is

followed by the largest input of fallout in the early 60's and a sharp

reduction in fallout in the later 1960's with some minor fluxes in the

late 60's through the 1970's. This pattern is consistent with the

announced testing records (see Table 1.2 for details).

The first thermonuclear (H-bomb) test (U.S. "Mike" test-14Mt) in

1952 injected considerable fallout into the stratosphere for the first

time. Fallout consists of a range of radioactive debris types, each

with varying physical/chemical properties depending upon the nature of

the nuclear test, and variability in fallout particle formation within

a single testing event. The terms stratospheric or global fallout vs.

tropospheric or close-in fallout refer only to whether or not fallout

from a particular test gained sufficient height to reach stratospheric

altitudes. Both large yield surface tests and large and small yield

high altitude tests will inject fallout debris into the stratosphere.

In surface-based tests of any yield, considerable surface material will

become incorporated into the nuclear fireball. As this partially or

completely melted matter condenses, radioactive fission products and

unfissioned elements will become incorporated into this debris (Adams,

1960). Depending upon the nature of the surface material (i.e. either

sand, soil, or coral matter), the resulting close-in fallout particles
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Reported Atmospheric Weapons Testing yields vs. year and by
type. Surface bursts include all surface, tower, barge, and
low altitude (<500 ft.) balloon shots. Air bursts include
all other tests.
Ref.: DOE (1982); Zander and Araskog (1973); Perkins and
Thomas (1980).
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Table 1.2. Announced Atmospheric Nuclear Test Yields (kT)(1)

-U.S.A. -

Surface( 2 ) Air( 3 )

55(4)
46

-U.S.S.R.-
Surface Air

104

-U.K., France, China-
Surface Air

y(5)

Year

1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963-
1980

104

107
552
114

37
3000
170
5016

21200

1000( 7 )
2
5000
1000
7000
15000

112000
130000

100
20

270

20
7000
7000

27800

(1) Yields are listed in kilotons (kT) or the energy of a nuclear ex-
plosion that is equivalent to an explosion of 1,000 tons of TNT.
These yields likely represent minimum values, since many test
yields have never been reported or confirmed.

(2) Surface indicates those tests which are likely to produce consider-
able "close-in" or intermediate fallout due to the detonation of a
nuclear bomb at or near the earth's surface. This includes all
tower, barge, surface and low balloon shots (ie. those detonated
at <500 ft. height).

(3) Air indicates shots less likely to produce "close-in" fallout.
This includes all atmospheric, rocket, high altitude balloon and
underwater tests.

(4) Includes first U.S. test ("Trinity") and the Hiroshima & Nagasaki
bombs.

(5) Y indicates early low yield U.S.S.R. test with unreported yield.
(6) First U.S. thermonuclear explosion (H-bomb)
(7) First U.S.S.R. thermonuclear explosion (likely yield at least

=1000 kt).

Refs.: Zander and Araskog, 1973; Perkins and Thomas, 1980; U.S. Dept.
of Energy, 1982

60
10450(6)
138
48200
166
8600
170
10300
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may have significantly different solubilities in the surface ocean than

average global fallout debris. This difference in fallout particle

solubility and reactivity will be discussed with relationship to my
240 239Pu/ Pu ratio data in Chapter 6.

The primary pathway for the injection of stratospheric fallout

back into the troposphere is through the tropopause dicontinuity zone,

which occurs predominantly in the spring at mid latitudes (Perkins and

Thomas, 1980). The residence time of stratospheric fallout is

approximately one year, while the residence time of tropospheric debris

is much shorter on the order of days to weeks (Perkins and Thomas,

1980; Holloway and Hayes, 1982). Due to the predominance of testing

sites in the Northern Hemisphere (Fig. 1.6), and due to the

mid-latitudinal stratospheric injection process, the inventories of
239,240

fallout Pu vary with latitude, as shown in Figure 1.7. On a

smaller scale, roughly 70 kCi of close-in fallout have been deposited

in the vicinity of the testing sites (Harley, 1980). The large surface

based tests of the U.S. at the Marshall Islands in the Pacific are by

far the largest source of close-in fallout and add a considerable

inventory of "excess" Pu to the N. Pacific basin (Bowen et al., 1980).

Other than weapons fallout, relatively minor releases of Pu to the

environment have occurred, and these include (taken from Harley, 1980):

1) the accidental burn-up of the SNAP-9A navigational satellite in 1964
over the Indian Ocean (releasing =17 kCi of 238Pu), 2) the

dispersal of weapons grade Pu from military airplane mishaps in

Palomares, Spain in 1966, and Thule, Greenland in 1968, 3) slight

leakages from nuclear reactor operations, weapons productions

facilities, and nuclear waste disposal operations, and 4) the direct

release of liquid radioactive wastes into the Irish Sea by the

Sellafield fuel reprocessing plant in England (formerly known as

Windscale). This last source is presently the world's largest source of

Pu to the environment, with an estimated 14 kCi of 239,240Pu having

been released between 1957-1978 (Needler and Templeton, 1981).
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Fig. 1.6: Worldwide nuclear testing sites (from Zander and Araskog,
1973).

Test sites 1945 - 1972

Fig. 1.7: Concentration of 239,240 pu as a function of latitude in
integrated soil sample (from Perkins and Thomas, 1980).
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V. AQUATIC CHEMISTRY OF PLUTONIUM

The aquatic chemistry of Pu is complex since Pu can simultaniously

exist in solution in four oxidation states (III, IV, V, VI) each with

widely differing chemical properties (Taube, 1964; Milyukova et al.,

1969; Cleveland, 1970; these references will be used for the following

discussion, unless otherwise noted). This unique feature is due to

three factors: 1) the tendency of Pu to disproportionate (Pu(IV) +
Pu(V) ==, Pu(III) + Pu(VI)), 2) the similar values of the Pu redox

potentials, and 3) the slow rate of reactions involving the formation

or rupture of Pu-oxygen bonds (such as exist in PuO and2
PuO2). In environmental studies the concentration of Pu in

-18solution is so small (in the range of 10-18 M/kg) that
disproportionation becomes unlikely. Therefore, it is probable that Pu

is present in natural samples in only one or two oxidation states,

depending upon prevailing redox conditions and kinetic considerations.

Attempts have been made to derive physical-chemical models for Pu

speciation in natural waters (Andelman and Rozzell, 1970; Bondietti and

Sweeton, 1977; Cleveland, 1979; Aston, 1980; Allard et al., 1980; Rai

et al., 1980). There are two major problems with these models. First,
the data used to derive the models are from laboratory experiments

utilizing Pu at many orders-of-magnitude higher concentrations than

those present in the natural environment. Secondly, the equilibrium

constants used for complexation and hydrolysis of Pu are subject to

large uncertainties and in some instances are not known at all. These

features have led to widely differing predictions for the most abundant

Pu species in natural waters (Aston, 1980; Silver, 1983).

Recent advances in the measurement of Pu oxidation states in

natural samples have been made (Nelson et al., 1984; Orlandini et al.,
1986). In general, some mixture of reduced and oxidized dissolved Pu

species is found in most freshwater and seawater systems. The reduced

Pu species are more particle reactive than the oxidized Pu forms, and

therefore changes in Pu redox state are important in considerations of
Pu solubility and scavenging. In studies from the Irish Sea (Nelson and
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Lovett, 1978), the Mediterranean (Fukai et al., 1981), the N.W.

Atlantic (Livingston et al., 1984), the Bikini and Enewetok lagoons in

the Pacific (Noshkin and Wong, 1979), and in the N. Pacific Ocean

(Nelson et al., 1984), anywhere from 50-90% of the 239P240Pu is found

in the oxidized V or VI forms. The only data to show any systematic

variability in Pu oxidation state are that of Nelson et al. (1984) in

the Pacific, where the near bottom 239 '240 Pu samples are

substantially more oxidized (90%) than 239,240Pu throughout the

remainder of the water column (50 + 15%). Laboratory studies suggest

that reactions at the mineral surface are effectively reducing the

oxidized forms of Pu to the reduced forms (Sanchez, 1985;

Keeney-Kennicutt and Morse, 1985).

It can be concluded that the oxidation state determinations which

have been made on natural samples support the basic chemical models

suggesting that reduced Pu is strongly associated with particles and

that oxidized Pu is dominant in the dissolved phase in the oceans.

However, storage effects, oxidation state tracer equilibration, and the

kinetics of species re-equilibration during a selective extraction

procedure may add some uncertainty to any of these oxidation state

separation techniques. Also, the actual oxidation-state-determining

mechanisms in the environment, either kinetic or equilibrium based, are

not yet well understood.

The total particle reactivity of Pu has been described by the

distribution coefficient, Kd, which is defined as the activity of
239,240 239,240

Pu on the solids (dpm/kg)/activity of Pu in solution

(dpm/kg). Plutonium Kd's range from 104-106 in a wide variety of

seawater and freshwater settings (Edgington, 1981). In general, higher

distribution coefficients are found, if only the reduced Pu species are

considered (Nelson and Lovett, 1978, Sanchez, 1985). Interpretations

of field and laboratory Kd data may be complicated by differences in

mineralogy and sediment type, competing natural ligands in solution,

differences in suspended sediment concentration, the time needed for

equilibration between the solids and solution, and the reversibility of

adsorption which is assumed in the Kd determination (Sholkovitz,



- 22 -

1983).

The concentration of dissolved 239P240Pu has been shown to be

affected by its complexation with inorganic and organic ligands.

Elevated dissolved 239,240Pu concentrations in Mono Lake (Simpson et

al., 1980, Anderson et al., 1982) and Soap Lake (Sanchez et al., 1985)

have been explained as being due to carbonate complexation in these

highly alkaline lakes. This has been supported by laboratory

adsorption studies and modelling (Sanchez, 1983) which show that

carbonate can significantly inhibit Pu(IV) adsorption at alkalinity

levels comparable to those measured at Soap Lake. Dissolved organic

carbon (D.O.C.) has also been shown to have a controlling influence on
239,240 Pu activity in solution in freshwaters (Nelson et al., 1985).

These researchers found that the Kd of Pu was inversely related to

the ambient D.O.C. concentration in a wide variety of freshwaters.
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CHAPTER 2

The Non-destructive Analysis of 210Pb, 234Th and 226Ra

by Gamma-ray Spectrometry

I. INTRODUCTION

The naturally occuring radionuclides 210Pbexcess and 234Th

are commonly used to study mixing processes in marine sediments

(Guinasso and Schink, 1975; Peng et al., 1979; Benninger and

Krishnaswami, 1981; DeMaster and Cochran, 1982; and references

therein). In this thesis sediment mixing rates were desired (see

Chapters 4 and 7) as well as sediment 210Pbex inventories (Chapter

5). Therefore, a non-destructive gamma-ray technique for the analysis

of 210Pbex and 234Th was developed. technique is a modification

of those described by Yokoyama & Nguyen (1980) and Cutshall et al.

(1983). Some of the features of this method include: 1) 210Pbex

and 234Th are measured non-destructively, so that subsequent analyses

(in this case, 239P240Pu and 137Cs) can be run on the exact same

sediment material, and 2) this technique is much simpler than

traditional 210Pbex and 234Th alpha-counting procedures, while

providing results with comparable accuracy.

II. DETECTION TECHNIQUES

The analysis of 210Pb traditionally involves sediment leaching

or dissolution by strong acids followed by chemical clean-up

procedures, sample plating, and the determination of the 210Pb

daughter ( 210Po) by alpha-counting (Thomson and Turekian, 1976;

Lally, 1982). In addition, 210Pbex is calculated from the

difference between the total 210Pb value and the 210Pb which is

supported by 226Ra in the core. 226Ra determinations are therefore

needed and are obtained either by assuming that the deep supported

210Pb values are equivalent to 226Ra throughout the core or by the

222Ra emination technique (Mathieu, 1977). The traditional 234Th
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determination is similiar to 210Pb in that it involves sediment

leaching or dissolution followed by chemical clean-up procedures,

plating and beta-counting for 234Th (Lally, 1982).

The standard 210bex and 234Th analytical techniques are all

based upon the detection of a radionuclide or its daughter by their

most common decay mode, i.e. alpha decay for 210Pb and beta decay for
234Th. Often with the alpha-decay process, a certain percent of the

daughter nuclides are left in an excited energy state which then

release their energy via gamma radiation of a known energy. These

gamma-ray emmisions are used here to measure the parent activity.

Since the gamma emmisions of 210Pb and 234Th occur at a known

energy and can be measured with high resolution, no chemical separation

techniques need to be employed in the sample preparation steps. Also,

since gamma-rays can travel relatively long distances through the

sample (depending upon their energy), the samples need not be

introduced as a thinly deposited source for detection. A recent

breakthrough in gamma detector design (i.e., the intrinsic germanium

detector) has allowed for the detection of low energy gamma rays

(<100 keV) in a region which includes the primary 210Pb (46.5 keV)
234and Th (63.3 keV) gamma peaks.

The solid state detectors in use are all based upon the

interaction of incoming gamma radiation with a semi-conductor material

consisting of either a germanium crystal which has been lithium

"drifted" (Ge(Li)'s) or a pure germanium crystal alone (the intrinsic

germanium, or planar detector). When a potential is applied to the

Ge(Li) or planar detector crystal, incoming gamma-rays are detected in

the so-called intrinsic volume of the crystal. This intrinsic volume

is separated from the sample by a detector window, and in the case of

the Ge(Li)'s, by a relatively thick crystal layer which is insensitive

to the incoming gamma radiation. Low energy gamma rays are unable to

penetrate through this insensitive crystal volume and are not detected

with the Ge(Li) design. One purpose of the lithium drifting in the

Ge(Li) crystal is to neutralize any original acceptor impurities in the

germanium crystal. The development of techniques for manufacturing
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pure Ge crystals removes these impurities and allows for the detection

of the lower energy gamma rays due to the elimination of the

insensitive volume associated with the Ge(Li) design.

A comparison of the W.H.O.I. Ge(Li) and planar detector

efficiencies vs. gamma energy can be seen in Figure 2.1. The W.H.O.I.

planar detector is relatively thin (7 mm), and, therefore, the detector

quickly becomes less efficient at energies greater than 100 keV, as the

higher energy gamma rays simply pass through the crystal without

interaction. The sharp drop-off in the detector efficiency of the

W.H.O.I. planar detector at higher energies requires that both the

planar and Ge(Li) detectors are used in order to cover the desired

energy range: (210Pb and 234Th are measured on the planar detector

at 46.5 keV and 63.3 keV respectively, while 214Pb and 214Bi are

measured on the Ge(Li)'s at 352 keV and 609 keV respectively). Pure

germanium crystals, now available in increased thicknesses, can improve

the planar detector efficiency at higher energies. Also, "well-type"

crystal designs are now available in pure germanium which provide close

to 41 counting geometry and, therefore, very high counting

efficiencies. These larger and more elaborate crystal designs become

substantially more expensive as their size increases, and have higher

background count rates as well. A comparison between a gamma-spectrum

from the planar detector and the Ge(Li) detector at W.H.O.I. is

provided in Figures 2.2a and 2.2b.

Ge(Li) detectors must always be held at liquid N2 temperatures

in order to maintain a constant pattern of Li drifting in the crystal.

In contrast, the planar detector does not need to be maintained at

these low temperatures to insure the crystal integrity, but they are

still kept at liquid N2 temperatures during sample detection periods

in order to improve detector resolution in general.

Both the Ge(Li) detectors and planar detectors benefit

considerably from extensive lead shielding to reduce the amount of

incoming background radiation to the detector. At W.H.O.I., roughly

4 inches of pre-bomb lead is used as shielding along with a inner Cu

liner which shields out low energy radiation which is constantly being
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Fig. 2.2a and 2.2b: Gamma spectrum of standard sediment sample on the
planar detector (2.2a) and Ge(Li) detector (2.2b).
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emmitted from the lead itself. There are no significant background

peaks in the regions of the spectrum of interest to us, and, therefore,

the peak count rate is simply the net count rate determined above the

background count rate on either side of the peak channels.

III. SAMPLE ANALYSES

210 ex 234
In order to determine Pb or Th on a given sediment

sample, the samples are dried and ground and placed over the

gamma-detector in an appropriate sample container. The sediment

activity of a given isotope is calculated from the general equation:

dpm/g = (cpm x eff x abs)/g dry weight

where cpm, or counts per minute, is the net sample count rate above

background detected by the gamma-detector for a given sample activity,

geometry, etc., at a specific energy peak. Eff is the total detector

collection efficiency at that energy determined by standards for a

given detector set-up and sample configuration. Abs is the

self-absorption factor for the energy of interest, which compensates

for the relative difference in the absorption of low energy gamma-rays

by the sample medium itself. Each of these components will be

discussed in more detail below.

A. Cpm (Counts Per Minute)

Cpm or the measured count rate is a function of the particular

detector design, the energy of interest, sample activity, background

activity, and the sample geometry. A computer program called CPM.BAS

was developed to assist in calculating the net count rate and the

associated counting error for a given gamma peak (see Appendix I). In

brief, the average count rate is determined on either side of the peak

region. These two count rates are then averaged to determine the

baseline or background count rate over the peak region itself. This

background count rate is subtracted from the peak region count rate to

determine the net cpm over the peak region energies. The one standard

deviation counting error on any such calculation is proportional to the

square root of the number of counts detected. This error is determined
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for both the baseline calculation and the peak region count rate, and

the total error on the net cpm is calculated by taking the square root

of the sum of the squares of the baseline and peak region errors.

With a given detector set-up it is the sample geometry (i.e. the

sample size and form) which can most easily be altered to affect the

net cpm that one measures. With most low energy gamma detection

procedures, the sample is held in a thin walled container which is

placed directly over the detector window. Within limits a larger

sample size will produce a higher count rate. With the low energy

gamma rays, however, an increase in the sample distance away from the

detector window results in an increase in the number of gamma events

which are attenuated by self absorption before being detected.

The first containers which were used in this study (on 83-Gyre-9

cores AK, BK, & CK) were 4 oz. plastic screw top jars (=5 cm dia.).

50 g of dried and ground sediment could be sealed into these containers

and packed to a constant height of 25 mm in the jar. This counting

geometry was used on shelf and slope sediment samples with 210Pb

activities of 1-40 dpm/g and 2 34Th activities of 1-5 dpm/g, and

resulted in a 5-15% counting error on a 1-2 day count. While

successful, future sampling stratagies, geared towards obtaining finer

depth resolution within the cores, provided less sample material for

analyses. Furthermore, the low energy gamma rays of 210Pb and
234Th were unlikely to have been very effectively collected given the

12.5mm mean distance of the sample away from the detector window. A

new sample procedure was therefore developed in order to improve on

this existing sample geometry.

This new approach I have termed the "wafer" technique since the

sample is pressed into a thin solid sediment wafer before counting.

The essential steps are to first dry the sediment completely before

grinding the sample very finely (in this case using a mechanical agate

disk mill grinder). Then up to 20 g of the sediment is placed into a

2.5 cm diameter by 3.5cm deep cylindrical dye of a hydraulic press

(normally used for making X.R.F. pellets). The dye is pre-treated with

TFE (teflon) spray which ensures that once pressed, the sediment wafer
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can be extruded easily. The sample is pressed under 40,000-50,000

pounds of pressure for 1 1/2 to 2 minutes. The net result is that the

sediment forms a thin solid wafer of constant thickness and geometry

for a given sediment mass. Our sediment counting standards are formed

in exactly the same manner (see following section). The wafers are

subsequently sealed inside of a 5 cm diameter plastic petri dish, using

silicon rubber cement to hold the dish shut and to minimize any

handling problems.

Table 2.1 summarizes the effect which this wafer technique and

other counting geometries have on the observed count rate of 210Pb.

Two trends are seen in this table. First, the smallest, and therefore

typically the thinnest samples, have the highest count rate when

normalized to the total dpm per sample (this ranges by a factor of 3).

Secondly, the wafer samples have a higher count rate than an equivalent

mass of loosely packed sample due to their improved geometry. The

conclusion is that even though a 10 g wafer is the most efficiently

counted form, with this small sample mass, the net cpm per sample is

smaller than with a larger loose sample. I have found that the 20 g

sediment wafer is an attractive form to use, since the net cpm of a

20 g wafer is essentially identical to the net cpm of 50 g of loose

sediment. Without using a very large diameter core, 20 g proves to be

a much more reasonable size sample to collect if one is interested in

0.5 or 1cm depth intervals in the top of a given core. The precise

geometry that the wafer sample offers is certainly an additional bonus.

B. Eff (efficiency)

The efficiency is calculated by counting sediments with a known

activity of a given radionuclide. In this case,

eff = dpm of standard/(cpm x abs).

I use two sediment standards provided by the U.S. Environmental

Protection Agency labs in Las Vegas for calibrating our detectors. The

"standard pitchblend ore" standard has a certified 238U activity of

6.06 x 103 dpm/g (with a standard error of 0.4%). Secular

equilibrium can be assumed, and therefore the sample 238U, 210Pb,

214Pb, and 214Bi activities would be identical. The "climax sand
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Table 2.1. A Comparison of the Effects of Different Counting Geometries
on the Detection of 210pb at 46.5 keV with the W.H.O.I.
Planar Detector

gm Form- height x
Sample dry diameter

AK4 10 1) wafer- 7 x
25mm

AK4 10 2) loose- 5 x
50mm

AK4 15 3) wafer- 10 x
25mm

LVE3 20 4) wafer- 15 x
25mm

LVA1 17 5) loose- 18 x
30mm

LVC2 35 6) loose- 23 x
50mm

AK4 50 7) loose- 25 x
50mm

210pb
dpm/gm

10.7 +/- 0.3

10.7 +/- 0.3

10.7 +/- 0.3

11.0 +/- 0.3

8.9 +/- 0.5

9.1 +/- 1.0

10.7 +/- 0.3

Relative*
cpm

3.1 x 10-3

2.9 x 10- 3

2.5 x 10- 3

2.3 x 10- 3

2.0 x 10-2

1.2 x 10- 3

1.0 x 10- 3

net
cpm

0.332

0.309

0.407

0.513

0.309

0.398

0.552

* = Relative cpm is the net counts per minute normalized to the
total dpm per sample, i.e. net cpm/(dpm/gm x weight).
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tailing" standard has a certified 234Th, 210Pb and 226Ra activity
of 5.93 x 105 dpm/g, 6.66 x 105dpm/g, and 7.64 x 105 dpm/g,
respectively, as of May 1, 1976 (with a 4% standard error). This mine
tailing standard is therefore not in equilibrium and the current
210pb activity must be calculated assuming ingrowth of 226Ra and
210Pb decay. The current 210Pb activity as of December 1983 is
6.88 x 105 dpm/g.

These EPA standards were counted overnight in the identical
counting configuration as the samples. Efficiency calculations with
both standards were in agreement within the counting errors (typically
1%). The largest error in the efficiency calculation is determining
the self absorption factor for these standards, which will be discussed
in the following section.

C. Abs (self absorption):

The self absorption factor simply corrects for the relative
attenuation of the low energy gamma radiation by the sample material
itself. Different elements and minerals absorb gamma rays to
significantly different extent (see Table 2.2). Differences between
samples and/or the sample and standard mineralogy will affect the
apparent count rate. As the gamma energy increases, the fraction of
gamma rays which are attenuated decreases such that at energies greater
than approximately 100 keV, there is essentially no need for this
correction. The self absorption correction is made by counting samples

210 234with a hot Pb and Th source placed over the sample such that
the extent to which each sample affects the hot source attenuation can
be taken into consideration.

The principles behind the self absorption factor calculation are
taken from Cutshall et al., 1983. Three count rates are compared (see
Figure 2.3): 1) the count rate of a hot 210Pb and 234Th source over
an empty sample container (= I), 2) the count rate of this hot source
when placed over a real sample (= T), and 3) the normally collected
count rate of the sample alone (= S). Given these definitions, the
underlying equation for the transmition of gamma rays is:

(1) T' = I exp(-ppx)
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Table 2.2. Absorption of 210Pb Gamma-Rays
in Minerals

Mineral

Quartz
Feldspars

Albite
Anorthite
Orthoclase

Calcite
Dolomite
Hematite
Water

Absorption Coefficient
----------(cm2 ----

0.362

0.348
0.475
0.453
0.642
0.649
1.84
0.235

Reference: Cutshell et al., 1983.

Fig. 2.3: Self
I
T
S

Hot Source-

Petri dish-

Detector (

Absorption correction scheme.
= Count rate of hot source over empty container.
= Count rate of hot source over sample in container.
= Count rate of sample.

I T S

Sample
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where V is the total attenuation coefficient, p is the sample

density, x is the path length, and T' is the count rate of the hot

source alone (i.e. = T-S using the above notation). The necessary

gamma self absorption equation is:

(2) abs = Vpx/l-exp(-ppx).

From equation (1) one can calculate that:

(3) ppX = -ln(T'/I).

Substituting equation (3) into (2) one obtains:

(4) abs = ln(T'/I)/((T'/I)-l) or abs = ln((T-S)/I)/(((T-S)/I)-l).

In most cases, T >>S, such that T = T' given our hot source activity
226

(I use a hot Ra source wafer and a uranyl nitrate hot source with

count rates of >100 cpm at these energies). Our sediment samples need

only be counted for 30 minutes under the hot source while the standards

are counted overnight for these calculations. The standards need the

longer counting intervals since the difference bewtween T and S is

small and the longer count improves the statistics on the error of this

difference. Selected abs factors calculated in the above manner at the

energies of 210Pb and 234Th are given in Table 2.3. As expected,

as the gamma energy increases, this self absorption factor becomes less

significant. Within a given core I have not found any real difference

in the self absorption factor, and therefore the abs factor which I use

for a specific core is determined from the results on 3 or 4 depths per

core.

IV. OTHER FACTORS

A. Rn loss

In order to estimate 226Ra activity within a given sample,

214Pb (at 352 keV) and 214Bi (at 609 keV) are determined

simultaneously on the Ge(Li) detectors. These decay products of
226Ra can only be in equilibrium with their parent if the

intermediate gas 222Rn does not escape from the sample (see decay

chart, Fig. 2.4). Some 222Rn gas can be expected to be lost during

sample grinding procedures. Once the sample is sealed, given a couple
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Table 2.3. Self Absorption Factors (Abs) for 20 gm Sample
"Wafers"

Sample 46.5 KeV 63.3 KeV
Pitchblend std. 2.35 1.52
Climax Sand std. 1.66 1.43

Core D- 2362m
O-1cm 1.75 1.41
1-2cm 1.68 1.42
2-3cm 1.76 1.36
4-6cm 1.77 1.42
10-12cm 1.82 1.43
14-16cm 1.71 1.43

Core E- 1275m
O-1cm 1.73 1.39
3-4cm 1.73 1.42
10-12cm 1.71 1.37
22-24cm 1.71 1.39

Core F- 501m
O-lcm 1.64 1.37
3-4cm 1.64 1.36
6-8cm 1.64 1.38
12-14cm 1.65 1.39
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Fig. 2.4: Naturally occuring 238U decay series.
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of weeks and the 3.8 day half life of Rn, equilibrium will once again

be reached. I have measured 214Pb and 214B1 in samples without a

cover in an attempt to access the possibility of Rn gas loses. I found

no difference between the open or closed container sample count rates

and conclude that Rn loses in general are minimal, at least with these

samples which contain on average 1-2 dpm/g of the 226Ra parent. This

is supported by some earlier gamma-work by Kim and Burnett (1983) who

found no evidence for significant 222Rn emination from a ground NBS

phosphate rock standard.

B. Th decay:

Excess 234Th is formed within the water column from its

soluble parent, 238U. Given the 24.1 day half-life of Th and its

rapid removal to marine sediments, the build-up of excess Th can only

be seen in the most rapidly mixed upper layers at shallow sediment

sites. 234Thex is determined by the difference between the

measured 234Th activity, and the 234Th activity which is supported

solely by 238U from within the sediments. In this study, the deep
234Th values below the 234Thex activity in the core top, are used

to correct for the supported Th activity. Only those cores with a very

active benthic activity show any 234Thex at all. Given the short

234Th half-life, the unsupported 234Th will decay quite rapidly,

such that the gamma measurements themselves must occur relatively soon

after the core is collected (within about one month). The observed

234Thex activities are all decay corrected to the date of core

collection. I was only able to detect 234Thex in a few of the

cores collected on the 83-Gyre-9 cruise which I was able to prepare and

count soon after their collection.

V. RESULTS

The final 210Pb, 226Ra and 234Th results determined by this

technique are reported in Appendix II. The data from this work will be

discussed in Chapters 4, 5 and 7 of this thesis. In general, total
210Pb activities of 1-40 dpm/g were detected with a 5-10% error
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using a 1-2 day counting interval. 234Th activities ranged from

1-5 dpm/g and typically had a larger associated error than the 210Pb

values from the same planar detector count (10-20%). 226Ra

activities of 1-3 dpm/g were determined with a 5-10% counting error for

both 214Pb and 214Bi on the Ge(Li) detectors over a 2 day counting

interval. These 210Pb and 226Ra data are well suited for the

determination of sediment mixing rates and sediment inventories within

all of the cores. Also, an intercalibration exercise was performed on

a sediment sample analyzed for 210Pb and 226Ra at W.H.O.I., Yale

and Lamont by gamma detection procedures, and at Lamont by traditional

alpha-counting procedures as well. All of the results were found to be

identical within the counting precision (Anderson et al., 1986).



- 39 -

CHAPTER 3

The Mass Spectrometric Analysis of Fallout 239Pu and 240Pu

in Marine Samples

I. INTRODUCTION

Plutonium has been introduced to the oceans predominantly in the

1950's and early 1960's as fallout from the atmospheric nuclear weapons

testing programs (Perkins and Thomas, 1980; Harley, 1980). Since this

time, plutonium has been used by oceanographers as a geochemical tracer

to study removal processes in the water column, and in understanding

mixing processes in marine sediments (see Sholkovitz, 1983 for

review). In general, geochemical researchers have measured fallout Pu

by standard alpha-counting techniques. This results in the

determination of 239 '240 Pu, which represents the combined activity of

the two most common fallout Pu isotopes, 239Pu and 240Pu (these

isotopes being inseparable when Pu is determined by alpha-counting).

An alternative Pu detection technique is thermal ionization mass

spectrometry, which has been shown to be highly sensitive and capable

of separating the 239 and 240Pu isotopes (Strebin and Robertson,

1977; Halverson, 1981; Perrin et al., 1985). We have applied a mass

spectrometric technique for the determination of fallout Pu

concentrations and isotopic ratios in sea water, ocean sediments, pore

waters and sediment trap material. The optimal procedures used for the

preparation and analyses of Pu by thermal ionization mass spectrometry

in these samples will be presented.

II. THERMAL IONIZATION MASS SPECTROMETRY

Techniques for the analysis of Pu isotopes by thermal ionization

mass spectrometry have been developed primarily within the U.S.

national labs (Fasset and Kelly, 1984). With isotope dilution mass

spectrometry, a Pu spike is added to the sample (in our case 242Pu),

such that the concentrations of 239 and 240Pu can be determined as
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well. The mass spectrometer (m.s.) used in this study is operated by

E.I. DuPont de Nemours & Co. at the Savannah River Laboratory (S.R.L.)

in South Carolina. The instrument was designed and built similar to

other mass spectrometers within the national labs, to fit the necessary

requirements for trace level Pu isotopic analyses (Lagergren and

Stoffels, 1970). A complete description of the m.s. is given by

Halverson (1981), and is briefly summarized below.

The mass spectrometer is designed in a three stage arrangement

consisting of two identical magnetic analyzers (90*, 30.5 cm radius) in

a "C"-configuration, followed by an electrostatic analyzer (90°,

30.5 cm radius) and a ion-mutiplier type detector. The source is a

"canoe"-shaped single Re-ribbon. The instrument is interfaced with a

PDP 11/34 computer for automated mass stepping (accomplished by

sweeping the accelerating voltage) and data aquisition. The instrument

is housed in a "Class 100" clean room facility where all of the

filament fabrication and sample loading occurs. Samples can be loaded

into the vacuum system five at a time. One of the filament positions

is occupied by a uranium standard (NBS U standard U005) which can be

repeatedly used at the start of a given run to align the beam by

focusing of the 235U and 238U mass peaks. Up to four samples can

then be analyzed within a period of two to three hours.

A. Source and Loading

The source filament arrangement is a critical component of any

m.s. set up, since the ability to efficiently form Pu ions at the

source determines to a large extent the overall detection efficiency

(typically 0.1-1% for these samples). The filament ribbon is made from

a strip (0.12 cm wide) of triple zone-refined Re which is folded into a

v-shape. The ends of the ribbon are then pinched, and the ribbon is

spot welded onto the tungsten posts of the filament base forming a

"canoe-shaped" source filament. The assembled filaments are baked at

1500*C for 30 minutes under vacuum to ensure a clean source. The

filaments are then ready to be carburized.

The effects of carburization on the ionization of Pu off Re
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filaments have been well studied (Palmer et al., 1980a, 1980b; Kelly

and Robertson, 1985). In general, carburization refers to the

deposition of a carbon source onto a m.s. filament. The carbon which

is deposited dissolves into the Re ribbon to form a solid solution.

The work function of the carburized ribbon is thereby increased,

resulting in an improvement in the efficiency of Pu ion production off

of the m.s. filament (Palmer et al., 1980a; Kelly and Robertson,

1985). As a reducing agent, the carbon also serves to promote the

production of Pu ions over Pu oxides, the latter being undesirable for

m.s. analysis (Studier et al., 1962; Kelly and Robertson, 1985).

Furthermore, the presence of carbon has been shown to counteract Pu

diffusion on the filament surface, so that a point source for good ion

optics is maintained (Smith et al., 1980).

At S.R.L. the carburization procedure is as follows: a current is

run through a series of up to eight filaments which are held in a

vacuum chamber (p<5 x 10-6 torr.). The current is raised slowly

until the temperature of the filaments reaches ~1050*C, as determined

by an optical pyrometer. A valve on a trap containing xylene in a dry

ice and alcohol bath is opened until the chamber pressure reaches 5 x

10-5 torr. This allows for leakage of xylene vapor into the

chamber. The xylene vapor serves as the carbon source which is

deposited onto the hot Re filaments. The extent of carburization is

controlled by stopping the xylene flow after 30 minutes has elapsed.

Once carburized, the filaments are returned to room temperature and

pressure after closing the valve to the xylene trap and reducing the

current to zero. This carburization procedure has been sucessfully

performed on filaments which are either loaded or unloaded, i.e. either

with or without a sample being in place on the filament prior to

carburization. We have not found any major difference in the observed

ionization efficiency between these two options.

The actual sample is loaded onto the filament as two

anion-exchange beads which are placed in the center of the filament

trough. The resin bead technique was first described by Freeman et al.

(1970), and first reported for the use in the determination of U and Pu
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by m.s. by Walker et al. (1974). Plutonium samples loaded as resin

beads have up to an order-of-magnitude increased ionization efficiency

when compared to Pu samples loaded as solutions (Smith et al., 1980).

We have also found that the bead technique provided higher ionization

efficiencies than Pu samples which were electrodeposited onto single,

flat Re ribbons, similar to the procedure described by Perrin et al.

(1984), but we did not rigorously test this alternate procedure.

The advantages of the bead technique are several. The beads

provide a good point source for the ion optics of the m.s.. Also, based

upon a study which utilized the resin bead technique for the m.s.

analysis of U, it appears that the resin beads provide a sample

reservoir from which the U (or Pu) can slowly migrate to the

filament/bead interface, evaporating and diffusing into the Re matrix

(Smith et al., 1980). This provides for a stable Pu ion sample beam

which allows for maximum Pu ionization over long periods of detection

time.

To load the sample onto the beads at S.R.L., we first add

50-100 Vl of 8N HNO 3 to the bottom of a conical shaped Teflon

beaker which contains the evaporated and purified Pu sample (see

following sections for the Pu chemical clean-up procedures). We then

add two pre-cleaned anion exchange beads (AG 1 x 2, 50-100 mesh,

Bio-Rad Labs) to the Pu sample solution. The beads are left in the

solution overnight which allows ample time for the beads to

quantitatively remove the Pu from the solution. The beads are then

picked out of the nitric acid solution with a tungsten needle under a

low powered microscope, and placed into the center of a prepared

filament trough. Once both beads have been loaded, a drop of dilute

collodion solution is used to secure the beads in place on the ribbon.

Two beads are used to insure that if one bead fails to pick-up the Pu

for any reason, or is lost during handling, the second bead can still

provide an adequate sample signal. Once loaded, the samples are placed

into a vacuum chamber where they undergo a slow preparatory heating

procedure. This step is most often included in the standard m.s.

thermal ionization procedures for Pu once a given m.s. run has begun.
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The advantage of performing this step outside of the m.s. is a

considerable savings in valuable m.s. run time. The S.R.L.

sample/preparatory procedure consists of raising the current through

the filaments (up to eight at a time) under vacuum (p<5 x 10-6 torr)

slowly until a temperature of 1250*C is reached, as determined by an

optical pyrometer. The purpose of this heating step is to slowly

decompose the sample bead at relatively low temperatures, which is

needed before the ionization of the Pu sample off of the filament can

occur. The filaments are kept at 1250*C for 45 minutes, and then

slowly brought back to room temperature. Care must be taken to ensure

that the temperature on the filament is raised slowly, such that the

bead or a fragment thereof does not fly off of the ribbon. Careful

monitoring of the chamber pressure can usually detect such a loss.

B. Detection

The ion beam in the S.R.L. m.s. is measured in the pulse

counting mode by a electron multiplier originally designed by Dietz

(1965). The multiplier was constructed at S.R.L. and has a virtual

100% detection efficiency along with essentially zero background (3-4

background counts per hour at a gain of 108) (Halverson, 1981). In

the pulse counting mode, the current collected by the multiplier is

passed through a pulse height discriminator, whereby only pulses above

a certain threshold voltage are accepted as actual sample ion pulses.

In this fashion, background noise signals are eliminated, and with

proper design >99% of all true sample pulses exceed the threshhold

voltage setting.

The standard filament temperature for optimal Pu ionization is

1350-14500 C. The filament is brought up to this temperature while

monitoring the 242Pu mass peak for an ion beam signal. The ion

source is tuned at the 242Pu mass peak in order to align the beam for

maximum detection by the ion multiplier. During a given sample run, the

m.s. is programmed to scan the 239, 240, 242 and 243 Pu mass peaks,
243

including +0.2 mass units around each peak ( Pu is monitored to

examine potential isobaric interferences from Fe and Re). 236pu
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241
and/or Pu can also be examined if desired. The optimal counting

times at each mass peak are determined by the computer to minimize the

variances of the estimated isotopic composition. Repeated mass scans

(up to 64, depending upon the sample size and the ion beam strength)

are made, and the data are collected and reported as the atom percent

of a given Pu isotope during the entire run. The reported atom percent

error associated with each isotope is determined either from counting

statistics from the square root of the total number of Pu ions detected

at a given peak, or by the variability in the atom percent values

obtained between individual mass scans, whichever is greater. If no

counts were detected at a given mass peak, then a maximum atom percent

ratio is calculated assuming that one count had been detected at that

mass during the run. No corrections in our data have been made for

isotopic fractionation, since this effect has been shown to be rather

small for the Pu isotopes (<<1%) relative to the errors seen in our

actual sample analyses (1-10%).

III. PREPARATION AND PURIFICATION OF MARINE SAMPLES

Prior to the m.s. analysis, Pu must be chemically separated and

purified. The techniques used depend upon the initial sample type and

are based primarily upon modifications of techniques used for the

preparation and purification of marine samples for the detection of
239,240 Pu by alpha-counting (Wong, 1971; Livingston et al., 1975).

A. Sample Preparation

Prior to the Pu purification steps, all of the samples must be

spiked and equilibrated with a 242Pu tracer and brought up in a

solution of 8N HNO 3 before loading onto the first ion exchange

column. These preparation procedures will be described below in some

detail for each type of marine sample that has been analyzed.

a. Sediment preparation procedure

Typically 1-10 g (dry weight) of oceanic sediments proved

sufficient for the m.s. analysis of fallout 239Pu and 240Pu. An

aliquot of dried sediment is placed into an acid cleaned 500 ml beaker,
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and 100 ml of 8N HNO 3 (made with reagent grade HNO 3 and de-lonized
242

water) are carefully added along with 1 ml of our standard Pu

tracer. The tracer contains a known quantity of 242Pu (=0.2pg) in

dilute nitric acid, which has been weighed into an acid cleaned covered

plastic container. The tracers are added to the sample using repeated

(5x) rinses of the tracer vial with nitric acid to ensure quantitative

transfer of the tracer. The beaker is then covered with a watchglass

and heated gently to near boiling (=80*C) and left overnight with

occasional stirring. This acid/sediment slurry is then filtered

through an acid cleaned glass fiber filter set-up followed by repeated

rinsings of the original sample container and the sediment slurry with

8N HNO 3 . The filtrate is collected in a 500 ml beaker and is slowly

evaporated down while the remaining solid residue is returned to the

original beaker and re-leached in hot 8N HNO3 for 6-8 hours. The

sediment slurry is filtered a second time, and this filtrate is added

to the original sample solution. The combined filtrate is evaporated

down until 50 ml of what is now concentrated HNO 3 remains. An equal

volume of de-lonized water is added to the sample, thus forming 100 ml

of sample in 8N HNO 3 . One gram of NaNO 2 is added to the sample

which is then heated slightly (10-15 min. at 40*C) before the sample is

ready to load onto the first ion exchange column. NaNO 2 serves to

fix the Pu in the nitric acid solution in the +4 oxidation state,

resulting in the formation of the negatively charged Pu-hexanitrate

complex which is strongly adsorbed onto the anion exchange column

(Milyukova et al., 1969; Livingston et al., 1975).

b. Seawater/pore water preparation procedure

The typical sample size we have been analyzing for Pu in
239,240

seawater is 3-5 liters, given seawater Pu activites of

0.01-0.1 dpm/100kg. For pore waters the activity of Pu can be somewhat

higher (0.1-1 dpm/100kg), therefore the sample volume can be reduced to

the order of 100's of ml's (see Buesseler and Sholkovitz, 1984 and

Sholkovitz and Mann, 1984 for sampling procedures and pore water

activities). Since the total Pu in these samples is extremely small

(=10- 15 g), care must be taken to ensure that the sample is
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handled under conditions which ensure that no Pu bearing particles

(i.e. natural sediments) can enter the solution. All of the handling

procedures for the water samples are therefore performed in a clean

room facility, and all glassware/Teflonware is stored in dilute acid

baths prior to use.

Seawater and pore water samples are weighed into 2- or 6-liter

beakers, followed by the addition of our 242Pu spike. The sample and

spike are equilibrated for 36-48 hours while being slowly stirred. The

Pu sample is collected by a co-precipitation step which involves the

addition of 1 ml of a pure Fe stock solution (20 mg/ml Fe in 1N HNO 3)

followed by the adjustment of the pH to 9-10 by the addition of

concentrated reagent grade NH40H. The Fe(OH3) precipitates that

form are stirred for 1-2 hours and then allowed to settle overnight.

The Pu (and other actinides, metals, etc.) are carried by the Fe

hyrdoxides. The sample supernate is carefully siphoned off and the Fe

precipitate slurry is collected in a 250 ml centrifuge tube, with

repeated rinsings of the sample beaker with pH = 8 H20 to

quantitatively collect the Pu bearing precipitates. The sample is then

spun at 20,000 rpm for 30 minutes so that the overlying solution can

simply be poured off of the sample precipitates. The Fe(OH3) is then

dissolved in the centrifuge tube with =1-3 ml of concentrated

HNO 3. 50 ml of 8N HNO3 is added to the sample along with 0.5 g of

NaNO 2. The centrifige tube is then heated in a 40*C waterbath for

10-15 minutes, and the sample is now ready to run onto the prepared ion

exchange column.

c. Sediment trap sample preparation procedure

5-10 mg samples of organic and inorganic settling particle

debris which were collected by a sediment trap have been analyzed for

Pu isotopes and concentration by m.s. The sediment trap samples are

digested overnight under a heat lamp in a covered 30 ml Teflon beaker

with the addition of a mixture of 1 ml each of reagent grade,

concentrated HF, HC1, HNO 3, and our 242Pu spike. The sample is

taken to dryness and transferred to a 100 ml glass beaker with the

addition of 3 ml of aqua regia. A second aqua regia rinse is used to
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ensure a complete transfer, and the aqua regia solution is taken to

dryness. 2 ml of concentrated nitric acid is added, and the sample is

evaporated to dryness. This nitric acid step is repeated a second

time. After the final evaporation step, the sample is brought up in

50 ml of 8N HNO 3, along with 0.5 g of NaNO 2. The sample is warmed

to 40*C for 10-15 minutes to prepare the sample for the initial ion

exchange column.

B. Plutonium Purification by Ion Exchange

The purification of Pu from other actinides, metals and salts is

accomplished by an ion exchange technique adapted from procedures

described by Wong, 1971, Livingston et al., 1975, and Perrin et al.,

1985. A clean Pu source is essential for trace level Pu m.s. analyses

since the presence of other elements in the sample interfere not only

with ionization and the general m.s. efficiency, but can also cause

isobaric interferences at the Pu mass peaks (Perrin et al., 1985). The

ion exchange procedures used will be discussed below for each type of

marine sample analysed. In general, the procedures are similar for all

samples, however the sediment samples require much more clean-up than

do the water or sediment trap samples.

a. Sediment ion exchange column #1

The first column used in the sediment purification procedure

contains 20 ml of wet resin (AG1-x8, 50-100 mesh, Bio-Rad Labs) in a

1.5 cm i.d. x 30 cm column. The column is equipped with a 250 ml sample

resevoir, glass wool plugs to contain the resin within the column, a

stop-cock to control the flow rate, and a "goose neck" exit tube such

that the resin cannot run dry if left unattended (see Fig. 3.1a). The

column is pre-conditioned with 80 ml of concentrated HNO 3 followed by

100 ml of a 8N HNO 3 solution to which 1 g of NaNO 2 has been added

(the flow rate is kept at approximately 2 ml per minute). All of the

solutions used in this and the second sediment column are made up from

reagent grade acids and de-lonized water.

The sample is added to the column resevoir, and allowed to flow

through the column at a flow rate of 1 ml per minute. The sample
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exchange column.
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beaker is rinsed with 8N HNO 3, and these washings - along with an

additional 250 ml of 8N HNO 3 - are passed through the column (this

step removes much of the Fe and U from the sample, which pass through

the column under these conditions). Next, 150 ml of concentrated HC1

are passed through the column at a fast flow rate (2-4 ml/min.) which

serves to elute Th off the column. The Pu fraction is then collected

by passing a solution of 150 ml concentrated HC1 with 7.5 ml of 1N

NH4I, through the column at a flow rate of 1 ml/min. The NH4I

reduces the Pu to the +3 oxidation state, which is no longer adsorbed

to the column and is thereby eluted. The eluted Pu fraction is

collected in a 250 ml beaker and evaporated to dryness, using repeated

treatments with aqua regia (2x using 1 ml of aqua regia) to destroy the

remaining NH4I, followed by evaporating to dryness in the presence of

HNO 3 (3x using 2 ml of HNO3) to return the sample to the nitric

acid form.

b. Sediment column #2

The second ion exchange column used in the sediment

procedure is similar to the first except that the volumes of acid and

resin have now been greatly reduced. The eluted Pu sample from the

previous column is brought up in 5 ml of 8N HNO3, and 0.02 g of

NaNO 2 is added with slight heating. The ion exchange column is made

with 2 ml of resin (AG1-x8, 100-200 mesh, Bio-Rad Labs) in a glass

column with a 1.0 cm i.d. x 2 cm height. The sample is loaded onto the

column with a glass pipette (acid cleaned) in order to ensure that no

sample solution is lost. Once loaded onto the column, the flow rate is

maintained at roughly 1 ml/min. due to the geometry of the column and

the fine mesh resin which is used. The sample is followed by 10 ml of

8N HNO 3 which is used to rinse the beaker, followed by 20 ml of BN

HNO 3 as a general column wash. After the nitric acid is eluted,

25 ml of concentrated HC1 is passed through the column. Finally, the

Pu is collected in a 50 ml beaker by passing a solution made up of

1.5 ml of 1N NH4I in 30 ml of concentrated HC1 through the column at

a flow rate of 1 ml/min.

This final Pu eluate is evaporated to dryness, and as with the
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first column, the NH4 I is destroyed by the addition of aqua regia

(2x), between repeated evaporations to dryness. The sample is finally

brought to dryness (2x) with the addition of 1 ml of concentrated HC1.

c. Sediment column #3

The final Pu ion exchange column is similar for all samples,
and serves to achieve the added clean-up necessary for trace level Pu
analysis by m.s. The column work is performed in a separate positive

pressure clean-room, where the room air is continuously filtered

through a large HEPA filter clean-air bench. All of the acids used in

these steps are high purity grade, to ensure that the final Pu elutate

is obtained free from any interfering contaminants (Seastar double

sub-boiling distilled concentrated HNO 3 and HC1; EM Reagents

"Suprapur" high purity 47% HBr). The glassware/Teflonware is all hot

acid leached (4N HCI) and stored in IN HC1 baths prior to use. The

water which is used is distilled and de-ionized through a Milli-Q

purification system. The following procedures are based on those of

Larsen and Oldham, 1974 and Perrin et al., 1985.

The sample from the previous column is brought-up in 1 ml of

freshly prepared HCI/H 202 solution (10 ml concentrated HC1 with one

drop 30% H202 added). The sample is warmed slightly (~40°C) for

60 minutes before loading onto the column.

The column itself is prepared in an acid cleaned, disposable 1 ml
Eppindorf pipette tip (see Fig. 3.1b). A plug of hot acid-leached and
de-ionized water-rinsed glass wool is pressed into the tip of the

column. The resin used is AGMP-1, 20-50 mesh (Bio-Rad Labs) which has

been hot acid (4N HC1)-leached and repeatedly rinsed with the

de-lonized water and stored as a slurry in de-ionized water. The resin

slurry is added to the column with a disposable plastic pipette such

that a resin bed volume of 1 ml is obtained (2.5 cm height). A second

glass wool plug is placed on top of the column and a 10 ml plastic

funnel is pushed into the column top to serve as the sample and rinse

solution resevoir. This resevoir is covered by a plastic top. The

column is pre-conditioned with 2-3 ml of the HCl/H 202 solution, and

the column flow rate is controlled simply by the column design, in
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particuloar by the density and packing of the initial glass wool plug.

The sample is loaded onto the column with a plastic, disposable

3 ml pipette. This is followed by 2 ml of the HCI/H 202 solution

which is used to rinse the original sample container before adding the

solution to the resevoir. The HC1 solution is followed by a 2 ml wash

of 8N HNO 3 . Pu is eluted with 3 ml of concentrated HBr, which are

collected directly in a 5 ml screw top, conical shaped Teflon vial.

The vial is covered by a Teflon watchglass with holes which permit the

column tip to reach just inside the covered vial (see Fig. 3.1b). Once

the HBr elutant is collected, the sample is placed under a heat lamp

and the HBr solution is evaporated. When only a few drops of the HBr

solution remain, 6-8 drops of concentrated HNO 3 are added to destroy

any traces of HBr. The solution is evaporated to dryness, sealed with

the threaded Teflon top and is now ready to be transported to the m.s.

facility for loading and analysis. A summary of the sediment ion

exchange purification prodcedures is provided in Fig. 3.2a.

d. Seawater, pore water and sediment trap sample column #1

The first ion exchange column for these samples is designed

similar to the initial sediment column except that the resin bed volume

has been reduced to 10 ml. We use 10 ml of wet resin (AG1-x8, 50-100

mesh, Bio-Rad Labs) in a 1.0 i.d. x 20 cm tall "goose-neck" column

equipped with a 125 ml sample resevoir and a stop-cock to adjust the

flow rate. The column is pre-conditioned with 50 ml of 8N HNO3to

which 0.5 g of NaNO 2 has been added (flow rate is 2 ml/min). All of

the acids used in this column are reagent grade, and as required, are

diluted with "Milli-Q" de-lonized water.

The sample is poured into the column resevoir and passed through

the column at a flow rate of 1 ml/min. This is followed by three 5 ml

8N HNO 3 rinses of the original sample centrifuge tube container and

then a 150 ml column wash with 8N HNO 3 at a flow of 1 ml/min. Next,

150 ml of concentrated HC1 is passed through at a faster flow rate of

2 ml/min. The Pu fraction is then eluted at a flow rate of 1 ml/minute

with 75 ml of concentrated HC1 to which 6 ml of 1N NH4I solution has

been added. This Pu fraction is collected in a 100 ml beaker, and
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evaporated slowly to dryness. Two treaments with 1 ml of aqua regia

are used to destroy the remaining NH4I. The sample is prepared for

the following column by evaporating the solution to dryness (3x) with

the addition of 1-2 ml of concentrated HC1.

e. Seawater, pore water and sediment trap sample column #2

Only two clean up columns are used for these samples, the

second ion exchange column being identical to the final sediment column

#3 described previously (i.e. a 1 ml AGMP resin column; sample on as

concentrated HCl/H202, off with HBr and into 5 ml Teflon vials with

evaporation to dryness). A summary of the water and sediment trap ion

exchange procedures is given in Fig. 3.2b.

IV. RESULTS AND DISCUSSION
242

A. Pu Tracer

The 242Pu tracer which was used in this study was prepared in
242

1N HNO3 from a dilution of the NBS Pu standard 4334-B. This

standard has been routinely used in our labs as a yield monitor for Pu

determinations by alpha counting. It is important to check for other

Pu isotopes in our standard 1 ml aliquot of the 242Pu spike. Table

3.1 shows the results of two separate m.s. analyses of this spike. The

239Pu and 240Pu concentrations are so low that only an upper limit

on the atom percent of these isotopes can be calculated assuming that

one count of 239Pu or 240Pu is detected in the 242 Pu spike (see
242

Table 3.1). We conclude that our Pu spike is indeed free of any

other Pu isotope contaminants.

The concentration of the 242Pu m.s. standard was checked by

intercalibration with a known quantity of a 239Pu spike provided by

the E.P.A. Labs in Las Vegas, Nevada U.S.A.. Two samples consisting of

200 ml of our 242Pu standard solution (=0.4 dpm 242Pu each) were
239

spiked with 0.4 dpm of the EPA Pu solution and alpha-counted.

Also, an aliquot of one of these samples (1/100th of the sample by

volume) was analyzed directly by the S.R.L. m.s. to obtain an atom

ratio of 23u/ 242Pu as well. The 242Pu concentration of our



Table 3.1. Plutonium IsotoDic Ratios by Mass SDectrometrv
Sample Blanks

Sample
242pu spike
242pu spike

Blank: pore water

Blank: pore water

Blank: pore water

Blank: pore water

Blank: seawater

Blank: sediment

Blank: sediment

Blank: sediment

* = The reported error is calculated from the square root of the total number of m.s.
counts of a given isotope, or from the difference amongst atom percent values between
individual mass scans, whichever is larger.

** = These atom percent values are maximum estimates, since they are calculated assuming
that one count of 239pu or 24 0pu was detected. In fact, no counts were detected
during these runs.

Total
Counts

6.9E+05

3.OE+05

3.OE+05

2.5E+05

2.6E+05

2.OE+05

2.1E+05

5.5E+05

3.OE+05

4.9E+04

242pu
Atom %

99.993

99.994

99.967

99.967

99.909

99.936

99.957

99.459

99.489

99.772

Error*

0.267

0.582

0.572

0.639

0.631

0.707

2.067

1.286

1 .755

4.298

239pu

Atom %

0.0007**

0.0011**

0.025

0.026

0.032

0.025

0.030

0.4316

0.4023

0.1745

Error*

0.0007

0.0013

0.005

0.006

0.008

0.007

0.007

0.0211

0.0251

0.0330

240p u

Atom %

0.0007**

0.0011**

0.008

0.007

0.035

0.009

0.013

0.1098

0.1087

0.0529

Error*

0.0007

0.0011

0.003

0.004

0.006

0.003

0.003

0.00553

0.0093

0.0170

239pu
Fq/sample

0.061

0.064

0.080

0.062

0.074

1.054

0.999

0.430

in 242PU Sike and in Marinein Pu Spike and in Marine
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239
spike is determined assuming that the quantity of added Pu is

precisely known. The results of the 239u/ 242Pu ratios determined

by alpha-counting and by m.s. agree within the counting precision

(+2.7% for a-counting and +1.6% for m.s.). The calibrated 242pu

concentration of our spike was determined from these three analyses to

be 0.239+0.003 pg 242Pu/g solution. In practice, 1 g aliquots of

this 242Pu tracer solution are weighed into acid cleaned vials and
239

used for isotope dilution m.s. determinations of fallout Pu and
240pu concentrations in our samples.

B. Blanks

Procedural blanks for the m.s. technique are given in

Table 3.1. Essentially, these blanks are determined by running a

Pu spike through all of the associated preparation and

purification procedures described previously for the sediment and water

samples. The sediment sample blank is significantly higher than that

of the water samples, which is likely due to the additional handling

and reagents needed in the sediment analytical technique. A blank
-3 239

correction of 0.8 x 10 3 pg Pu/sample has been applied to our

sediment data. This correction is relatively insignificant given the

levels of 239Pu measured in our samples, and represents <1% of the

total mass of 239Pu in most of these sediment samples. As expected,

the blanks for the seawater and pore water samples are identical due to

the similar handling procedures used on these samples. The observed
-5 239

blank for these samples averaged 6.8 x 10 pg Pu/sample (see

Table 3.1). Some of the deeper pore water samples had 239pu

concentrations at this blank level, and represent zero Pu levels, or

more accurately, levels of Pu <6.8 x 10-5 pg 239 Pu/sample. In

practice, samples with 239Pu concentrations less than <0.5-1 x 10-3
239

pg Pu/sample (or 10-15 times the blank), proved difficult to

extract statistically meaningful Pu data from, due to the limited

number of Pu ions detected. Though a sediment trap blank was not

measured, the two sediment trap samples have been corrected by this

same Pu water procedural blank, due to the similarity in handling
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procedures between these sample types.

C. Sample Results

Results for an assortment of marine samples are given as atom

percent values, 240/239 Pu isotopic ratios, and as Pu concentrations in

Table 3.2. Complete results and their interpretations will be

presented elsewhere (Chapter 6, this thesis). The Pu determinations by

m.s. agree well with alpha-counting determinations of Pu on larger

quantities of the same sample (see Table 3.2). Also, repeated analyses

of the same seawater sample by m.s. have provided consistent Pu ratios

and concentrations within the analytical precision (see seawater sample

"QCW" in Table 3.2). Intercalibration exercises have been run between

the Savannah River Laboratory and other m.s. facilities at Los Alamos

and Scripps and provide excellent agreement between labs in the

determination of 240u/ 23Pu ratios (Koide et al., 1985). As

discussed with regards to our water blank, the absolute detection

capability is approximately 0.5-1 x 10-3 dpm 239,240Pu per sample

(given a 240u/ 23Pu ratio of 0.18), or 0.5-1 x 10 5 g of

Pu per sample.

As far as the analysis of environmental marine samples is

concerned, it must be remembered that the specific activity of Pu spans

seven orders-of-magnitude on a weight basis, when one is dealing with

sediment trap, sediment, pore water, and seawater samples (see insert,

Fig. 3.3). If typical collected sample weights for each of these

sample types are compared to the range of Pu activities found, several

factors become clear (Fig. 3.3). For all of these sample types, some

combination of relatively high activity and/or large sample mass can

provide ample Pu above the detection limit of this m.s. technique.

This is easiest to obtain for sediments, where most samples have

considerable activity, and where multi-gram sampling is common and

straight-forward. It must be remembered however, that even in

sediments, deep in a given core one will reach a point where zero Pu

tracer is present, since this isotope has only recently been introduced

into the environment. Pre-bomb samples of any type should have

essentially blank signals. The pore water samples prove most difficult
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Table 3.2.

Sample

Selected Plutonium Analyses by Mass Spectrometry in N. Atlantic Marine
Samples (with Comparisons to Alpha-counting)

Atom Atom Atom Ratio + error Ratio + error
% 2 42pu % 239 pu % 2 40Pu 239/242 239/242 240/239 240/239

Sediments

LVA1 :0-1 .5cm
LVEIA:O-lcm
LVE2A:2-3cm
LVE8:14-16cm
LVF1A:O-lcm

Pore water

LVE1 :0-2cm
LVE2:2-4cm
LVF1 :0-2cm

92.667
21.102
97.571
99.951
98.217

94.094
98.659
97.788

6.224
68.125
2.127
0.042
1.513

4.997
1.115
1.859

1.0884
10.7699
0.3020
0.0067
0.2707

0.8934
0.2051
0.3489

0.0672
3.2284
0.0218
0.0004
0.0154

0.0531
0.0113
0.0190

0.0016
0.0187
0.0005
0.00003
0.0003

0.0006
0.0011
0.0004

0.175
0.158
0.142
0.159
0.179

0.179
0.184
0.188

0.008
0.002
0.009
0.029
0.005

0.007
0.044
0.007

Sediment trap material

SEEP #4 1200m
EN CMME-4 3985m

Seawater

Sargasso Sea surf.
Sargasso Sea surf.
SEEP STA-D:1700m
SEEP STA-F:454m

97.541 2.078 0.3722 0.0213 0.0005 0.179 0.008
93.764 5.262 0.9455 0.0561 0.0025 0.180 0.013

99.801
99.825
99.763
99.885

0.163
0.148
0.1937
0.0958

0.0295
0.0266
0.0409
0.0184

0.0016
0.0015
0.0019
0.00096

0.00003
0.000045
0.0001
0.000025

0.181
0.180
0.211
0.192

0.011
0.011
0.018
0.010

SEEP
SEEP
SEEP
SEEP
SEEP

SEEP
SEEP
SEEP
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Table 3.2.: (Continued)

---------- m.s. Detection----------
Sample Pu

wt. (qm) dpm/sample
Sample
239,240Pu

(dpm/kg)

----Alpha Detection----
Sample

wt. (qm) 239,240Pu

(dpm/kg)

SEEP
SEEP
SEEP
SEEP
SEEP

LVA1 :0-1 .5cm
LVElA:O-lcm
LVE2A:2-3cm
LVE8:14-16cm
LVF1A:O-Icm

0.30
2.80
0.30
0.30
0.30

Pore water

SEEP
SEEP
SEEP

LVE1 :0-2cm
LVE2:2-4cm
LVFl :0-2cm

515
502
574

Sediment trap matererial

SEEP #4 1200m
EN CMME-4 3985m

Seawater

Sargasso Sea surf.
Sargasso Sea surf.
SEEP STA-0:1700m
SEEP STA-F:454m

0.0047
0.0086

1300
1400
1000
1000

0.0345
0.1678
0.0107
0.0002
0.0079

0.0029
0.0006
0.0010

0.0011
0.0031

0.0018
0.0018
0.0010
0.0013

114.76
59.92
35.49
0.70

26.23

5.90
0.78
2.39
0.14
0.89

107.1
62.7
36.2
0.8

27.4

4.9
3.5
2.2
0.4
2.1

(dpm/100 kg)

0.567
0.122
0.181

0.007
0.012
0.004

(dpm/gm)

0.244 + 0.012
0.355 + 0.030

(dpm/100 kg)

0.138 + 0.009
0.129 + 0.009
0.099 + 0.009
0.124 + 0.007

55000
55000
55000
55000

0.13 + 0.03
0.13 + 0.03
0.10 + 0.01
0.13 + 0.01

Sample

Sediments
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to run, since Pu activities are extremely low, and since the volumes of

sample which can be collected are rather small. The range in pore

water sample mass used in Figure 3.3 is 50-900 g, which is still rather

large, requiring considerable effort to collect given the available

sampling techniques. Again, since the total Pu signal in these marine

cores is often concentrated in the upper most cm's, the pore water Pu

signal is only above detection in shallow and relatively large

samples. Seawater samples can be as low in Pu activity as the pore

waters, however here much larger water volumes can be easily collected.

Thermal ionization mass spectrometry provides a number of

advantages for environmental studies of Pu. The increased sensitivity

of the m.s. detection technique allows for the determination of Pu on

liter quantities of seawater in contrast to the 50-100 liter water

samples used for alpha-counting analyses. These smaller volumes are

much more practical to obtain, and provide a real savings in terms of

the costs and effort needed not only in sampling, but also in the

sample preparation and purification steps. In addition, the gain in

isotopic information which the m.s. provides has been shown to be a

valuable indicator of the source(s) of fallout Pu at a given site

(Scott et al., 1983; Koide et al., 1985; Buesseler et al., 1985;
240 239

Chapter 6, this thesis). The isotopic ratio of Pu/ Pu can

also potentially be used to trace the relative significance of reactor

vs. fallout Pu at a given site, or to trace releases of Pu in nuclear

waste disposal operations.

V. CONCLUSIONS

1. Thermal ionization mass spectrometry provides an extremely sensitive

technique for the detection of Pu in marine samples. This technique

is orders-of-magnitude more sensitive than alpha-counting detection

techniques. This is a valuable feature in environmental studies

where Pu concentrations are extremely small.

2. The chemical preparation and purification procedures for the

analysis of Pu by m.s. are similar to those used for alpha-counting,

with some additional attention needed to maintain clean sample
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conditions and low blanks.

3. The Savannah River Laboratory m.s. facility can analyze 8 Pu samples

within a period of roughly 8 hours. This is considerably faster

than the detection times needed for alpha-counting. The inherent

problem with alpha-counting is that the long half-lives of
239 240

alpha-decay for Pu (24,390 yrs) and 240Pu (6,620 yrs)

combined with the low abundances of these isotopes in the

environment simply result in extremely few alpha-decay events during

the course of a given counting interval.

4. The isotopic ratio of 240Pu/23 Pu can be accurately determined

by m.s. This can provide valuable additional information concerning

the source of Pu in a given sample.
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CHAPTER 4

A Pore Water Study of Plutonium in Shelf, Slope, and

Deep-Sea Sediments

I. INTRODUCTION

This chapter will focus on the unresolved question of Pu

remobilization from and within marine sediments (see Sholkovitz (1983)

for review). Traditionally, evidence for or against Pu mobility has

been inferred from water column studies (Bowen et al., 1980; Santschi

et al., 1980), sediment distributions (Koide et al., 1975; Livingston

and Bowen, 1979; Carpenter and Beasley, 1981; Cochran, 1985; Stordal at

al., 1985; Sayles and Livingston, 1985) and laboratory studies

(Sholkovitz at al., 1983; Santschi et al., 1983; Higgo and Rees,

1986). However, these studies are not conclusive. For instance, early

evidence of downcore decreases in the 239240u/ 137Cs ratio in

coastal sediments has been used to argue both for (Livingston and

Bowen, 1979) and against (Edgington 1981; Carpenter and Beasley, 1981)

Pu mobility in sediments. While pore water studies are known to

provide the most sensitive indication of diagenetic mobility (Emerson,

1976; Froelich et al., 1979; Berner, 1976, 1980), pore water Pu studies

have been limited due to the extremely low concentration of fallout
239,240Pu expected in natural pore waters (=10- 18 moles/kg)

(Edgington, 1981; Sholkovitz, 1983).

The advantages in obtaining 239 ,240 Pu pore water data are seen

in the study of Sholkovitz and Mann (1984). They were able to measure

both 239P240Pu and 137Cs in the solid phase and large volume

(1-3.4 kg) pore water samples at the same Buzzards Bay site studied by

Livingston and Bowen (1979). Their data show evidence for the

diffusive transport of 137Cs relative to 239P240Pu and can account

for the decreasing solid phase 239 '24 0 u/ 13 7Cs ratio with depth in

the core. They found that the exchange of Pu between the solids and

the pore waters was roughly constant throughout the core with a
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distribution coefficient (Kd) of 3-12 x 104 (Kd = (dpm/kg

solids)/(dpm/kg solution)). Their 239 ,240 Pu pore water data remain
the most conclusive evidence against significant Pu remobilization at a
shallow reducing marine site.

Data on 239'240Pu pore water chemistry under more oxidizing
conditions and in different sediment types are lacking. Enhanced Pu
mobility in deep-sea sediments has recently been suggested based upon

comparisons in the solid phase between fallout 239P240Pu and the
naturally occuring tracer 210Pb (Cochran, 1985; Stordal at al., 1985;
Sayles and Livingston, 1985). In these studies both the penetration of
239,240Pu below 210Pbex at depth in a core and discrepencies in

the solid phase 239p240Pu and 210Pbex mixing rates are used to
argue for Pu mobility. Cochran (1985) estimates that a Pu Kd of

~10 2 would be needed to support the solid phase 239,240Pu data in
his deep-sea cores (MANOP). Pore water 239,240Pu data from the deep

sea are needed to test this hypothesis.

The chief objective of this work is to compare Pu pore water

distributions from a variety of locations which differ in their

geochemical settings but which have received relatively similar inputs

of 239'240Pu from atmospheric fallout. To this end, samples have
been obtained from a transect of seven cores ranging from reducing muds
on the U.S. continental shelf to sub-oxic and oxic cores in
carbonate-rich sediments in the deep Northwest Atlantic. At these

sites 239,240Pu distributions in the solid and pore water phases will
be examined in light of ancillary pore water measurements (Fe, Mn,

D.O.C., alkalinity, SO4 NO3) and solid phase 210Pbex
137and Cs results. Both traditional alpha-counting detection

techniques and a newly developed mass spectrometric (m.s.) technique

(see Chapter 3, this thesis) have been used to detect 239,240Pu in
the pore waters and sediments at these sites. These data extend
considerably our knowledge of the diagenetic chemistry of Pu beyond

coastal sites where the only previous pore water 239,240Pu data exist
(Heatherington, 1978; Nelson and Lovett, 1981; Sholkovitz and Mann,
1984).
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II. SAMPLING

Sediment and pore water samples were collected from box cores

taken at seven sites during three cruises in water depths ranging from

90-5000 m between Woods Hole and Bermuda in the Northwest Atlantic

(Fig. 4.1). Core locations, sampling dates, cruise numbers, and water

depths are given in Table 4.1. Sediment cores were collected with a

50 x 50 cm2 single spade box corer, and only those cores with a level

and visually undisturbed surface layer were sampled. Sholkovitz and

Mann (1984) describe in more detail the strategy needed to collect

large volumes of pore water. Briefly, this involves replacing one side

of the box core with an assembly of 2 cm wide horizontal plates which

can be removed individually to allow sequential 2 cm slices to be made

from the entire box core surface. Each section of mud is then loaded

into centrifuge bottles for pore water extraction and subsequent

filtration. All handling steps need to include precautions to avoid

atmospheric (i.e. 02) contamination of sub-oxic muds and their

included pore waters (Troup et al., 1974), and extensive changes in

temperature should be avoided (Manglesdorf et al., 1969; Bischoff et

al., 1970). As this procedure becomes unmanageable at sea, a storage

technique was devised to preserve entire box cores for up to five days

at ambient temperatures and under anoxic conditions before they are

processed upon our return to shore based facilities.

The core handling and storage procedures begin immediately once

the box core reaches the ship's deck where overlying waters are

carefully siphoned off the core and a temperature probe is placed in

the mud. The core is covered initially with a plastic top and freon

gas is used to purge the overlying head space. The box core is then

lifted onto a cradle where the coring tripod and triggering mechanisms

of the box corer can be removed. The remaining 50 x 50 cm stainless

steel box, containing the sediment core with the spade in place, is

secured. This entire core is then covered by an insulating box which

is filled with ice to maintain the in-situ core temperatures (=5*C).

A more permanent top is sealed over the core and the overlying 5-10 cm
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FIGURE 4.1: Map Showing the Location of Box Cores A through H
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TABLE 4.1: Location of Pore Water Sampling Sites and Date of Collection

Depth Core Cruise Date Latitude Longitude

90m A 83-GYRE-9 7/28/83 40 28.1'N 70 54.1'W
501m F OCEANUS-152 4/30/84 39 55.1'N 70 54.2'W
1275m E OCEANUS-152 4/29/84 39 48.1'N 70 56.3'W
2362m D OCEANUS-152 4/29/84 39 35.0'N 70 56.8'W
2700m C 83-GYRE-9 7/31/83 39 10.3'N 70 43.8'W
4469m G OCEANUS-173 12/4/85 31 54.1'N 64 17.8'W
4990m H OCEANUS-173 12/8/85 36 27.9'N 66 33.6'W
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of head space is purged with N2 or Freon to keep out oxygen in the

air. The core is then processed for pore waters and solids upon our

return to shore.

The core sectioning involves the loading of 2 cm sediment horizons

into one liter centrifuge bottles (in a N2-filled glove box),

followed by centrifugation at 4000 rpm for 20 minutes in a temperature

controlled centrifuge (5-60 C). For D.O.C. analyses the pore water

solutions are subsampled with a glass syringe and then filtered through

a pre-combusted glass fiber filter (=lpm) and immediately frozen.

The bulk of the solution is filtered under N2 through a 0.45 pm

"Gelman Mini-Capsule" membrane filter cartridge (on cruises 83-GYRE-9

and OCEANUS-152), or through standard 0.45 pm "Durapore" membrane

filters (47 mm dia. on cruise OCEANUS-173). This pore water solution

is acidified with HCl and stored at pH 1-2 prior to analyses.

During the core slicing procedures, subcores (6 or 10 cm diameter

x 2 cm depth) are taken sequentially from the currently exposed

sediment surface, and are used for porosity and solid phase analyses.

In the upper 3-5 cm the solid phase samples are split into 0.5 or 1 cm

intervals in order to obtain better resolution in the solid phase

gradients near the sediment/water interface. It is important to note

that all of the solid phase analyses reported here were performed on

the same dried and ground sediment sample. This allows for direct

comparison between tracers.

Despite the somewhat unusual techniques which are needed to first

store the core before sectioning and then to process large volumes of

pore water, I am unable to find any evidence of artifacts in my data

attributable to this processing procedure (see the following

discussions of the pore water Fe, Mn, D.O.C., and alkalinity data).

Also, during the first cruise (83-GYRE-9), replicate cores at 90 m,

1200 m, and 2700 m were taken, sub-cored and processed at sea; profiles

of pore water Fe and Mn and sediment water contents compare favorably

between these cores and those which were processed upon our return to

shore.
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III. ANALYTICAL METHODS

All of the non-radiochemical pore water constituents were measured

by routine techniques: alkalinity by Gran titration, pore water Fe and

Mn by flame atomic absorption spectrometry, D.O.C. by wet-chemical

oxidation and GC analysis, sulfate by BaSO 4 precipitation, and

nitrate by auto-analyzer. Water contents of sediments were determined

by measuring weight loss with drying for a known volume of wet

sediment. CaCO 3 contents were determined gravimetrically by

measuring weight loss upon acidification of the sediments. Solid phase

Mn and Al were determined after sediment dissolution by inductively

coupled plasma spectrometry.

The solid phase total 210Pb was determined non-destructively by

the detection of the low energy 210Pb gamma peak at 46.5 KeV

(Cutshall et al., 1983), while 226Ra was measured by the

determination of 214Pb and 214Bi, two 226 Ra daughters, again by

non-destructive gamma counting (at 352 KeV for 214Pb; at 609 KeV for

214Bi) (Yakoyama and Nguyen, 1980). Excess 210pb, or 210Pbex

is the difference between total 21Pb and the 226Ra value (i.e.

total 210Pb minus the supported 210Pb value). In a variation on

previously published gamma detection procedures (Yakoyama and Nguyen,

1980; Cutshall et al., 1983), the sediment samples are not only dried

and ground prior to analysis, but they are also pressed (under

40,000-50,000 pounds of pressure) into a thin sediment wafer of

constant geometry and thickness (7 or 15 mm thick for 10 or 20 g of

sediment, respectively) before sealing in a plastic petri dish. The

net result of this "wafer" technique is that during the detection of

the low energy gamma-rays the sediment mass is physicaly much closer to

the detector window. This results in a substantial increase in the

detection effeciency due to a decrease in the loss of low energy

gamma-rays due to self-absorption effects prior to reaching the

detector window. A complete description of this procedure is given in

Chapter 2 of this thesis.

Once 210Pbex has been determined, the sediment wafer is
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broken-up and hot acid leached (8N HNO 3 ) in the presence of a 242Pu

and stable Cs spike, followed by standard ion exchange purification
239,240 137procedures for Pu and 137Cs (Wong, 1971; Livingston et al.,

137
1975). Cs is collected as a chloroplatinate precipitate and

detected with low background beta detectors (Noshkin and De Agazio,
239,240

1966). Pu is electroplated onto stainless steel planchets and

alpha-counted (Wong, 1971; Livingston et al., 1975). The reported

errors for all of the radioisotopic data are the propigated one

standard deviation counting errors from the radiometric analyses.

The first pore water samples analyzed for 239'240Pu were from
cores A (90 m) and C (2700 m). These large volume pore water samples

(0.8-3.3 kg) were processed by standard alpha-counting procedures (see

Sholkovitz and Mann (1984) for details). Alpha-counting intervals of

up to eight weeks per sample on our low background Si-surface barrier

detectors were needed to obtain statistically significant results.

Even with such long counting intervals, the activities of 239,240Pu

in the pore waters were at or below detection in three of the four

samples from core C, and in the deepest sample from core A. An

increase in the sensitivity for detecting 239,240Pu was therefore

needed if reliable deep-sea pore water 239'240Pu data were to be

obtained.

During the course of this project, a m.s. technique was developed

for low level Pu analyses (Chapter 3, this thesis). The m.s. technique

was used to measure 239P240Pu in the remaining pore waters (cores D

through H), and on replicates of some of the sediment samples and pore

waters which had previously been analyzed by alpha-counting (Table 4.A

provides information on the analytical technique and sample sizes used

for the pore water analyses). Using isotope dilution m.s., 239,240pu

activities can be determined down to the 10-4 dpm 239 '240 Pu per
239,240

sample level. The m.s. Pu technique is similar to

alpha-counting in the sample preparation and clean-up steps, with

additional attention being paid to ensure complete Pu purification and

low blanks. The pore water procedural blank was found to be constant

(n=5) at 1.0 x 10-5 dpm 239,240Pu per sample, and the pore water
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239,240 Pu data in Table 4.A are corrected for this blank. In only

four cases is this correction larger than 25% of the total reported
239,240 Pu activity (Table 4.A).

In contrast to alpha-counting, the m.s. technique provides a

separate determination of the 239Pu and 240Pu isotopes. The m.s.

data presented in this chapter have been converted into 239,240pu

activities in order to compare them directly with Pu activity data

reported in the literature and determined by alpha-counting. A

complete discussion of the m.s. technique and 240 u/239 Pu ratio

data appears in Chapters 3 and 6 of this thesis.

IV. RESULTS AND DISCUSSION

A. Geochemical setting

While the input of fallout Pu to cores A through H has been

similar, a contrasting range of geochemical settings exists along this

transect. Transitions between sediment types and redox environments

need to be elucidated in order to interpret downcore and between core

variability in the pore water 239'240Pu data. These ancillary data

are important since the solubility of pore water 239'240Pu may vary

as a function of the sediment mineralogy (Duursma and Gross, 1971;

Aston et al., 1985), complexation reactions with organic or inorganic

ligands (Anderson at al., 1982; Sanchez, 1983; Nelson et al., 1985;

Higgo and Rees, 1986), in conjunction with the redox cycles of Fe and

Mn (Sholkovitz et al., 1982; Buesseler et al., 1985), or as a result of

direct redox transformations of Pu itself (Nelson and Lovett, 1978 and

1981; Sanchez et al., 1985; Keeney-Kennicutt and Morse, 1985).

The sediment mineralogy along this transect varies sytematically

depending upon the relative abundance of land vs. biogenic derived

sediment sources at a site and sediment redistribution processes within

the ocean. Solid phase aluminum and carbonate data are provided in

Table 4.B. The grain size data discussed below are from extensive

survey work in this region (Hathaway, 1971, 1972; Milliman, 1972) and

from qualitative observations of sediment texture in these cores.
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The shallowest core (A, 90 m) lies in a region known appropriately

as the "Mud Patch" since the sediments here are predominantly silty and

clayey muds, with only trace amounts of biogenic carbonate or silica.

The core at 501 m (F) is somewhat sandier than core A (lower water

contents; sandy texture) possibly due to the increased erosion of

fine-grained sediments at the shelf-slope break. The slope core E

(1275 m) consists of muddy sediments which have been diluted with

=10% carbonate by weight. CaCO 3 is the dominant biogenic phase

which is generated in this region due to the formation of calcite tests

by the planktonic foraminifera (Tucholke, 1984). Cores D (2362), C

(2700 m), H (4990 m), and G (4469 m) are more enriched in these

carbonate phases, which average 25, 27, 30, and 60% by weight of the

sediment respectively (Table 4.B).

Along with this transition from shallow muds to deep-sea

carbonate-rich sediments, there is a gradual transition in the redox

characteristics of the cores as well. The redox transitions are

ultimately driven by the flux of organic matter to the sediments. This

flux is highest in the coastal waters, decreasing away from shore in

this region. As is now well documented, the degradation of organic

matter in marine sediments is coupled to the sequential utilization of

oxidants in the order of highest to lowest energy producers per mole of

organic carbon which is oxidized. That is, the consumption of 02 is

followed by denitrification, which is followed by Mn(IV) reduction,
2-Fe(III) reduction and potentially SO4  reduction (Froelich et al.,

1979; Emerson et al., 1980; Berner, 1980). Within a given core, one

can expect to find progressively more reducing conditions deeper in the

sediments. Moreover, along the transect a transition is expected from

highly reducing sediments in the coastal sites out to more oxic

conditions in the deep-sea sediments.

As an indicator of redox state, I have focused on the

determination of pore water Mn(II) and Fe(II) which reflects Mn(IV) and

Fe(III) reduction as outlined in the above sequence. In the most
2-reducing core (A) I have also measured pore water SO-, while in

the oxic deep-sea sites G and H, pore water NO- data were obtained3
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(Table 4.B).

The pore water Mn and Fe data in Table 4.B (and shown later in

Figure 4.3) support a gradual transition from oxidizing to reducing

sediments along this transect. For example, the deep-sea cores G

(4469 m) and H (4990 m) are found to have undetectable Mn and Fe

(<lpM/1) throughout their pore waters, consistent with the highly

oxidizing nature of these sites. Pore water NO3 data place

denitrification within the sediments at core G (with a subsurface

NO3 maximun at 7 cm) and at the sediment/water interface for core

H. At 2700 m (core C), pore water Mn and Fe are undetectable in the

upper 5 cm of the core. Below 5 cm in core C, pore water Mn

concentrations rapidly increase to over 40 VM/l by 15 cm and remain

high between 15-25 cm. Pore water Fe in core C remains less than

3 pM/1 at all depths below 5 cm. Hence, core C exhibits a downcore

shift from sub-oxic conditions in the top 5 cm to Mn reducing but not

strongly Fe reducing conditions in the 10-25 cm depth zone. As the

data are examined from the shallower sites, the zone of Mn and Fe

reduction gradually shifts upwards within the cores so that by core A

(90 m), pore water Mn is highest in the 0-1.5 cm sample (42 pM/l)

with a pore water Fe maximum (37 pM/L) at 2.5 cm. In a highly

reducing core such as A, evidence exists for the removal of pore water

Mn and Fe below 5 cm, possibly due to the formation of less soluble

carbonate and sulfide phases (Elderfield et al., 1981; Pedersen and
2-

Price, 1982). The pore water SO concentrations at core A are

constant with depth (Table 4.B).

In summary, the pore water Mn and Fe data indicate a well defined

set of redox conditions along this transect. Conditions range from

oxic and sub-oxic in the deep-sea sediments to progressively more

reducing on the slope and shelf. Within any given core there is a

transition to more reducing conditions with increasing depth in the

sediments.

In cores C (2700 m), D (2362 m), E (1275 m), and F (501 m) solid

phase Mn data can be used to examine the long term stablility of the

above described redox conditions (Froelich et al., 1979). In these
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cores the net result of the upward diffusion of soluble Mn(II) and its

reaction with downward diffusing 02 are seen in the solid phase Mn

profile where a peak in solid MnO 2 exists just above the pore water

Mn(II) gradient (Table 4.B). The steepest pore water Mn gradients, and

hence the largest diffusive Mn(II) fluxes, are matched by the largest

increase in solid phase Mn in core C (2700 m). If I calculate the

diffusive Mn flux upwards in cores C, D, E and F and compare this to

the observed solid phase enrichment in Mn, an indication of the long

term stability of the redox setting is obtained. This calculation

(neglecting advection) leads to an estimate of 50-150 years over which

the diffusion of Mn and the precipitation of Mn oxides must have been

occuring at these sites (t= Mn solid "excess" inventory/Mn(II) flux;

where the excess Mn solid phase inventory is taken from the data in

Table 4.B; the pore water Mn(II) flux is calculated from:

flux = mDb[dC/dx],

with * = 0.7, m = 2.5, Db = 2 x 10-6 cm/sec, and dC/dx is

taken from the Mn2+ pore water profiles at cores C, D, and E (Li and

Gregory, 1974; Berner, 1980; Ullman and Aller, 1982)). This

calculation suggests that there has been no major change in the

sediment redox properties since the introduction of fallout 239,240pu

to these sediments during the past 30 years.

Finally, it is of interest to examine the ancillary pore water

D.O.C. and alkalinity data (Table 4.B). While the D.O.C. data are

somewhat scattered, some general trends are evident. In the shallower

cores (90 m and 501 m), D.O.C. values are relatively low in the upper

0-2 cm (=10 mgC/1) and increase to a subsurface maximum of 44 mgC/l

at 12.5 cm in core A and 25 mgC/1 at 5 cm in core F. Below these

maximum D.O.C. concentrations there is a gradual dropoff in D.O.C.

concentration with depth in these cores. This pattern contrasts with

D.O.C. data from E (1275 m), D (2362 m) and C (2700 m), where the

highest D.O.C. concentrations are in the upper 0-2 cm of the core

(30-35 mgC/1) decreasing rapidly to values in the 10-20 mgC/l range

(with some scatter) in the deeper samples. No D.O.C. data were

collected for the deep-sea cores G and H for comparison.
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The alkalinity data show no consistent trends except that the

shallower cores A and F appear to have generally higher alkalinity

values than the other sites. Analytical difficulties with different

Gran titration procedures in the lab between cruises does not instill

confidence in these data.

B. Sedimentary 239,240Pu, 210Pbex and 137Cs

The solid phase profiles of 239P240Pu, 210Pbex and
137 Cs are shown in Figure 4.2 and reported in Table 4.A. A major

feature of the solid phase results are the generally similar

distributions of these three tracers Fig. 4.2). Also, there is a

decrease in the depth of tracer penetration along the transect. The

shallowest core (A, 90 m) exhibits detectable 239P240Pu and

210Pbex down to at least 35 cm. In cores F (501 m), E (1275 m), D

(2362 m) and C (2700 m) the tracer penetration depths are all found to

be similar and lie between 10 and 15 cm. In the deep-sea cores G

(4469 m) and H (4990) these tracers are only found in the top 8 cm of

the core. These tracer distributions are consistent with a trend from

more rapid and deeper benthic mixing at the shelf site, towards

decreased benthic mixing in the slope cores and the least intense

benthic mixing at the deep-sea sites. It is likely that this reflects

a change in benthic macrofauna community structure and density with

increasing water depth (Rowe et al., 1974).

Previous studies have used a comparison between the depths of

penetration of 239,240Pu and 210Pbex as evidence in arguments

supporting enhanced Pu mobility in the sediments (Cochran, 1985;

Stordal et al., 1985; Sayles and Livingston, 1985). For instance,

Cochran (1985), Stordal et al. (1985) and Sayles and Livingston (1985)

all argue that 239P240pu is present deeper than 210Pbex in at

least some of their cores. The assumption is that given the 22.3 year

half-life of 210Pb, zero 210Pbex values should be reached at an

age and depth equivalent to about 100 years (i.e. =5 half-lives),

whereas fallout 239P240Pu should only be present in post-fallout

samples (i.e. 25-40 years before present). This is not entirely
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Fig. 4.2: Solid Phase 239,240pu, 210Pbex and 137Cs Profiles
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Fig. 4.2 (Cont'd.)
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correct since 239P240Pu may reach the same depth as 210Pbex over

time if sediment mixing is rapid (Anderson et al., 1986). In general

though, the presence of fallout 239,240Pu below 210Pbex in the

solid phase at this time would argue for enhanced 239'240Pu mobility
in the pore waters or its preferential transport by a selective

particle mixing process (Cochran, 1985; Stordal et al., 1985) since

210Pb immobility has been assumed given the 210 Pbex pore water

work of Cochran and Krishnaswami (1980).

In a similar manner, the depth of penetration of 239,240 P

relative to 210Pb ex can be examined along my transect for evidence

of Pu mobility. In all of my cores the penetration depths of
239,240Pu and 210Pbex in the sediments are identical within the

counting errors. In cores A, D, and F it can be seen that there are

samples deep in these cores where 210Pbex values cannot be

determined above 0.3 dpm/g, while the 239'240Pu signal is still

detectable in the sediments (Table 4.A). To conclude that this

represents a real separation between these two tracers and hence

evidence for Pu mobility is not within the accuracy of the data set

(see following discussion).

There are two main problems when comparing solid phase 239,240Pu

and 210pbex data which make the results insensitive indicators of

Pu mobility. First, in many previous studies - such as in Stordal et

al. (1985) and in some of the Sayles and Livingston (1985) data -
239,240Pu and 210Pbex activities were not determined on the same

sediment sample. This is a serious problem in that considerable

spatial variability can exist in benthic sediment mixing within a given

region or even within a given core (Cochran, 1985; DeMaster et al.,

1985; Anderson et al., 1986). Therefore, direct comparisons amongst

tracers in terms of their penetration and mixing rates between closely

spaced samples can cause an apparent discrepency which is an artifact

of the real spatial variability in benthic processes.

A second problem mentioned above with respect to my data set (and

any other) is the sensitivity in determining the absolute depth of zero
210pbex activities at depth in a core relative to zero 239,240pu
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activities. While relatively small 239P240Pu activities (<0.5

dpm/kg) can be reliably determined above zero fallout 239'240pu

activities deep in a core, the detection of small 210Pbex

activities above the supported 210Pb values is inherently prone to

large errors. Simply stated, the error on the determination of a small

value (210Pbex), from the difference between two much larger values

(total 210Pb minus supported 210Pb) is subject to considerable

statistical uncertainty. This problem is particulary difficult in the

Pacific deep-sea samples of Cochran (1985) where supported 210Pb

values are high and variable, 15-90 dpm/g, and the determination of

210Pbex values of less than a few dpm/g is subject to a large

error. In a later section data from a core in Cochran (1985) will be

used as a test case to illustrate this effect.

Detailed modeling of the 239P240Pu and 210Pbex sediment

profiles in order to estimate sediment mixing coefficients has been

presented elsewhere for cores A, F, E, D, and C (Anderson et al., 1986;

Chpt. 7, this thesis). In summary, there is no statistical difference

between sediment mixing rates determined by steady-state 210Pbex

eddy-diffusive benthic mixing models (Goldberg and Koide, 1962; Nozaki

et al., 1977; Peng et al., 1979; Krishnaswami et al., 1980; DeMaster

and Cochran, 1982; Chpt. 7, this thesis) and those determined by
239,240 Pu, either assuming a pulse input for Pu to the sediments

(Cochran, 1985, and references therein) or by using a numerical model

which utilizes the nuclear weapons fallout input curve to determine
239,240 Pu fluxes to the sediments (Anderson et al., 1986). At 90m

(core A) in the "Mud Patch" region, sediment mixing rates average

1.5 cm2/year. The remaining cores from 501m out to 2700m have

sediment mixing rates which average 0.5 cm2/year (ranging from

0.14-1.0 cm2/year) with no systematic variability between depths.

The sub-surface peaks in both 239P240Pu and 210Pbex in the

deep-sea cores G and H are a distinct and somewhat unusual feature

which prohibit the application of a simple diffusive mixing model at

these sites. In both of these cores, activities of 239P240Pu and

210Pbex which are similar to those at the sediment interface are
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found in a sub-surface peak centered at 3-4 cm in core H and at

4-4.5 cm in core G (Fig. 4.2). These peaks would be much less obvious

if larger sediment sampling intervals (i.e. 2 cm) had been analyzed.

These very sharp subsurface peaks may be caused by the selective

feeding and defecation depths of a population of benthic organisms

(conveyor belt species (Benninger et al., 1979; Aller, 1982), by

physical mass transport processes (Yingst and Aller, 1982; Chanton et

al., 1983; Knebel, 1984), or as postulated recently, by the

preferential accumulation and redistribution of these tracers in

sterecomes of deep-sea rhizpopods (Swinbanks and Skirayama, 1986).

This last possiblility seems least likely based upon what is known of

the benthic communities in this region (Grassle, 1986). The

210Pbex sediment inventories in cores G and H, 10.8 and 14.2

dpm/cm 2 , respectively, are similar to other inventory data from this

region (Buesseler et al., 1985). The 210Pbex inventories also

agree with annual sediment trap 210Pb fluxes measured above core G,
210

if a steady-state input for Pb is assumed (Bacon et al., 1985).

Because of this balance between the measured and expected inventories

of 210pbex, the process which is responsible for creating the sharp

subsurface tracer peak cannot have added substantial tracer rich

sediment to this site. This argument would rule out physical transport

processes such as slumping or turbidity flows as a possible mechanism

for creating the subsuface peaks, unless an earlier loss of core top

sediment was followed by an equivalent addition of tracer rich surface

sediment to both sites. Since these samples were taken from a 10 cm

diameter sediment subcore it also seems unlikely that a feature this

strong could be produced by the accidental sampling of a single recent

worm burrow. Alternatively, the sub-surface peaks could be formed by

the redistribution of surface, tracer-rich sediment to depth by benthic

conveyor belt species. The community of benthic fauna responsible for

this peak are unknown and were not seen upon inspection of the cores.

Previous researchers have suggested that 239,240Pu and

210Pbex are mixed with different rates in the sediments (Cochran,

1985; Stordal et al., 1985). Sayles and Livingston (1985) have also
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suggested that 239P240Pu sediment mixing rates increase at depth in

their cores. To account for their model data all three of these

studies concluded that 239P240Pu was somehow mobile relative to

210Pb in the sediments. There are, however, many inherent errors

associated with determining sediment mixing rates, such that apparent

deviations between the mixing coefficients calculated from 239,240pu

and 210Pbex mixing models cannot be interpreted as being a reliable

indicator of Pu mobility or preferential mixing. Some of the model

errors which require further attention include: a) assumptions

concerning the input flux of 239P240Pu to the sediments, since recent

data from sediment traps and 240Pu/ 239Pu ratios in Atlantic cores

suggest a more complex Pu input than is included in the models

(Buesseler and Sholkovitz, 1986; Chapters 6 and 7, this thesis),

b) potential uncertainties in fitting a complex time-dependent curve to

limited sediment data as discussed by Officer and Lynch (1982, 1983)

and Lynch and Officer (1984), c) the non-diffusive nature of mixing
210

(Aller, 1982), d) the assumption of constant Pb fluxes, when

sediment trap data suggest at least seasonal and possibly some

inter-annual variability in these fluxes (Bacon et al., 1985), and e)

evidence for enhanced mixing due to tracer penetration in solution in

evacuated burrows (Aller, 1982, 1984). While model derived sediment

mixing rates can be useful parameters for quantifying average benthic

mixing processes, they are not sensitive indicators of 239,240pu

mobility. This will be demonstrated later using the MANOP data of

Cochran (1985) as a case study.
1 3 7 Cs solid phase data were obtained for cores F, E, D and C and

are provided in Table 4.A and Figure 4.2. As stated previously, the

activity of 137Cs tends to follow the other solid phase mixing

tracers. The 239,240Pu/ 137Cs ratios in the sediments range between

0.15-0.40 and show no systematic downcore variability. This is in

general agreement with previous studies of 239P240Pu and 137Cs in

all but the most reducing sites (Livingston and Bowen, 1979; Carpenter

and Beasley, 1981). Only shallow and highly reducing cores show

evidence for a decrease in the solid phase 239240u/ 137Cs with
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depth in a core (Livingston and Bowen, 1979; Sholkovitz and Mann, 1984).

C. Pore water 239,240pu

Pore water 239P240Pu data are given in Table 4.A, and are

compared directly to the solid phase 239P240Pu and Fe and Mn pore

water profiles in Figure 4.3. These are the first reported data on pore

water 239P240Pu from sites other than coastal seas and embayments

(Heatherington, 1978; Nelson and Lovett, 1981; Sholkovitz and Mann,

1984). 239 '240 Pu activities of up to 0.75 dpm/100 kg are found in

the pore waters with the highest activities occuring in the

near-surface samples or in the case of core F (501 m), in a subsurface

pore water 239P240Pu maximum at 2-4 cm. The near-surface pore water
239v240Pu activities always exceed the near bottom water 239p240pu

activities (these average <0.1 dpm/100 kg - see Fig. 4.3). The pore

water 239P240Pu activities decrease with depth in the cores following

the distribution of solid phase 239'240 Pu. There is also no obvious

or consistent relationship between the pore water 239'240 Pu profiles

and the pore water distributions of Fe, Mn, or D.O.C.

The main feature of the entire data set is a fairly consistent

relationship between pore water 239'240Pu and the corresponding solid

phase 239p240Pu activities. This relationship can be described by

the dimensionless distribution coefficient, Kd, which is operationally

defined as the ratio of 239'240Pu in the solid phase (dpm/kg) to

Pu in the pore solution (dpm/kg). The calculated Kd's along

this entire transect range from 0.2-23 x 104 (Table 4.A and Fig. 4.3),

which is within the range of previously reported values from laboratory
3 5

and field studies (10 3-10: Edgington, 1981; Sholkovitz, 1983).

A general trend in the Kd data is an apparent decrease in Kd
values between the shallower and deeper stations. The mean Kd values

(using all of the Kd data with an associated error of <25%) in the

deeper cores at 2700 m, 4460 m, and 4990 m are 0.61, 0.44, and 0.32 x

104 , respectively. This is significantly lower than the mean Kd
values within the shallower cores, which average 2.0, 2.0, 6.4 and 12

x10 at 90 m, 501 m, 1275 m and 2362 m, respectively.
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Figure 4.3: Pore Water and Solid Phase 239,2 40Pu Profiles, Pu Distri-
bution Coefficients, and Pore Water Fe and Mn (or NO3 ) Data
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Fig. 4.3 (Cont'd.)
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Fig. 4.3 (Cont'd.)
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In addition to this trend of decreasing Kd values with increasing

core depth, there is significant within core variability in the Kd
values. These downcore shifts in the Kd data can be seen in Figure

4.3, which includes the associated error on the Kd calculation. In

core A (90 m) there is a maximum in the Kd values at 2.5 cm, followed

by a gradual decrease in Kd with depth. At 501 m the Kd data are

scattered with no discernable trend and a wide range of Kd values

(0.2-7 x 104). At slope sites (1275 m and 2362 m) Kd values are just
above 104 at the sediment/water interface and increase to values around

1-2 x 105 at 5-10 cm in the core. In the deeper cores insufficient data

are available to discuss the downcore K trends. It should be remembered

that with a Kd value of 105, as the solid phase activities approach

1 dpm/kg the pore water activities will approach the detection limit.

Therefore, the Kd values deep in cores E and D of 1-2 x 105 do have

considerable uncertainty due to the extremely low pore water 239p240pu

activities. On the other hand, if 239P240Pu was somehow enhanced in

solution deep in these cores, a Kd of 103 or 104 would be readily

observable in the pore water data.

These 239,240 Pu pore water data can be compared to the work of

Sholkovitz and Mann (1984) who have the only other reliable pore water
239,240 Pu data in marine sediments. In their study, the pore water
239,240 Pu distributions followed the solid phase profiles with an assoc-

iated Kd of 3-12 x 104. These data are from one site in a highly re-
ducing coastal embayment (Buzzards Bay, Massachusetts), and the Kd's

are well within the ranges of my shallower cores A, F, E, and D. Pore

water 239,240Pu has been determined at one other site in sediments from

the Irish Sea which were contaminated by nuclear fuel reprosessing wastes

(Heatherington, 1978; Nelson and Lovett, 1981). The K data from these

studies are slightly higher than my values and the Buzzards Bay values.

This difference cannot be elaborated upon since the Irish Sea studies

may contain artifacts due to the oxidation of Fe(II) from the reducing

sediments during pore water extraction and filtration under atmospheric

02 conditions (Sholkovitz, 1983).

Given the ancillary geochemical data, one would like to be able to

suggest possible mechanisms which could account for the trends in the
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pore water 239P240Pu activity. Possible mechanisms of interest

include redox related processes, variability in the sediment type, and

complexation reactions with Pu in solution. With respect to redox pro-

cesses, either direct oxidation/reduction transitions of Pu or reactions

involving the co-precipitation or solubilization of Pu in conjunction

with the Fe and Mn cycles could be important. If the latter is signif-

icant, one would expect 239'240Pu activities to be enhanced in solu-

tion (i.e. lower Kd's) in zones with soluble Fe(II) and Mn(II) in the

pore water and depleted in zones of Mn and Fe oxidation and hence

removal from solution. The data trend in the opposite direction as seen

in cores E (1275 m) and D (2362 m) where Pu Kd maxima at depth occur

in zones of high pore water Mn(II) and Fe(II) concentrations. In addi-

tion, Pu Kd's are lowest in cores G and H which show no detectable

Mn(II) or Fe(II) concentrations in solution throughout the core.

Direct redox transformations of Pu are an alternative process which

could be important in controlling Pu solubility since it is widely

accepted that Pu can exist in solution simultaneously in a combination

of the III, IV, V, or VI oxidation states and the lower oxidation states

(III and IV) are known to be relatively more particle reactive (Taube,

1964; Milyukova et al., 1969; Cleveland, 1979; Nelson et al., 1985).

Indeed, laboratory experiments have shown that the Kd's of tracer

level Pu in the V and VI oxidation state are one to two orders of magni-

tude lower than the Kd's of Pu in the more reduced oxidation states

(Nelson and Orlandini, 1979; Sanchez at al., 1985; Higgo et al, 1985;

Keeney-Kennicutt and Morse, 1985). In a limited data set from the

Atlantic water column (Livingston et al., 1984), the deep water Pu is

found to be 90% in the more oxidized V and VI states. The observed

increase in the Pu Kd values with depth in the cores at 1275 m and

2362 m would be expected if they reflected a down core shift to more

reducing and hence more particle reactive Pu species. Estimates of the

Eh conditions necessary to enact this change in Pu oxidation state in

the natural environment are subject to considerable error but are simi-

lar to redox potentials necessary to drive the redox cycles of Mn and

Fe (Cleveland, 1970 and 1979). A shift in Pu redox speciation would

also be consistent with the data from cores G and H which indicates
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decreased Kd's in the more oxidizing deep-sea cores. However, a redox

controlling mechanism does not work for all of the data. In the most

reducing cores (A, 90 m; and F, 501 m) lower Pu Kd's are found rela-

tive to cores E (1275 m) and D (2362 m); this trend is opposite to what

one would expect if the reduced species of Pu were dominant at the more

reducing sites.

Another factor which can potentially alter the distribution of Pu

between solution and the solid phase is simply a change in the sediment

type since variability in Pu uptake with different sediments has been

shown (Duursma and Gross, 1971; Aston et al., 1985). Solid phase alum-

inum data (Table 4.B) represent clay contents and do not appear to be

related to either the K variability within a core or the decreasing Kd
values in the deep-sea cores. The CaCO 3 data in Table 4.B can be

examined for evidence of the dilution of clays by biogenic carbonate

phases. The general shift in Pu Kd's to lower values at increasing

water depths is only partially consistent with the increased carbonate

content of the deeper samples, which ranges from trace amounts on the

shelf, 10% at core E (1275 m), 25-30% at cores D (2362 m, C (2700 m),

and H (4990 m), and up to 60% at core G (4469 m). The complexation of

Pu by carbonates has been argued in other studies to be effective in

maintaining elevated Pu activites in solution (Sanchez, 1983; Anderson

et al., 1982; Higgo and Rees, 1986). Specifically, the study of Higgo

and Rees suggests that at high sediment to solution ratios such as in

marine pore solutions, the distribution ratio of Pu with carbonates can

be as low as 1-4 x 102; low Kd values are not seen with other sedi-

ment types or at low solid to solution ratios (below =20 g sediment/l

solution). Higgo and Rees suggest that a Pu-carbonate complex in solu-

tion is responsible for this apparent increase in Pu solubility. This

mechanism is consistent with the lower Kd in the carbonate-rich

deep-sea core G, but does not explain an equally low Kd at the 30%

carbonate core H at 4990 m.

I also have analyzed one pore water Pu sample from a carbonate

ooze (80% CaCO 3-MANOP site C in the Pacific (Cochran, 1985)), and the

Kd there is 0.1 x 104 (at 7.9-10.2 cm) - the lowest value to date.

Unfortunately the sample was stored under refrigeration without control
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over atmospheric contamination prior to pore water extractions (Cochran,

1986 - personnal communication). No other data are presently available

from deep-sea pore waters from either carbonate-rich or carbonate-poor

sediments which would allow for more extensive comparisons and inter-

pretations.

If carbonate complexation does play an important role in determining

the general Pu Kd shift between these cores, then the precipitation of

CaCO 3 upon depressurization during core retrieval could certainly bias

these results. For example, in a comparison between pore waters collec-

ted by an in-situ probe and those extracted from a box core, Toole et al.

(1984) found a decrease in the deep-sea pore water uranium concentration

by up to 40% in the box core samples. If the shift for Pu upon depres-

surization were similar, my calculated Kd's would be too high by a

factor of two in the deep-sea cores. This artifact would work to in-

crease the difference I have found between the deep-sea and shallow water

Kd 's

Pu solubility in a variety of settings has been suggested to be

modulated by complexation with D.O.C. (Nelson et al., 1985). The gen-

eral decrease with depth in D.O.C. in the top few cm's of cores E and D

is perhaps consistent with the increasing Pu Kd's at these sites but

the D.O.C. data cannot explain the major variability seen in the Kd
data which is the decreasing Kd values in the deep-sea cores.

A final factor of interest in these N. Atlantic pore water data

arises from 240Pu/ P239u ratio determinations on these same pore water

and sediment samples (these data are discussed in more detail in Chapter

6). There is a disequilibrium between the solids and the pore waters in

the Pu isotopic signature. This reflects the input of Pu to the sedi-

ments from two sources. The major source of Pu is global stratospheric

fallout, the bulk of which remains in the water column today (Livingston

and Buesseler, 1985). The second source is tropospheric surface debris

from the Nevada test site which carries Pu in an unreactive form which

is rapidly deposited to marine sediments. The spatial distribution of

the Nevada debris has been shown to include the Gulf of Mexico (Scott

et al., 1983) and much of the N. Atlantic (Buesseler and Sholkovitz,
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1985; Chapter 6, this thesis). The data indicate that Pu carried by

Nevada test debris is not participating in the general solid/solution

exchange reactions. The Pu Kd's should perhaps be recalculated rela-

tive to Pu from the stratospheric fallout source alone. The percent of

Nevada fallout in sediments varies as a function of the total sediment

inventories such that in the deep Northwest Atlantic (cores G and H)

where Pu sediment inventories are low, the Nevada solid phase component

represents just over 40% of the total solid phase 239 '240 Pu activity

(Chapter 6, this thesis). Therefore, if this unreactive fraction of

the solid phase 239P240Pu is subtracted from the solid phase activity

in the Kd calculation, the Kd's in the deep-sea cores would decrease

by 50%; at the shallower cores this effect would be less important, and

the Kd's would be 30%, 15%, or <5% lower at cores C, D or E, and F or

A, respectively.

The main conclusion from this pore water 239'240Pu data set is that

the primary factor controlling Pu solubility in the pore waters is the

concentration of 239 P240Pu in the solid phase. A secondary feature is

the shift to lower Kd's with increasing water depth; however, the pro-

cesses responsible for the shift to lower Kd's cannot be determined with

certainty. This Kd variability will be important in any discussion of

Pu diffusion rates since a two order of magnitude change in the Pu Kd

from shallow to deep-sea cores would result in increased Pu mobility in

the deep-sea sediments (see following model calculations). It should be

emphasized that these Pu Kd's are operationally determined by the analy-

sis of solid phase and pore water Pu. Depressurization effects on pore

water Pu solubility and the existance of at least two distinct Pu-bearing

phases in the solids (stratospheric vs. Nevada fallout Pu - see Chapter

6) could produce an artifact in the deeper cores which would tend to

overestimate the true Pu Kd'

V. PORE WATER 239,240PU FLUXES

Estimates of potential Pu remobilization rates can be made using a

simple diffusive flux calculation based upon the observed pore water
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239,240 Pu gradients. The calculation is similar to that used to model

Mn(II) fluxes in a previous section in that advection and horizontal

processes are neglected, and the data used in the calculation at each

site are provided in Table 4.2. The calculated 239'240Pu fluxes across

the sediment/water interface vary from 0.3-24 x 10
-5 dpm 239,240u/cm2

year. It can be concluded that since its introduction less than 30

years ago, little 239'240 Pu has been lost to the overlying seawater due

to diffusive fluxes out of the sediment at my study sites (30 years x

0.3-24 x 10-5 dpm/cm 2 year = 0.9-72 x 10-4 dpm/cm 2 ).
When the flux at each site is compared to the total sediment

239,240Pu inventory (which varies from >1 dpm/cm 2 in the shallowest

cores to <0.05 dpm/cm 2 in the deep-sea cores), one sees that in the

shallower cores (A, F, E, and D), it would take 103-104 years to

remobilize the present 239P240Pu inventory, while in the deep-sea cores

(C, H, and G) it would take less than 103 years. This is due to the low

sediment 239'240Pu inventories in the deep-sea cores and their rela-

tively sharp pore water gradients; these gradients are maintained by the

low Kd's and hence relatively high pore water activities in the deep-sea

cores as discussed previously. This calculation is certainly an over-

simplification of the true rate of Pu remobilization on the long time

scale for several reasons. First, the Pu sediment gradient - and hence

the Pu pore water gradient at the sediment/water interface - will be

altered as benthic sediment mixing continues to mix the Pu deeper into

the sediments. The Pu diffusive fluxes would have been greatest in the

past when the bulk of the Pu was less deeply mixed, and the diffusive

fluxes will decrease with time. Also, on the 103 year time scale, the

continued flux of Pu to the sediments and burial by sedimentation cannot

be ignored.

VI. TEST CASE: MANOP SITE C

The 239,240Pu and 210Pbex data of Cochran (1985) at MANOP site C

are given in Table 4.3, and will be used as a test case to examine the

potential effects of Pu diffusion in the pore waters. This study
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Table 4.2: 239P240u Diffusive Flux Calculations.

Station/ Flux x 10- 5  Inv. Time
Depth _ m dC/dz dpm/cm2yr) (dpm/cm 2 ) (103 yr)

7 3
A 0.73 3 79-7.2 dpm/10 cm 12-24 1.24 5.5-11
90m 0.75cm

7 3
F 0.50 2 42-11 dpm/10 cm 0.8-1.6 0.27 0.15-0.3
501m 3cm

7 3E 0.76 2.5 57-11 dpm/10 cm 7-14 0.22 1.5-3
1275m 1 cm

7 3D 0.76 2.5 19-8.3 dpm/10 cm 1.7-3.4 0.13 4-8
2362m 1 cm

7 3C 0.77 2.5 33-8.5 dpm/10 cm 5.4-11 0.029 0.3-0.6
2700m 0.75 cm

G 0.80 2.5 23-8 dpm/10 cm3  2.7-5.4 0.026 0.5-1
4460m 1 cm

7 3H 0.69 2.5 15-8 dpm/10 cm 0.29-0.58 0.043 0.75-1.5
4990m 3 cm

Flux = dmDi(dC/dz); where d = avg. porosity in sediments specific to the
gradients used; m = 2 to 3 depending upon sediment type (Ullman & Aller,
1982); (dC/dz) is taken from the data in Table 4.A; Di = 1-2 x 10-6 cm2/
sec., assuming analogy with Th and U diffusion coefficients at O0C from
Li and Gregory (1974); 239 ,240Pu solid phase inventory data taken from
this work and Buesseler et al. (1985); Time = Inv./Flux.



- 93 -

Table 4.3: MANOP Site C Data.
Core MBC-3 (4423m collected 12/10/82 01*01.6'N, 138*56.1'W)

Depth Dry Bulk 239,240pu 210Pbtotal

(cm) Density (dpm/kg) (dpm/g)

226Ra 210pbex
(dpm/g) (dpm/g)

25.9 + 1.7
13.7 + 0.9
8.5 + 0.6
6.3 + 0.5
3.2 + 0.4
4.0 + 0.5

26.1 + 1.4
22.4 + 1.2
19.6 + 0.7
18.0 + 0.6
14.7 + 0.5
15.9 + 0.5

15.1 + 0.8
13.6 + 0.7
17.4 + 0.9
17.1 + 0.9
14.2 + 0.7
15.5 + 0.8

11.1 + 1.6
8.9 + 1.4
2.2 + 1.1
0.9 + 1.1
0.5 + 0.9
0.5 + 0.9

0-1.5
1.5-3.5
3.5-7.5
5.7-7.9
7.9-10.2

10.2-12.2

0.382
0.434
0.476
0.506
0.539
0.576

Data from Cochran (1985).
Dry bulk density = grams dry, salt-free sediment/cm 3 wet sediment.
Activities as dpm per mass dry, salt-free sediment.
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provides high quality data from a deep-sea site which has been interpre-

ted to indicate possible Pu mobility and where I now have an estimate of

the Pu Kd. In this core the surface 210Pbex activity is 11 dpm/g drop-

ping off to 2.2 - 1.1 and 0.9 f 1.1 dpm/g by 4.6 and 6.8 cm, respec-

tively. The error of 1.1 dpm/g on the 210Pb activities is 10% of the

interface activity and is obtained by propagating the counting errors
210 226

from the total Pb values (=19 + 0.7 dpm/g) and the Ra values

(=17 + 0.9 dpm/g). As is typical for radiochemical studies, the reported

errors are the one standard deviation, or 68% confidence limits around

the mean activity. This error places a lower limit of =1 dpm/g (or 2

dpm/g if 95%. or two standard deviation confidence limits are desired)

on the 210Pbex determinations. In comparison, the solid phase 239,240pu

activity is 26 dpm/kg at the interface dropping off to 8.5 + 0.6 and

6.3 + 0.5 dpm/g by 4.6 and 8.6 cm, respectively. Below these depths

detectable 239,240Pu activities are still evident (3-4 dpm/kg, or 10-15%

of the interface value) down to at least 11.2 cm. These deep 239,240 P

are well above the detection limits for solid phase 239,240Pu. The com-

parison between 210Pbex and 239,240Pu penetration depths is, there-

fore, clearly limited by the ability to detect small 210Pb activities.

To interpret these data as supporting deep Pu mobility is unwarranted.

The Kd for Pu in this carbonate-rich deep-sea core is 1 x 103 and

is at the low end of the Kd values I have found. Two questions will be

addressed: 1) how well can the calculated downward 239P240Pu diffusive

fluxes account for apparent excess solid phase 239P240Pu below 5.7 cm

and 2) what effect would pore water diffusion have on a simple sediment

mixing model by increasing Pu transport relative to 210Pb? To answer

the first question one needs to add up the solid phase 2399240Pu inventory

below 5.7 cm (i.e. below the lowest "detectable" 210pbex) and compare it

to a calculation of potential downcore 239P240Pu diffusion fluxes. This

deep "excess" 239'240Pu inventory can be calculated from the data in
2 3Table 4.3 to be 0.016 dpm/cm . With a Kd of 1 x 10 , I calculate a

pore water gradient of 1 x 10- dpm/cm 2 (between 4.6 and 6.8 cm), and a

corresponding downcore pore water 239,240Pu flux of 2.5 x 10-5 dpm/cm 2

year (using the equation in Table 4.2 and d = 0.7, m = 2.5, and Db =



- 95 -

2 x 10 cm 2/sec). If this flux had existed for 30 years, (an overest-

imate since the Pu has not been mixed down to 6 cm since its introduction

30 years ago), then the flux could account for the transport of 7.5 x

10 . 4 dpm/cm 2 of 239'240Pu to depths below 5.7 cm; this represents less

than 5% of the observed solid phase enrichment. It is obvious that

diffusive transport alone cannot account for the "apparent" excess
239,240 Pu found in the solid phase profile below 5.7 cm.

To look at the second question, the enhancement of total mixing

rates, the sediment mixing rate first needs to be calculated ignoring

any diffusive transport of 2 39 '24 0 Pu in the pore waters. I have used a

"pulse input" model for Pu as done by Cochran (1985) and others (Anderson

et al., 1986; Lapique et al., 1986) to calculate an apparent sediment

mixing rate. The solution to the Pu pulse input model, assuming negli-

gible sedimentation (= 1.8 cm/10 3 year; Kadko, 1981), constant porosity

and constant mixing rates over the mixed zone is of the form:

A =Ao exp(-z 2/4Dbt),

239,240where A and A are the activities of solid phase Pu at depth and

at the interface repectively; z is the depth in cm; t is the time since

the Pu input in years (30 years is used here (1952-1982), but 25 or less

years could be used with little change); and Db, the sediment mixing

coefficient is calculated from a best fit line to an exponentially de-

creasing curve through the data points. I arrive at an apparent sedi-

ment mixing rate of 0.212 cm /year with a 90% confidence range of

0.15 to 0.33 cm2/year for the MANOP C core. This is well within the

range of values determined from the steady-state diffusive model for

210Pbex at this site (Cochran reports a Db of 0.08-0.47 from 210Pbex

data). This Pu pulse model Db is actually 40% higher than the value

reported by Cochran (1985) for the same 239240u data. This difference

is due to the fact that in my curve fitting procedures, the best fit

line is not necessarily forced through the uppermost 239P240Pu value, as

done by Cochran (see discussion in Chapter 7). If I include the effects

of molecular diffusion in the pore waters with rapid and reversible ex-

change off the solids with a Kd of 1 x 103, the total diffusion coeffi-

cient due to the pore water transport becomes Dp.w. = (4mDb)/1 + Kd , or
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0.026 cm2/year (Berner, 1976). This diffusion rate is 12% of the sed-

iment mixing rate, and the combined rate of diffusive transport would be

0.21 + 0.026 = 0.236 cm2/year. The calculated solid phase profile using

this enhanced mixing rate is shown in Figure 4.4 to be indistinguishable

from the mean rate of 0.21 cm /year used previously. Even if the Kd
were 102 (i.e. D = 0.26 + D = 0.21 or 0.47 cm2/year), the calculated

p.w. b
total mixing profile would be only slightly outside of the 90% confi-

dence limits of the model case where no Pu pore water diffusion is

assumed (Fig. 4.4). In shallower cores with higher sediment mixing

rates and higher Kd's the effects of pore water Pu diffusion on Pu

mixing rates would be much smaller. These calculations view diffusion

as one dimensional process and neglect the possibility of Pu migration

horizontally in open burrows. If Pu is behaving analogous to other

particle reactive species such as 234Th or 210Pb, then diffusion

via open burrows in the horizontal dimension would only be significant

at extremely high burrow densities (Aller, 1984). The main conclusion

is that no evidence for enhanced Pu mobility can be seen in any of the

solid phase models, confirming the need for pore water data in estimates

of Pu fluxes and diagenesis.

VII. SUMMARY

Pu pore water chemistry was examined along a transect of seven

cores from the Northwest Atlantic between Woods Hole and Bermuda. These

cores exhibit a systematic transition between highly reducing muddy

sediments on the shelf to carbonate-rich, sub-oxic, and oxic sediments

in the deep-sea. These redox conditions appear to be stable, as evi-

denced by the close correspondence between present day pore water Mn(II)

fluxes and solid phase Mn enrichments in the slope and upper-rise cores,

Evidence for Pu remobilization was sought from solid phase

239v240Pu, 210Pbe , 137Cs data, and from direct pore water 239v240pu

determinations. From this data I conclude:
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Figure 4.4: MANOP Site C Mixing Models
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Data points for solid phase Pu are shown as open circles. The best fit
mixing line is given as a heavy solid line (Db = 0.21) with the 90%
confidence limits for Db represented by the shaded area. The enhanced
mixing due to molecular diffusion with a Pu Kd of 103 and 102 is shown
as the dashed and dotted lines, respectively. See text for model de-
tails.
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1) The solid phase 239,240pu 210Pbex , and 137Cs results from the

entire transect do not suggest that any of these tracers are preferen-

tially mobile within the cores. Solid phase 239'240Pu and 210Pbex are

distributed to the same depths at the same mixing rates within the errors

of the data.

2) Pore water 239'240 Pu activities determined in shelf, slope, and

deep-sea cores are elevated over typical bottom water activities at the

sediment/water interface and decrease below detection as the solid

phase activities drop off with depth in the core.

3) The pore water 239'240Pu distributions can be represented by an

apparent exchange between the solids and the pore solutions with an

operationally determined distribution coefficient, Kd in the range of

0.2-23 x 10.

4) Along this transect there is a decrease in the average Kd values

between shallow and deep sites with Kd's of 104-105 in the shelf and

slope cores to Kd values of 0.3-0.6 x l04 in the deep-sea cores. No

single mechanism was found which could account for this shift in Pu sol-

ubility.

5) Flux calculations suggest that since its introduction a relatively

insignificant amount of 239P240Pu has been remobilized out of the sedi-

ments from these sites (0.3-24 x 10-5 dpm 239,240Pu/cm2 year).

6) Data from MANOP site C are used to demonstrate that solid phase

data are insensitive indicators of Pu mobility, either through compari-

sons of solid phase 23P9240Pu and 210Pbex penetration depths or through

the modeling of apparent mixing rates.

7) The two order-of-magnitude variation in Pu pore water solubility

in natural marine systems is important in long-term predictive models of

Pu migration such as used in evaluating nuclear waste disposal options.



Table 4.A: Radiochemical Data: Cores A throuqh H.

Depth
(cm)

90m, col

0-1.5
1.5-3.5
3.5-5.5
5.5-7.5
7.5-9.5
9.5-11.5

11.5-13.5
13.5-15.5
15.5-17.5
17.5-19.5
19.5-21.5
21.5-23.5
23.5-25.5
25.5-27.5
27.5-29.5
29.5-31.5
31.5-33.5
33.5-37.5
13.5-37.5

F- 501m,

0-1
1-2
2-3
3-4
4-6
6-8
8-10
10-12
12-14
14-16
16-18

Solid Solid
210Pbex 1 37 Cs
(dpm/gm) (dpm/kg)

lected 7/28/83, 40028.

7.6+0.5

7.1+0.6
5.5+0.4
6.3+0.6

5.3+0.4

2.6+0.4

Solid
239,240pu

(dpm/kg)

1'N; 70*54.

116.5+3.7

118.6+6.2
118.1+5.2
118.6+12.

119.1+4.1

Pore Water
239,240pu

(dpm/100kg)

1'W, 83-GYRE-9

0.79+0.09
0.38+0.03

I to

0.45+0.05

0.60+0.05
"I II

0.65+0.06

23.2+1.6 0.29+0.03
In SI

Pore Water
Comments

(a-0.8kg)
(a-2.2kg)

(a-1.7kg)

(a-1.7kg)

(a-2.0kg)

(a-1.7kg)

0.05+0.02 (a-1.8kg)

ID

Core A-

Al
A2
A3
A4
AS
A6
A7
A8
A9
A10
Al 1
A12
A13
A14
A15
A16
A17
A18
A8-18

collected 4/30/84,

5.4+0.5 66+
5.5+0.5 47+
6.2+0.5 92+
4.7+0.5 122+1
5.0+0.5 80+
4.4+0.4
1.6+0.3 20+1
<0.3 15+
<0.3 12+1
0.8+0.3
<0.3 8+

1.1+0.3 0.04+0.01

3.2+0.3 0.02+0.02
oI of

39055.

7
6
8
8
9

2
7
7

9

1'N; 70*54

27.2+1.1
29.6+2.0
29.4+2.0
30.5+2.2
33.3+1.1

(a-3.0kg)

(a-3.3kg)

0.12+0.01 (m.s.-0.4kg)

2'W, OCEANUS-152

0.181+0.004 (m.s.-0.6kg)
II IS

0.424+0.008 (m.s.-0.6kg)
II II

0.059+0.003 (m.s.-O.6kg)

6.0+0.4
2.3+0.5
0.5+0.1 0.036+0.003 (m.s.-0.8kg)

0.6+0.2 0.007+0.001 (m.s.-1.0kg)

Kd

dpm Solid/
dpm p.w.

1 .5E+04
3.1E+04

2.61+04

2.0E+04

1.8E+04

8.OE+03

2.0E+04

2.8E+03

b.d.

1.9E+04

1.5E+04

6.9E+03

5.6E+04

1.5E+03

8.6E+03

<0.3

<0.3

Core

F1A
FIB
F2A
F2B
F3
F4
F5
F6
F7
F8
F9

Error
%Kd

12
8

12

8

9

13

40

37



Table 4.A: Continued

Depth
ID (cm)

Core E- 1275m, col

E1A 0-1
E1B 1-2
E2A 2-3
E2B 3-4
E3 4-6
E4 6-8
E5 8-10
E6 10-12
E7 12-14
E8 14-16
E9 16-18
ElO 18-20
Ell 20-22
E12 22-24

Solid Solid
210Pbex 137Cs
(dpm/gm) (dpm/kg)

lected 4/29/84, 39*48

20.9+0.8 287+11

12.7+0.7 150+ 8
10.1+0. 5
8.5+0.5
6.0+0.5 77+ 5
6.3+0.5
3.9+0.4
0.9+0.4 23+ 6
<0.3 <1
<0.3 <1
<0.3
<0.3
<0.3 11+ 6

Solid Pore Water
239,240 pu 239 ,240 Pu Pore Water
(dpm/kg) (dpm/100kg) Comments

.1'N; 70*56.3'W. OCEANUS-152

63.7+1.9 0.567+0.007 (m.s.-0.5kg)
66.7+4.6 " "
37.3+1.6 0.122+0.012 (m.s.-0.5kg)
28.0+1.8 " "

14.4+0.7 0.016+0.002 (m.s.-0.6kg)

16.0+0.9
4.5+0.9
0.8+0.2
<0.1

0.012+0.001

0.002+0.001

(m.s.-0.7kg)

(m.s.-0.6kg)

Kd

dpm Solid/
dpm p.w.

1.2E+04

2.6E+04

8.8E+04

1.3E+05

4.0E+04

<0.1

Core BK- 1170m,

BK1-3 0-3
BK4-5 3-5

collected 7/29/83,

25.7
13.3

39048.3'N; 70*54.9'W, 83-GYRE-9

(75)** 0.123+0.014 (m.s.-l.Okg)
(40)** 0.012+0.001 (m.s.-1.5kg)

Core D- 2362m collected 4/29/84, 39035.0'N: 70*56.8'W, OCEANUS-152

D1A 0-1 12.2+0.6 187+ 5 22.1+0.6 0.188+0.006 (m.s.-1.Okg)
DlB 1-2 9.9+0.4 82+ 8 23.6+2.0 " "
D2A 2-3 7.8+0.6 80+28 20.5+1.3 0.034+0.003 (m.s.-0.6kg)
D2B 3-4 7.6+0.5 103+11 18.2+0.3 " "
D3 4-6 5.3+0.4 13.5+1.1 0.006+0.001 (m.s.-0.6kg)
D4 6-8 2.5+0.4 53+ 8 10.6+0.8 0.005+0.001 (m.s.-O.6kg)
D5 8-10 1.9+0.4
D6 10-12 2.7+0.4 5+ 1 7.8+0.7 0.003+0.002 (m.s.-0.5kg)
D7 12-14 <0.3 9+ 5 0.1+0.1 0.009+0.004 (m.s.-0.3kg)
D8 14-18 <0.3 <0 <0.1

I 19

Error
%Kd

13

10

56*

6.1E+04
3.3E+05

1 .3E+04

5.7E+04

2.3E+05
2.1E+05

2.6E+05
b.d.

11

19*
21*

67*
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Solid

Depth 21Opbex
(cm) (dpm/gm)

2700m, collected 7

0-1.5 11.7+0.6
1.5-3.5 5.4+1.1
3.5-5.5 4.2+0.3
5.5-7.5 4.6+0.4
7.5-9.5 2.1+0.3
9.5-11.5
11.5-13.5 0.6+0.3
13.5-15.5
15.5-17.5 0.9+0.3
17.5-19.5
19.5-21.5 <0.3
21.5-23.5

Core CK- 2700m, collected 7/31/83

CK1-3 1-3 19.6

G- 4469m,

0-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2.0-2.5
2.5-3.0
3.0-3.5
3.5-4.0
4.0-4.5
4.5-5.0
5.0-5.5
5.5-6.0
6.0-6.5
6.5-7.0
7.5-8.0

collected 12/4/85,

8.9+0.4
4.2+0.4
2.5+0.3
2.3+0.3
1.2+0.2
0.9+0.3
1.0+0.3
2.0+0.3

11.7+0.5
2.8+0.3
0.7+0.3
0.6+0.3
0.8+0.2
<0.3
<0.2

Solid

137Cs

(dpm/kg)

/31/83, 3001

140+ 11
69+ 13
24+ 13

Solid Pore Water
239,24 0pu 239 ,240Pu Pore Water
(dpm/kg) (dpm/100kg) Comments

0.3'N: 70*43.8'W, 83-GYRE-9

20.0+ 2.5 0.33+0.05 (a-0.8kg)
8.0+ 0.4 0.03+0.03 (a-l.9kg)
5.7+ 0.7 " "
6.0+ 0.4
2.5+ 0.2

0.05+0.03 (a-1.6kg)

Kd

dpm Solid/
dpm p.w.

6.1E+03
b.d.

8.6E+03

<0 1.1+ 0.2

0.5+ 0.2

<0.1
0.02+0.02

II I
(a-l .4kg)

39*10.3'N; 70*43.8'W, 83-GYRE-9

(30)** 0.750+0.049 (m.s.-0.2kg)

31 054.1 ' N; 64*1

18.5+0.1
8.4+0.2

7.8'W, OCEANUS-173

0.225+0.029 (m.s.-0.3kg)
0.1370.010 (m.s.-

II N

0.137+0.010 (m.s.-0.4kg)
1.7+0.1 "

N U

II U14.3+0.4

0.7+0.1 "
@! $I

b.d.

4.OE+03

3.5E+03

2.8E+03

ID

Core C

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12

Error
%Kd

20

61

Core

G1A
61B
61 C
G1D
62A
G2B
G2C
G20
63A
63B
G3C
630
G4A
64B
640

,



Table 4.A: Continued

Solid Solid Solid Pore Water

Depth 210Pbex 137Cs 239 ,240 pu 239 ,240 Pu Pore Water

(cm) (dpm/gm) (dpm/kg) (dpm/kg) (dpm/100kg) Comments

e H- 4990m. collected 12/8/85, 36
0 27.9'N; 66033.6'W, OCEANUS-173

0-0.5 9.0+0.4 18.0+0.2 0.154+0.005 (m.s.-0.5kg)
0.5-1.0 7.9+0.4 11.7+0.2 " "
1.0-1.5 3.1+0.3 " "
1.5-2.0 2.2+0.3 3.7+0.2 " "
2.0-2.5 3.5+0.3 " "
2.5-3.0 4.8+0.2 " "
3.0-3.5 9.3+0.4
3.5-4.0 3.7+0.5 9.1+0.1 "
4.0-4.5 4.6+0.3 " "
5.0-5.5 1.6+0.3
6.5-7.0 0.6+0.2 " "
7.0-7.5 <0.2 " "
8.0-8.5 <0.2 " "

Kd

dpm Solid/
dpm p.w.

4.4E+03

- The radiochemical data are reported on a salt-free dry weight basis with propigated

one standard deviation counting errors.

- b.d.= below detection

- Data given by " " represent combined samples from larger depth intervals; for

example the second pore water 239,240Pu value in core A of 0.38±0.03, was

determined on the pore waters from a combined sample of Al and A2, i.e. 1.5-5.5 cm

depth interval.

- Pore water comments: a = pore water 239,240Pu detected by alpha counting

m.s.= " I " " " mass spectrometry,

also provided in this column are the pore water sample weights.

* The Kd error is reported on a percentage basis. Those errors marked by an * are

calculated from 239'240 Pu pore water values where the blank correction was ,25%

** These 239,240Pu solid phase values are estimated from the 210Pbex data of

the sample and the average 210Pbex /239,240Pu ratio in the closest core.

ID

Cor

H1A
H18
HlC
HID
H2A
H2B
H2C
H2D
H3A
H3C
H4B
H4C
H5A

Error
%Kd

11

-~- -~-
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Table 4.B: Non-Radiochemical Data Cores A throuqh H

A-

1
3

7
9
11
13
15
17
19
21

25
27
29
31
33

Depth %H20 Alk. Fe-p.w.
(cm) (wt) (meg) (M/1)

90m, collected 7/28/83, 40*28

0-1.5 58.5 7.2
.5-3.5 57.0 2.6 37.0
.5-5.5 53.5 3.2 30.5
.5-7.5 50.5 3.0 14.8
.5-9.5 50.0 3.0 7.7
.5-11.5 50.0 5.4
.5-13.5 50.0 2.9 3.4
.5-15.5 47.0 2.8
.7-17.5 47.0 2.5 2.1
.5-19.5 48.0 1.7
.5-21.5 47.0 2.9 1.3
.5-23.5 47.0 1.1
.5-25.5 47.0 2.9 1.0
.5-27.5 46.0 1.0
.5-29.5 46.5 2.8 0.3
.5-31.5 46.0 1.2
.5-33.5 46.0 2.8 0.8

3.5-37.5 46.0 0.3

ID

Core

Al
A2
A3
A4
AS
A6
A7
A8
A9

Al 0
Al 1
A12
A13
A14
A15
Al16
A17
A18

Core

F1A
FlB
F2A
F2B
F3
F4
F5
F6
F7
F8
F9

Mn-p.w. Mn-solid DOC
(UM/1) (ppm) (mgC/1)

.1'N; 70*54.1'W, 83-GYRE-9

41.8 8.3
29.6 23.7
12.9 34.7
5.4 25.5
2.5 14.5
1.8
1.5 44.0
1.5 29.6
1.4 33.7
1.3 32.2
1.3 27.9
1.2 26.3
1.1 25.4
1.2 38.5
1.1 19.8
1.2 33.0
1.1 21.4
0.9 11.3

70054.2'W,

282
255
270
272
259

262
255
237

251

SO4  Al CaCO 3
) w (% wt.)

25.2
25.9
26.5
26.9
27.0
27.2

28.5
28.3
27.9
27.4
28.5
27.4

28.5
28.3
28.1

OCEANUS-152

12.9

23.3

25.0
14.7
13.9
15.0
17.0
15.6
12.0

3.33
3.21
3.36
3.42
3.51

3.74
3.60
3.58

3.49

0.9

4.1

6.0

F- 501m, collected 4/30/84, 39055.1'N;

0-1 29.3 2.6 65.0 7.5
1-2 28.4
2-3 30.7 3.3 43.2 11.3
3-4 32.2
4-6 31.4 3.0 35.3 4.5
6-8 31.8 2.9 8.8 3.0
8-10 32.5 2.9 9.4 2.7

10-12 31.8 2.8 5.7 2.3
12-14 32.5 5.2 2.1
14-16 33.3 5.2 2.1
16-18 32.6 3.9 2.1



Table 4.B: Continued

%H20 Alk. Fe-p.w. M
(wt) (meq) (M/1)

collected 4/29/84, 39048

53.8 2.3 b.d.
54.8
52.4 2.5 b.d.
51.5
50.1 2.6 5.'7
48.4 6.6
47.7 2.5 10.1
46.9 6.9
45.4 8.3
45.9 3.3
45.1 7.0
45.5 2.1 3.2
45.6 2.3 2.0
45.1 2.9
46.2 2.1 3.1

In-p.w. M

.1 'N; 70*

n-solid
(ppm) (m

DOC Al CaCO 3
qC/l) (% wt.) L% wt.)

56.3'W. OCEANUS-152

b.d. 568
523

2.7 547
352

9.3

Depth
(cm)

E- 1275m,

0-1
1-2
2-3
3-4
4-6
6-8
8-10

10-12
12-14
14-16
16-18
18-20
20-22
22-24
24-26

30.2

23.5

278 17.5
23.3

284 17.0
28.5

293 23.3
299 17.3

ID

Core

E1A
E1B
E2A
E28
E3
E4
E5
E6
E7
E8
E9
E10
Ell
E12
E13

310

collected 4/29/86, 39*35.0'N;

53.3 b.d. 0.1
44.4
45.4 b.d. 2.6
49.6
42.4 1.0 16.7
43.2 2.5 8.2 11.6
46.0 2.4 8.3 12.0
44.2 6.4 11.7
45.3 2.1 2.9 11.3
37.3 2.2 1.3 11.5

70056.8'W,

726
690
460
310
263
289

278
266
235

OCEANUS-152

36.7

16.9

17.2
23.1
10.2
20.4
24.1
15.4

17.0
36.0

31.9

11.8
11.4
11.1
9.8
8.8
8.2
7.3
6.2
6.2
6.0

7.6

12.0

5.01
4.93
4.93
4.99
5.01

5.24

5.30
5.57

5.75

Core D-

D1A
D1B
02A
D2B
03
D4
D05
06
07
D8

2362m

0-1
1-2
2-3
3-4
4-6
6-8
8-10

10-12
12-14
14-18

4.33
4.59
4.48
4.46
4.53
4.64

4.66
4.44
5.24

26.1

25.5

22.9

R

,



Table 4.B: Continued

%H20 Alk. Fe-p.w. Mn-p.w.
(wt) (meq) (uM/1) (UM/1)

collected 7/31/83, 39*10.3'N;

63.0 2.1 b.d. b.d.
60.5 2.4 b.d. b.d.
59.0 2.6 b.d. b.d.
59.5 2.7 0.4 16.0
56.0 2.7 0.5 25.0
56.0 1.0 37.0
53.0 2.7 1.8 39.0
53.5 1.6 41.0
52.0 2.6 2.2 46.0
51.0 1.6 41.0
50.0 2.5 1.1 37.0
49.0 1.3 38.0

Mn-solid
(ppm) (m

70043.8'W. 83-

2114
2126

750

DOC NO3  Al CaCO 3
RgC/1) (R/1) LX wt.) ( wt.)

GYRE-9

33.5 5.02
5.00
4.76
4.90
4.98

409 11.8
431 11.0

11.7
432 9.3

15.0
442 10.4

11.4
456 11.9

12.0

26.4
25.7
26.5

5.02

4.97 29.2

5.02

ID

Core

C1l
C2
C3
C4
C5
C6
C7
C8
C9
C10l

C12

Core

G1A
61 B
61 C
610
G2A
G2B
G2C
62D
63A
638
G3C
630
G4A
G48
640
G65
66

59.6
54.8
53.2
54.9
50.6
49.0
49.5
50.0
50.8
48.5
47.5
47.8
47.9
46.4
45.2
44.5

2.4
2

to

.

2I!2.22

2.3

2.3
2.4

b.d.

It

b.d.IIb.d.If

II

I

b.d.
II

oI

b.d.
-"1

b.d.
b.d.

b.d.

b.d.

b.d.b.d.
II

b.d.

27.1
If

I

30.5
I

II

33.9
If

SI

37.3

35.3
33.5

3.57
of

I

3.27
if

If

3.04

2.18

56.7

62.6

58.5

62.3

collected 12/4/85, 310 54.1'N; 64 0 17.8'W, OCEANUS-173

Depth
(cm)

C- 2700m,

0-1.5
1.5-3.5
3.5-5.5
5.5-7.5
7.5-9.5
9.5-11.5

11.5-13.5
13.5-15.5
15.5-17.5
17.5-19.5
19.5-21.5
21.5-23.5

G- 4469m,

0-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2.0-2.5
2.5-3.0
3.0-3.5
3.5-4.0
4.0-4.5
4.5-5.0
5.0-5.5
5.5-6.0
6.0-6.5
6.5-7.0
7.5-8.0

8-10
10-12

,



Table 4.B: Continued

Depth
ID (cm)

Core H- 4990m,

%H20 Alk. Fe-p.w.
(wt) (meq) (12/8/85) ?6

collected 12/8/85. ?6

Mn-p.w. NO3
(M/ 7.9N) 66 33/)

o 7.9'N: 66 33.6'W.

CaCO 3
(% wt.)

OCEANUS-173

52.0

It

48.0

of48.0

46.0
is

2.3
II

2.2
I,

II

2.2
to

b.d.
II
'I
SI

b.d.
If

b.d.
SI

2.2 b.d.
n I

45.0 2.3 b.d.

b.d.

II

b.d.

,11

b.d.
IS

b.d.
11

47.2

SI

39.0

II

40.0

36.2

b.d. 33.7

H1A
HIB
HIC
H10D
H2A
H2B
H2C
H2D
H3A
H3C
H4B
H4C
H5A

0-0.5
1.5-1.0
1.0-1.5
1.5-2.0
2.0-2.5
2.5-3.0
3.0-3.5
3.5-4.0
4.0-4.5
5.0-5.5
6.5-7.0
7.0-7.5
8.0-8.5

27.8

31.6

28.7

29.8

7.9'N: 66 33.6'W2



- 107 -

CHAPTER 5
Earth and Planetary Science Letters, 76 (1985/86) 10-22

Elsevier Science Publishers B.V., Amsterdam - Prinnted in The Netherlands

[61

239,240 Pu and excess 210 Pb inventories along the shelf and slope of the
northeast U.S.A.

Ken O. Buesseler, Hugh D. Livingston and Edward R. Sholkovitz

Woods Hole Oceanographic Institution, Woods Hole, MA 02543 (U S A.)

Received Apnl 2, 1985; revised version received August 29. 1985

Sedimentary Pu and excess 21oPb inventory data are examined from a large number of sites along the U.S. North
Atlantic shelf and slope. From these data, an estimate can be made of the magnitude and location of Pu and 2 1oPb
accumulation in this region. A major feature of the data is a decrease in the Pu and 21oPb inventories with water depth,
which appears to reflect a decrease in the net scavenging of these elements off-shore. When Pu and 210 Pb inventories are
summed over water depths less than 4000 m in the North Atlantic shelf and slope region, the sediments can account for
24 ± 8% of the expected Pu and 83 ± 15% of the expected 21oPb inputs. At water depths greater than 4000 m in this
region, we find a greater deficiency in the measured inventories of both 2o0 Pb and Pu, which cannot be accounted for in
the shallower sediments. This suggests that the northwest Atlantic continental margin is not a major site of Pu or 2 0 Pb
removal and storage, when compared to atmosphenc, in situ, and lateral inputs of these radionuclides.

1. Introduction

In this study, a large suite of sedimentary
239.20Pu and excess 2 10 Pb inventory data are ex-
amined from the continental margin region off of
the northeast U.S.A. Inventories of plutonium and
2 10 Pb will reflect their source functions [1-3], re-
moval efficiencies [4,5], and lateral transport in
water and particles [6,7]. Comparisons between
2 3

9.
240 Pu and 2ZOPbex are of interest since both

isotopes are supplied predominantly by atmo-
spheric delivery to coastal waters, and since both
Pu and 2'0 Pb are used to study recent accumula-
tion and mixing processes in marine sediments
[8-12].

No large-scale compilations of Pu and 2 1
0 Pb

inventories along the North Atlantic shelf and
slope region (NASS region) have been published.
Previous work in this area has focused on 239.240 Pu
and/or 21OPbex inventories in only a few cores at a
limited number of sites along the Atlantic con-
tinental margin [13--15]. The examination of a
larger data set will allow for a significant improve-
ment in our understanding of the fluxes and
budgets of these two radionuclides of geochemical
interest.

0012-821X/85/$03.30 D 1985 Elsevier Science Publishers B.V.

The main objective of this study is to examine
the inventory data on hand, in order to under-
stand the magnitude and location of Pu and 2 11 Pb
deposition along the North Atlantic continental
margin. We first compare Pu and 210 Pb sedimen-
tary inventories to their expected fallout supply,
considering only vertical removal processes within
the NASS region. This leads to an immediate
subdivision of the NASS region into areas of either
net accumulation or net depletion of these two
radionuclides. Two major questions are consid-
ered: (1) what factors and mechanisms appear to
be controlling the incorporation of Pu and 211Pb
into the sediments, and (2) how do the inventories
in any given area affect the budget of Pu or 21

0Pb

in the NASS region in toto. Later sections test the
model of Bacon et al. [16,17], which suggests that
lateral fluxes of 210 Pb to the West Atlantic ocean
margin are significant. We also compare the NASS
region to other sites along the west coast of the
U.S.A. [7,8,18], where similar inventory data exist.

For this discussion, the NASS region is defined
as the entire sediment/water system running from
the coast at Cape Hatteras to Nova Scotia. This
region is bounded at the seaward edge by a straight
line running roughly parallel to the continental
margin (see Fig. 1 for location and boundaries).
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2. Methods

The analytical techniques for the detection and
measurement of 239.240 u and ZioPbx are provided
in the original references cited. In this text,
plutonium. Pu or 239240 Pu, represents the com-
bined activity of 239Pu and 24oPu, which are insep-
arable using alpha counting techniques [19]. 2 10 Pb
is determined from the activity of its daughter
nuclide, 210Po [10], ore more recently by non-de-
structive low-energy gamma counting [201. 226 Ra, a
long-lived parent of 2o Pb, is determined by a
standard 222 Rn emanation technique [21], or by
low-energy gamma counting [22]. 226 Ra is needed
to correct the total 210 Pb activity for that fraction
of the activity which is supported by sedimentary
226Ra, ie. excess 21oPb(=210pbex) is 21oPb derived
from atmospheric and water-column sources only.

Tabel 1 compiles the radionuclide data and also
provides information on the methods of core col-
lection and the year of sample collection. An im-
portant consideration in estimates of sediment in-
ventory is the possibility of the physical loss of
core top material during sampling. This would
certainly reduce the measured Pu and 21oPb inven-
tories, perhaps accounting for some of the spread
in the data, and the lower than average inventories
at any given depth. We have no reason to assume
that this effect is significant relative to real spatial
variability at any given site in this region. It ap-
pears from the consistent trends of isotope inven-
tories discussed below, that no systematic bias has
been introduced due to the different analytical
techniques used by various laboratories, the range
of sampling devices employed, or the date of core
collection.

Fig. 1. Map showing the location of the North Atlantic shelf and slope region (NASS region). Points on this map indicate core
locations from the data listed in Table 1. The boundaries shown, and the numbered subdivisions refer to areas of similar Pu and
2toPbcr inventories, as discussed in the text, and used in Tables I and 2.
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3. Sources

Both 23 9
.240Pu and 2 10 Pb are supplied predomi-

nantly by atmospheric deposition in coastal waters
off of the northeast U.S.A. 23

9.240Pu has been
introduced into the environment as stratospheric
fallout resulting from atmospheric nuclear weapons
testing, the bulk of which occurred in the late
1950's and early 1960's. Since its introduction,
there has been negligible decay of the long-lived

Pu isotopes ( 23 9 pU t 1 / 2 = 24,110 years, 240pu t1 / 2

= 6560 years). The total inventory of 239"240pu

delivered to the NASS region due to weapons
fallout is 2.0 + 0.6 mCi/km2 [1]. This inventory

figure is obtained from a large set of Pu soil data

(17 sites) collected in the 30-50'N latitude band.
We have chosen the mean of these data, 2.0

mCi/km2 , as the expected fallout delivered inven-
tory of Pu for the entire NASS region in our
subsequent calculations.

Atmospheric 21 0Pb fluxes result from the
emanation of 222 Rn gas on land. 2 22 Rn rapidly
decays via a series of short-lived decay products to
210 Pb, which quickly becomes associated with

aerosol particles. Similar to Pu, these aerosol par-
ticles enter the surface oceans via wet or dry
deposition [2]. A second source of excess 21 0 Pb is
in situ production in the water column from 226 Ra.
In terms of the inventory calculations considered

below, this source will be shown to be significant

only at water depths greater than approximately
4000 m. The expected inventory of 210Pbex from
atmospheric delivery alone is 25 dpm/cm2 [231.

This figure is the mean inventory of a series of soil

samples collected throughout the eastern U.S.A.

(soil inventories ranged from 19 to 29 dpm/cm2

[23]). This translates into an expected 2 10 Pb flux of
0.8 dpm/cm2/ yr, given the mean life of 210 Pb,
which is 32 years. Direct measurements of the
atmospheric 210 Pb flux in Bermuda [24] yields a
21oPb delivery rate of 0.7 dpm/cm 2 yr, which is
within the range of this eastern U.S.A. data set.
For the purposes of our calculations below, we use

25 dpm/cm2 as the expected inventory of 21OPbex

due to atmospheric delivery at all sites throughout
the NASS region.

4. Results

Sedimentary inventories of 239,240Pu and 210 pbex

are presented for more than 100 cores in Table 1,

and the sampling locations are shown in Fig. 1.
The radionuclide inventory and water depths have
been used to separate 8 distinct regions within the
NASS area (see Fig. 1 and Table 2). Within each
region some basic trends are evident, which will be
discussed below, region by region.

1. Coastal bays and inlets. Sedimentary inventories
of Pu and 2oPb are generally higher than can be
expected from their atmospheric delivery in this
region. The range of data between sites, however,
is quite large. Pu inventories are found between
1.1 and 4.3 mCi/km2, and 21OPbex inventories
range from 9 to 78 dpm/cm2 . In general, this
region characteristically tends to accumulate higher
than fallout expected inventories for both Pu and
210 pbx, in areas with fine-grained sediments and
intense biological reworking. Within the sediments
of the entire NASS region, - 9% of the Pu and
- 2% of the 210Pbex found in the sediments is
stored within this area (calculated from the mea-
sured inventory in a region/total NASS measured
inventory; data from Table 2A and B).

2. Gulf of Maine/Nova Scotian basins. There are a
number of cores from the Gulf of Maine and
Nova Scotian shelf which are not particularly sandy
(less than 50% sand) and which do accumulate
some sedimentary Pu and 210 Pb. The boundary of
this region was chosen to include continental shelf
basins (shown in Fig. 1) and Gulf of Maine sedi-
ments which contain appreciably 210Pb and Pu in
the surface sediments [13, 25]. These basins and
shallow sediments tend to have average sedimen-
tary inventories for Pu and 2 ioPbex of approxi-
mately 0.9 mCi/km2 and 25 dpm/cm2 respec-
tively. The inventories are significantly lower than
expected from atmospheric delivery alone for Pu,
and roughly equal to delivery for 21OPbex. When
corrected for the area of this region, we find that
- 17% of the total measured Pu and - 6% of the
measured 2

10Pbe' is found within the sediments of
this region.

3a. Shelf-fine-grained deposits. A major feature
of the continental shelf south of Cape Cod is the

Mud Patch [14,261. This is a relatively small region

of fine-grained sediment. The sedimentary inven-

tories found here for Pu range up to 5.6 mCi/km2 ,

and for 210 Pbex range up as high as 94 dpm/cm2.
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TABLE 1

Northwest Atlantic continental margin core summary

I.D. z(m) Pu 
21 pbt Ref. Year Type Area h Location

(mCi/km) (dpm/cm2
) lat.N long.W

83-G-9:

AK 78 80 [43] 1983 BC 3a 40028' 70055'

BK 1250 91 BC 4 39048
'  

70055
'

CK 2700 48 BC 6 390 10' 70044
'

LVA 78 5.6 76 BC 3a 40028' 70055
'

LVC 2700 0.13 21 BC 6 39010
'  70044'

Oc-152:
LVD 2300 0.57 48 [43] 1984 BC 6 39035 '  

70057'

LVE 1200 1.0 72 BC 5 39048
'  

70056'

LVF 500 1.2 50 BC 4 39055
'  

70054'

Oc-86:

C 4525 0.12 [15] 1981 TR 7 36056' 69013'

D 3950 0 41 33 TR/W 6 37039' 70059'

E 2975 0 25 29 TR/W 6 38013' 71030
'

F 2600 0.30 44 TR/W 6 38051' 71049
'

G 1935 0.36 36 TR/W 5 39o02' 7211 '

H 1170 0.59 64 TR/W 5 39005' 72019
'

EN 69:

loc BB 5350 0.12 24 [34.44] 1981 BC 7 33o03' 69054
'

HH 5317 0.08 17 BC 7 32039
'  71047

'

II 5387 0.11 22 BC 7 32031
'  

71028
'

T 5410 0.11 18 BC 7 32057
'  70018

'

EN 53:

loc H 5400 0.06 11 [34.44] 1980 BC 7 32055
'  71000'

I 5346 018 29 BC 7 32045
'  

70043
'

J 5400 0.11 21 BC 7 32043' 70048'

A-II-86:

3 255 0 63 [13] 1975 21cm 2 42051
'  69051'

4 255 022 21cm 2 42041' 69050
'

6 224 106 21cm 2 42025
'  

69057
'

7 247 0.60 21cm 2 42022
'  

6916'

A-II-86.
1 264 031 12.6 [44] 1975 21cm 2 42047

'  69041
'

15 1370 0.16 21cm 5 37053 '  
73038

'

16 2100 0.13 est 21cm 6 37048' 73034
'

2 207 0.61 14 3 21cm 2 43001
'  69057

'

20 620 1.0 est 21cm 4 36003' 74045
'

22 4230 0.08 21cm 7 35008
'  72051 '

11 227 1.76 21cm 3a 39040
'  

72028'

A-II-85.

5 760 1.3 [131 1974 21cm 4 40017
'  

68004
'

6 1060 0.2 21cm 5 40014
'  

68002
'

8 2080 0.8 21cm 5 40007
'  

68001
'

4507E 91 94 [14 VB 3a 40011' 69047'

4508A 82 63 VB 3a 40022
'  

70007
'

5421B 31 0 VB 3b 41 33' 67040
'

4527D 54 58 VB 3a 40051' 70031
'

4712 81 74 VB 3a 40030' 71000'
4714 83 51 VB 3a 40021

'
70031'
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TABLE 1 (continued)

I.D. z(m) Pu 2 10 Pbex Ref. Year Type a Area Location

(mCi/km) (dpm/cm2 ) lat.N Iong.W

VB 3a 40030' 70019'
VB 4 40009' 68020'

3a 40024' 70030'75 3.2 est

Buzz. Bay:ERS 16 4.3 [46] 1982 BC 41032' 70044'

[131 1964
1964
1970
1972
1973
1973
1973
1973
1973
1974

21 cm
21 cm
21 cm
21 cm
21 cm
21 cm
21 cm
21 cm
21 cm
21 cm

41029'

41o29 '

41034
'

41029'

41032
'

41028
'

41028'

41028'

41028 '

41028
'

1974 21 cm 1 41018' 70052'
1975 21 cm 1 41018

'
70052

'

Buzz. Bay:
4
5
8
11
12
13
15
16
17
20

Gayhead:
20
23

KN 69:
T-2
T-3
BC6
T-4
BC7
T-5
BC9
T-6
T-8
BC11
T-9
BC12
T-27
T-I
BC13
T-12
T-13
T-15
T-16

SBC-I
-5
-2

HBC-3
Nar-6
Nar-7

42031'

42022'

42022
'

43021'

43021
'

42004
'

42004'

42025
'

40050'

40050'

41030'

41030
'

41044
'

42040'

42040
'

43042'
44012'

43043'
42013'

40038'

40028'
39050'
39o44

'

43015'

42050'

42020
'

43030
'

42055
'

Oc 81:
4757

7772

Kn 61:1

32 2.9
32 45

70052 '

70052'
70043'
70052'
70044'
70052 '

70051 '

70052'
70052'
70052 '

[44] 1977 TR 2
TR 2
BC 2

TR 2
BC 2
TR 2

BC 2
TR 2
TR 7

BC 7

TR 6
BC 6
TR 6

TR 4
BC 4
TR 2
TR 2
TR 2
TR 6

[5] 1978 21 cm 3a
21 cm 3a
21 cm 4
21 cm 5

1
1

[25] 1980 BC 2

BC 2

BC 2

BC 2

BC 2

265
240
240
272
272
225
225
365

4160
4160
3205
3205
2520
890
890
240
190
210

3302

69
87

850
1800
10
10

2.06
1.42
0.79
0.86
1.02
0.18
0.19
0.13
0.31
0.16
0.61
0.82
0.81
1.38
0.63
0.17

4.2
3.9
0.41
0.23
2.7
1.8

69o27 '

69016'
69016'
67o45'
67045'
68010'
68010'
67009'
64011'
64011'
64030'
64030'
64007'
64001'
64001'

63045 '

64000'

62048'
60058'

71000'
70058'
71005'
71002'

68040'

69000'

69020'

67045'

67025'
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TABLE 1 (continued)

I.D. z(m) Pu 21
0

pb" Ref. Year Type" Area h Location
(mCi/km) (dpm/cm2

) lat.N long.W

Q8 65 0 S 3b 42035' 66005'
Q19 98 0 S 3b 41010' 69005'
E79 51 0 S 3b 41050' 67020'

DEEP 34 78 [47] 1975 BC 1 41003' 72035'
TTM1 63 1
TTM2 46 1
FOAM 8 45 BC 1 42015' 72045'
NWC 15 9 BC 1 41010' 72056'

BX6 36 13.5 90 [10] 1975 BC 3a 40024 '  
73047 '

BX8 48 140 BC 3a 40020' 73047 '

BX9 38 16.7 127 BC 3a 40020' 73049'
BX10 62 25.2 114 BC 3a 40013' 73045'
BX30 86 88 BC 3a 40003' 73027'
BX18 20 53 BC 3a 40033' 73025 '

a Type (type of sampling device): BC = box core, 21 cm = 21 cm dia. sphincter corer, TR = tripod mounted 21 cm corer, W = 6.5 cm
dia. core from WHIMP sampler, VB = vibracorer, S -= surface grab.
b 1= shallow, coastal bays and inlets, 2 = Gulf of Maine/Nova Scotian basins. 3a = shelf-Mud Patch, 3b = shelf-sandy.
4 = 200-1000 m, 5 = 1000-2000 m, 6 = 2000-4000 m. 7 = 4000-6000 m.

There are also fine-grained shelf deposits in the
NASS region near major river mouths, such as in
the inner New York Bight area. Benninger and
Krishnaswami [10] report significantly elevated Pu
and 2 10 Pbe inventories relative to atmospheric
delivery in this region (4-9 times higher than
expected). Even though the inventories found by
Benninger and Krishnaswami are somewhat higher
than found at the Mud Patch, especially for Pu,
these two areas of shallow and muddy shelf sedi-
ments are combined into one region for the pur-
poses of discussion within this paper. The
boundary of the Mud Patch region is taken from
sediment texture studies [27] and its area (1.1 x 10 4

km 2 ) is enlarged to include a rough estimate of the
area of other shelf sites with high Pu and 2 10 Pb
sediment inventories (such as the inner New York
Bight). We find - 27% of the sedimentary Pu and
- 3% of the 2lOPbex of the entire NASS region
stored in these shelf sediments.

3b. Shelf-sandy deposits. The largest area of the
continental shelf is covered with highly sandy de-
posits which do not accumulate significant Pu or
2 10 Pb. Since this region covers 20% of the total
NASS area, it becomes a major factor in determin-
ing the total budget of these radionuclides. Sedi-
ment texture surveys of this area are extensive [27]

and have been used to define this region's
boundaries. The number of published Pu and
210 Pb' inventory analyses in this region is small
though, generally due to zero sediment inventories
and difficulties in coring. Despite the limited num-
ber of analyses in this region, one can show that
even if this area contained on average a few per-
cent of the expected Pu and 2 10 Pb inventories, the
budgets to be discussed subsequently would not be
significantly altered. The atmospherically de-
livered input of Pu and 2 11oPb over this region must
be exported laterally to other sites of net accumu-
lation.

4. 200-1000 m region. This region is confined to a
narrow band at the shelf-slope break between 200
and 1000 m water depth. At the shelf-slope break,
the gradient of the off-shore slope changes from
less than 10 on the shelf to roughly 2-60 [28]. The
sediments in this region are silty and clayey muds
[27]. The sediment Pu inventory averages 0.9
mCi/km2, which is less than expected from fallout
alone, and less than the Mud Patch region on the
shallower shelf. In contrast, sedimentary 210 Pb'
inventories remain high (76 dpm/cm2 ), and are
similar to those of the Mud Patch. These sedi-
ments contain - 6% of the sedimentary Pu and
also - 6% of the sedimentary 210 Pb" measured, in
the entire NASS region.
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TABLE 2A

Total Pu sediment inventories for the North Atlantic shelf and slope region

Regions Description km2  Measured Pu h n CI Pu Ci Pu Pu measured
x 104  mCi/km 2 + s.d. measured d expected e Pu expected

1 Coastal bays 1.4 2.3 1.0 15 32 + 14 28 115%
and inlets

2 Gulf of Maine/Nova Scotlan basins 7.0 0.9 + 0.5 16 63 ± 35 140 45%
3a Shelf-fine- 1.1 9.3 + 8.4 7 102 + 92 22 460%

grained deposits
3b Shelf-sandy 26 0 0 520 0%

deposits
4 200-1000 m 2.4 09+0.3 6 22 7 48 45%
5 1000-2000 m 4.3 0.5 0.3 7 22 13 86 25%
6 2000-4000 m 23 0.3±0.1 9 69 ± 23 460 15%
7 4000-6000 m 65 0.1 0.04 11 65 + 26 1300 5%

Regions 1- 7: NASS total Ci Pu measured = 375 ± 106
NASS total Ci Pu expected = 2604
Total measured Pu/total expected Pu = 14_4%

Regions 1-6: Ci Pu measured = 310± 103
Ci Pu expected = 1304
Measured Pu/expected Pu = 24 + 8%

TABLE 2B

Total 2 0 Pbex sediment inventories for the North Atlantic shelf and slope region

Regions a Descnption Measured 21oPbx b n c dpm 21oPbe dpm 2 1oPbex dpm 210 Pbex 21iPbx measured
dpm/cm2 s.d. measured d atmos. r in-situ prod. 2 0 Pbex atmos. + in-situ

x 10 5  x 10o5  x10 5

1 Coastal Bays 40± 26 7 5.6 3.6 3.5 - 160%
and inlets

2 Gulf of Maine/ 25 + 18 10 18 ± 13 18 0.2 100%
Nova Scotian basins

3a Shelf- fine- 82 26 16 9.0± 2.9 2.8 003 320%
grained deposits

3b Shelf-sandy 0 4 0 65 0.8 0%
deposits

4 200-1000 m 76 ±18 4 18 + 4 60 0.6 275%
5 1000-2000 m 63 ±:19 4 27 ± 8 11 2.6 200%
6 2000-4000 m 37±11 6 85 +25 58 28 100%
7 4000-6000 m 20 6 5 130 +40 160 130 45%

Regions 1-7 NASS total dpm Z2OPbCX measured x 105 = 292 ± 50
NASS total dpm 2OPbe expected (atmos. + in situ) 10's = 486
Total measured 21oPbe/total expected 

21opbex = 60±+ 10%
Regions 1-6' dpm 210pb " measured x 10 -= 162 f 30

dpm 21oPbex expected x 10i = 196
Measured 210 Pbe/expected 210 pb" = 83 ± 15%

See Fig. 1 for NASS area and regions.
h Reported as mean ± sample standard deviation.

Number of cores used to calculate inventories.
d Measured inventory x area.
e Based upon 2.0 mCi/km2 x area
r Based upon 25 dpm/cm2 x area
g Calculated from 226 Ra (dpm/cm3)x z (cm)= 21oPb (dpm/cm3 ) x z (cm)- 210 Pb removal (dpm/cm 2 ) using 226 Ra = 10 dpm/105

cm3 (from GEOSECS Atlantic data average), 210 Pb = 6 dpm/105 cm3 (from Bacon [39]) and adjusted for the average depth and area
of each region.
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5. 1000-2000 m region. In this region, Pu invento-
ries decrease further to approximately 0.5
mCi/km2 , while 21OPbex drops only slightly to 63
dpm/cm2. This region covers only a narrow band
of area within the NASS since the slope is still
rather steep in this region. The measured sediment
inventories when corrected for this area account
for - 6% of the total Pu and almost 10% of the
total 21OPbex stored in the NASS region sediments.

6. 2000-4000 m region. The gradient in the slope
becomes less steep in this region. Pu inventories in
this relatively wide band of sediments are very
low, approximately 0.3 mCi/km2 . 21oPb"e invento-
ries drop off to values a bit higher than that
expected from atmospheric delivery and vertical
deposition alone (37 + 11 dpm/cm2 ). Since this
area is large, we find that - 18% of the total Pu
and - 30% of the total 210PbeX measured in the
NASS area sediments are stored in this region.

7. 4000-6000 m region. This region includes deep
sea cores on the continental rise and abyssal plain
where Pu inventories are extremely low (0.1
mCi/km2), and where 210Pbe~ inventories (mean
= 20 dpm/cm2) fall just below the assumed atmo-
spheric delivery of 2 1 Pb. In this large area, we
find - 20% of the total Pu and - 43% of the total
2 1 0Pbex in the sediments of the entire NASS re-
gion.

5. Discussion

5.1. Sediment inventory vs. water depth

When sediment inventories of Pu and 210Pbex

are plotted vs. water depth (Fig. 2), some basic
features become apparent. Ignoring the sandy shelf
and the Gulf of Maine sediments, the major trend
is decreasing inventories of both Pu and 210 Pb
with increasing water depth. Pu and 2 10 Pb, how-
ever, show very different depth-dependent distri-
butions. Pu inventories are high relative to fallout
only in shallow, muddy sediments such as at the
Mud Patch. Pu inventories drop off quickly to less
than half the fallout value at depths of only a few
hundred meters. A more gradual decrease in the
sedimentary Pu inventory is seen between 500 and
6000 m. In contrast to Pu, 2 10 Pbe' inventories
remain high in all cores from water depths of less

than 2000 m. At depths greater than 2000 m, 210 Pb
inventories drop slowly, reaching atmospheric val-
ues at 3000-4000 m, and vali!es less than fallout
only at greater depths.

In general, the trends in Fig. 2 appear to be
reflecting a decrease in the net scavenging of both
Pu and 2 10 Pb" with increasing water depth. Also,
the differences between the Pu and 21OPbex depth-
dependent inventory patterns in Fig. 2 suggests
that 2 1

0 Pb is more efficiently removed from the
water column than Pu at water depths greater than
200 m. The differences between the Pu and 2 1 0 Pb
inventory patterns, however, are complicated by
Pu's recent introduction into the marine environ-
ment. While the naturally occurring radionuclide
210 Pb may be considered to be in steady-state with
respect to its delivery and removal over the time
scale of its mean life (32 years), this is certainly
not the case for Pu. The data plotted in Fig. 2 for
Pu represent inventories that will tend to increase
with time, if present-day removal of Pu continues,
and its release from sediments remains negligible.
It is clear, however, that the regions of strongest
Pu and 21oPb accumulation are the coastal bays,
the Mud Patch, and the upper slope (200-2000 m).
Mechanism(s) of Pu and 21oPb removal must exist
which result in the observed patterns of enhanced
removal over shallow vs. deep ocean sediments.

In shallow regions, the resuspension of fine-
grained material can act to enhance the scavenging
of particle reactive elements. This resuspension
effect can be controlled by either biological or
physical processes. Biological sediment mixing
processes have been proposed to modulate the
removal of a number of elements, including Pu
and 2 1 0 Pb, in coastal environments [5,8]. Benthic
faunal mixing can cause an increase in the erodi-
bility of surface sediments [29]. Also, benthic mac-
rofauna can directly inject particles into the
overlying water during feeding and defecation
[29,30). In the Mud Patch region, the physical
action of water storms has been shown to produce
suspended sediment concentrations of 5-10 mg/l
[26].

Both biological and physical resuspension
processes are most effective in regions of easily
erodible fine-grained sediments. In addition, fine-
grained sediments have a relatively larger surface
area on a volume basis and should, therefore, be
more reactive than coarser-grained sands [30,31].
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Fig. 2. Plot of the measured sediment inventory vs. water depth for the muddy shelf, slope and deep cores (regions 3a, 4-7). Tnangles

represent 2iopbc" inventory data while circles represent Pu data. Both 21OPb" and Pu inventories are normalized to the expected

atmospheric on the left axis. The actual corresponding inventories are given on the right axis in mCi/km2 for Pu, and in dpm/cm2 for

21OPbeX. (Data from the New York Bight [101 has been excluded, and would lie in the range of 400-900% of atmospheric delivery.)

Several investigators have reported that radio-
nuclides are more concentrated in fine-grained
sediments compared with coarse grained sands
[4,18,32]. Indeed the sandy shelf sediments do
store little or no Pu and 21oPb, while the silty Mud
Patch has higher inventories. When the data are
examined closely, however, a simple correlation
between inventories and grain size is not seen,
even within a given depth range and locality. This
can be seen, for example, in the data of Bothner et
al. [14] for 21

0Pb in a suite of cores from the Mud
Patch area. In this study, 210 Pbex inventories ranged
from 51 to 94 dpm/cm2 , while the fine-grained silt
fraction constituted a range of 20-80% of the total
sample, unrelated to the inventory data. Brower
[25] also found no correlation between sediment
surface area and 210Pb inventories for a large
number of Gulf of Maine cores.

Bacon et al. [16] have suggested that the re-

moval of 2"oPb may be enhanced near the sedi-
ment-water interface by the oxidative precipitation
of Mn and Fe oxides. At present it is not possible
to distinguish this process from the effects of

benthic mixing and resuspension, discussed earlier.
Both of these mechanisms are most intense in
shallow muddy sediments, decreasing with depth,
and have little effect when deep waters are re-
ached.

In deeper waters there will be a decrease in the
effectiveness of boundary scavenging processes.
Biological removal and transport of Pu as 210 Pb
via fecal pellet production is likely to become
increasingly important in the open ocean. Collec-

tions of rapidly sinking large biogenic particles
have recently been used to measure the fluxes of

Pu and 210Pb at a site near Bermuda (32 0 N, 640 W)
at a water depth of 4000 m [33]. These fluxes were
obtained from 3 years of samples collected bi-
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monthly from a single trap at 3200 m. This study
reports a Pu flux of 2.5 x 10 - 3 mCi/km2 yr. If
this is representative of the annual Pu flux to the
sediments since its introduction (approximately 20
years), then it can account for roughly one-half of
the average Pu inventory (0.11 mCi/km2 ) found in
7 cores west of Bermuda (in Table 1 EN 53 and
EN 69 cores). At this same site, an additional 0.35
mCi/km2 of Pu is present in the deep water col-
umn (> 3200 m [34]) which must have similarly
been supplied by rapidly sinking particles. The
present-day trap flux, if constant over the last 20
years, can therefore be shown to account for only
11% of the combined sediment and deep-sea Pu
inventory. This evidence can be used to argue for
substantially elevated Pu fluxes in the past, most
likely following the years of the highest weapons
testing inputs (the late 1950's/early 1960's [3]).

Bacon et al. [33] also measured 210 Pb sediment
trap fluxes of 0.5 dpm/cm2 yr at the same Bermuda
site. They calculated that the measured trap flux
could only account for roughly 30% of the total
expected 210Pb flux, based upon atmospheric in-
puts and in-situ production calculations. When
based upon sediment 210Pbex inventory data how-
ever, the observed flux appears able to account to
approximately 80% of the sediment inventory (flux
x mean life = 16 dpm/cm2; mean inventory of
211pbex = 20 dpm/cm2 at the EN 53 and EN 69
sites). It appears that the relatively low deep-sea
21OPbex inventories can be approximately balanced
by the trap collected flux of 21 0Pb, while both the
fluxes and inventories remain lower than one would
predict based upon input calculations. These
calculations are tenuous, though, since a large
number of assumptions must be made concerning
trap and inventory measurements, and the actual
long-term depositional flux and the inventories at
any given site.

Rowe and Gardner [35] deployed 4 sediment
traps during one summer in water depths of
2000-3500 m in the NASS slope region. They
reported total trap fluxes by weight and found
roughly an order of magnitude larger fluxes than
at the Bermuda site of Bacon et al. [33]. This
difference may reflect an increase in the productiv-
ity (and hence fecal pellet formation) between
slope waters and open ocean sites. This compari-
son is limited, however, by such factors as the
physical differences in the traps deployed, the

deployment durations and the depth of deploy-
ment above the seafloor.

5.2. Total storage of Pu and 21Pb" in the NASS
sediments

The total sedimentary inventories of Pu and
2 OPbx have been calculated for each region of the
NASS region in Table 2. The average inventory
within a given region has been multiplied by its
area. These total inventories for each region have
been summed, and then compared to the expected
inventory, assuming atmospheric supply, in situ
2 1 0 Pb production, and vertical deposition only (see
Table 2). These calculations use all of the data in
Table 1, and the reported errors are based upon
the sample standard deviation about the mean of
the measured inventory data. We feel that the
conclusions reached in the following discussion
would hold even if the associated errors are in fact
somewhat larger than this estimate.

A main feature of the Pu inventory data from
the NASS region in toto, is an apparent deficiency
in the sediments of Pu (24 ± 8% of that delivered).
This sedimentary inventory deficiency is not too
surprising for Pu, since a considerable fraction of
Pu is still found in the watercolumn itself. This is
seen in the Central North Pacific [36], where less
than 3% of the total water and sediment Pu inven-
tory is in the sediments. Data for the deep Atlantic
[34], provides a similar conclusion, with 95% of the
inventory still remaining in the water column. In
effect, Pu is remaining for longer periods of time
in the water column than was originally expected
[37]. A removal time of 840 years for Pu in the
ocean can be estimated given the total Pu water
column inventory of 2.1 mCi/km2 at the EN 53
site and assuming a constant flux of 2.5 x 10 - 3

nCi/km2 yr as seen at the Bermuda site [33]. This
is within a factor of two of the 400-year residence
time one can calculate from the Pacific Pu trap
and inventory data of Livingston and Anderson
[38].

The NASS total 21oPb inventory calculations
indicate that this region is accumulating 60 ± 10%
of the 210Pb which enters this area via atmospheric
delivery of is produced by in-situ decay of 226 Ra in
the water column (see Table 2). It should be noted,
however, that the in-situ production calculation
for 210Pb is strongly a function of the water depth



117

and the area of the deep NASS region. 80% of the

expected in-situ production of 2 1:Pb would be

expected to occur in region 7 (depths greater than

4000 m) given the NASS boundaries in Fig. 1.

When we look at the shelf and slope region less

than 4000 m, we find a closer balance between
21

1Pb inventories and inputs. 2 11 Pb inputs from

atmospheric sources (1.6 x 1017 dpm) and in-situ

production (0.3 x 1017 dpm) at depths less than

4000 m within the NASS region are roughly equal

to the measured 2 10 Pb inventory in this area (1.6 +

0.3 x 10"7 dpm). The deficiency of 21oPb in the

deep NASS sediments (> 4000 m) cannot be

accounted for in the shelf and slope sediments of

the northeast U.S.A. continental margin. Thus if

low 2 10 Pb inventories are a general feature of the

entire deep Atlantic, as the present data tend to

indicate, then a sink for this "missing" 2 10 Pb must

exist to balance the inputs. One of the possible

candidates for intense 21 0 Pb scavenging and re-

moval is the eastern side of the Atlantic ocean.

This would be similar to the enhanced removal of

Pu and 210Pb seen along the eastern Pacific margins

[7,8,11], which is discussed in a following section.

Bacon et al. [16] initially proposed a lateral and

boundary scavenging model for 21 Pb, which would

be expected to increase 210 Pb fluxes into the con-

tinental margin regions. This lateral transport

mechanism was proposed to account for the wide

spread 2 OPb/ 226 Ra disequilibrium in the deep

sea, and the 2 1 0 Pb/ 226 Ra activity ratio, which was

shown to increase with increasing distance from

the seafloor in both vertical and horizontal direc-

tions. The magnitude of such a lateral 21oPb flux

was calculated in a model by Spencer et al. [17] to

be on the order of 0.4 x 10'0 dpm/yr m at the
western Atlantic boundary (15-30 0 N). If we take

this model flux, multiplied by the length of the

deep NASS boundary (1.5 x 106 m), one calculates

an additional 210Pbex flux of 6 x 10"5 dpm/yr into

the NASS region. This is roughly half of the

expected atmospherically delivered supply of 210Pb

(area NASS (1.3 x 1016 cm 2) x atmospheric flux

(0.8 dpm/cm2 yr) = 1.0 x 1016 dpm/yr). It is clear

from our total inventory calculations that there is

no evidence for such a large lateral flux into the

NASS region. More recent 21 0Pb water-column

work in the NASS region [39] confirms that there

is not a strong lateral gradient in 2 10 Pb in this

region which would result from an intense margin

scavenging process. The model lateral 2 10 Pb flux of

Spencer et al. does not hold for this region.

5.3. A comparison between East and West Coast
sites

An interesting comparison can be made be-

tween the NASS region and the Washington state

shelf-slope region where a relatively large sink for

laterally transported 21 0Pb and Pu does appear to

exist [7,8,11]. In the Washington continental shelf

and slope region, 21oPb and Pu inventories are
several times fallout expected inputs [7,8], and no

large sandy areas equivalent to the Atlantic con-
tinental shelf occur. At this west coast site, strong

upwelling and the lateral transport of 210Pb may

explain the high sedimentary inventories observed

[7,8]. Calculated residence times for water over the

Washington shelf and slope are on the order of

0.01 year and 0.1 year, respectively [7]. This is in

contrast to the mid-Atlantic shelf waters, which

have a residence time on the order of 1 year

[40-42]. It appears then that the large 21oPb inven-

tories at the U.S.A. West Coast site are due to the

increased advective supply of 21OPb along eastern

basin boundaries, and its removal from the water

column. The total 21OPbex inventory of the West

Coast site is large and may prove sufficient in

balancing lateral fluxes of 210 Pb from the interior

of the Pacific, but this has yet to be comprehen-
sively shown.

6. Summary and conclusions

A major feature of the Pu and 2'oPb" distribu-

tions in the North Atlantic shelf and slope region
sediments is high inventories in the coastal bays,

the Mud Patch region, and for 21OPbX, also on the

upper slope (200-2000 m). This is consistent with

the hypothesis that increased scavenging of Pu and
210 Pb occurs over shallow and highly bioturbated

sediments, with storage of these elements in re-

gions of fine-grained sediment deposition. Off the

shelf, Pu inventories decrease rapidly, while 2 OPbex

inventories remain high. This may be due both to

the shorter residence time of 210 Pb compared to Pu

with respect to water column removal, and to

comparisons between "steady-state" 2 1oPb inven-

tories and the more recently introduced Pu. Inven-

tories of Pu and 210Pb continue to drop at greater
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depths across the slope as the dominant removal
process likely becomes incorporation into particles
generated in situ (either fast sinking large biogenic
particles or smaller slowly sinking particles).

Inventory calculations of Pu and 21OPbex in the
NASS region (< 4000 m) indicate that the sedi-
ments can account for about 24 + 8% of the sup-
plied Pu, and roughly 83 + 15% of the supplied
210 Pbex. At depths greater than 4000 m we find
significantly more depletion in Pu and 2O0PbX in
the sediments. This inventory data also argues
against strong lateral 210 Pb fluxes into the NASS
region. In general, the Atlantic shelf/slope margin
is not a major site for Pu or 2 10 Pb storage relative
to other coastal margin sites.
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CHAPTER 6

The Geochemistry of Fallout Plutonium in the North Atlantic:

24$u/ 239 u Ratios and Their Significance

I. INTRODUCTION

The major source of fallout plutonium to the marine environment is

atmospheric nuclear weapons testing which occurred during the 1950's

and early 1960's (Perkins and Thomas, 1980; Harley, 1980). In fallout,

the dominant Pu isotopes are 239Pu and 240Pu, the combined

activities of which have been traditionally measured by alpha-counting

techniques (written as 239P240Pu). By employing a mass spectrometric

(m.s.) technique I have been able to separately determine the

concentrations of 239Pu and 240Pu in marine sediments, pore waters,

sea water and sediment trap samples from the North Atlantic. With the

240Pu/239 Pu ratio data, fallout from specific nuclear testing sites

can be identified. An important finding is that the solubility and

reactivity of Pu from different fallout sources are not necessarily

identical, as previously assumed. This evidence for the input of

different Pu fallout types with differing geochemistries will have

important bearing on: a) the use of Pu as a geochemical tracer to study

present day scavenging and removal processes in the water column, b)

the use of Pu as a tracer in sediment mixing and accumulation studies

where the input function of Pu to the sediments must be known, and c)

the interpretation of previous water column 239P240Pu activity data

in the Pacific (Bowen et al., 1980) where subsurface and near-bottom

activity maxima exist for Pu.

In this study, a systematic decrease in the 240u/ 239Pu ratio

in sediments is found with increasing water depth along a transect of

cores between Woods Hole and Bermuda. The 240u/ 239Pu ratios range

from =0.18 on the shelf to =0.10 at 5000 m. A model will be

presented which can account for the range of 240Pu/ 239Pu ratios

found in this and other similar studies (Noshkin and Gatrousis, 1974;
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Scott et al., 1983). In this model, I propose that there have been at

least two distinct sources of fallout Pu to this region. The major

source of Pu is global stratospheric fallout which is characterized by
240 239a Pu/ Pu ratio of 0.18. The second source of fallout Pu is

characterized by a much lower 240u/23 Pu ratio, and relative to
global fallout, must have been more efficiently deposited to deep-sea
sediments.

I will first present some background information on the various
sources and characteristics of fallout Pu, and previous studies in this

area. Then I will focus on my results in order to examine the

relationship between the geochemistry of Pu and the specific sources of

fallout Pu at any given site. While the discussions presented here

pertain to the behavior and sources of fallout Pu to the North

Atlantic, the significance of similar processes in the Pacific will be
considered.

II. BACKGROUND

A. Fallout Data

I will use 240Pu/239 Pu data from the North Atlantic to dis-

tinguish between two classes of fallout debris - global or stratospheric

fallout versus tropospheric fallout from the Nevada Test Site. It is
therefore important to first define what is meant by stratospheric and
tropospheric fallout and then to examine briefly the input history of

Pu in terms of the 240u/23 Pu isotopic ratios observed in the
fallout record.

Global or stratospheric fallout refers to very small sized fallout

particles (=l pm or less in diameter - Joseph et al., 1971) which

received sufficient height to become entrained in the stratosphere.

This fallout debris has a residence time in the atmosphere on the order

of one year (Joseph et al., 1971; Perkins and Thomas, 1980). This is
the most abundant type of fallout, accounting for >80% of the total
fallout radioactivity distributed worldwide (Harley, 1980). Both large
and small yield nuclear tests conducted at high altitudes and large
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yield surface based nuclear tests have produced considerable stratos-

pheric fallout.

Tropospheric fallout refers to fallout debris which is retained

within the troposphere either as larger fallout particles which are

deposited rapidly within the vicinity of the nuclear testing site

(so-called close-in fallout) or smaller fallout particles which do not

reach stratospheric altitudes and are deposited within the hemisphere

of injection in the days to weeks following a particular testing event

(so-called intermediate fallout) (Joseph et al., 1971; Holloway and

Hayes, 1982). Any nuclear test that is conducted at or just above the

ground (i.e. surface based) will generate at least some tropospheric

fallout. The largest source of tropospheric fallout was U.S. surface

based testing of large yield thermonuclear bombs (H-bombs) at the

Marshall Islands (=11llN =165*E) (Joseph et al., 1971; Perkins and

Thomas, 1980; D.O.E., 1982). Testing at the Marshall Islands resulted

in the local deposition of roughly the same inventory of Pu to the North

Pacific basin as Pu from global fallout (Bowen et al., 1980). An

additional source of tropospheric fallout of interest to my work in the

North Atlantic is the Nevada Test Site where over 35 surface based

small yield nuclear tests were conducted between 1951 and 1958 (D.O.E.,

1982; Hicks and Baar, 1984).

To distinguish between stratospheric fallout and tropospheric

fallout from the Nevada Test Site, a review is needed of the factors

which determine the 240pu/ 239Pu ratio in fallout. In general, differ-

ences in weapons design appear to account for much of the variability

seen in the historical 240u/ 23Pu record (Cameron, 1959; Perkins and

Thomas, 1980; Koide et al., 1985). Within any given design or series of

tests, a larger nuclear yield produces greater neutron fluxes resulting

in the enhanced production of the higher masses

of Pu. The U.S. nuclear testing program dominated the early atmospheric

fallout record in terms of total fallout yields (Zander and Araskog,

1973; Perkins and Thomas, 1980; D.O.E., 1982). In the early 1950's,

stratospheric fallout was characterized by a 240u/ 239Pu ratio of >0.30

dropping off to the 0.21-0.26 range in the mid-1950's based upon ice
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core records in the Antarctic and Greenland ice sheets (Koide et al.,

1985). This is supported by a 240Pu/ 239Pu ratio of 0.35 in a 1953

aerosol sample collected over the U.S., and a 0.21 ratio in a similar

sample from 1955 (Krey, 1985). Also, Noshkin (1978) has reported an
240 239

average Pu/ Pu ratio of 0.31 from the soil and vegetation on

the Bikini atoll in the Marshall Islands. Specifically, the U.S.

"Mike" shot in 1952 at Enewetak produced a fallout 240Pu/239pu

ratio of 0.36 (Diamond et al., 1960) and remained a unique (Cameron,
1959) and relatively large source of high ratio fallout Pu until

further U.S. testing in 1954 (Perkins and Thomas, 1980; D.O.E., 1982).

Later atmospheric nuclear testing programs in the early 1960's

were dominated by the large yield Soviet tests. These U.S.S.R. tests

are responsible for the bulk of the stratospheric fallout Pu in the

environment accounting for =75% of the total worldwide fallout yields

(calculated from the total yield data in D.O.E. (1982)). The average

240Pu/239 Pu ratio of this material is 0.18 (Perkins and Thomas, 1980).

This is supported by the ice core data which show 240u/23 Pu ratios

averaging 0.18 during the 1960-1966 period (ranging form 0.16-0.22,
Koide et al., 1985). Also, an average ratio of 0.178 + 0.009 is found

in aerosol samples collected between 1957 and 1967 at 35*N (recalculated

from HASL-273 (1973)) using data from over 100 filtered aerosol partic-

ulate samples with a precision of <10% on the measured 240pu/ 239u

ratio. This is identical to the average integrated soil 240pu/ 239p

ratio of 0.176 + 0.014 found at over 50 sites from 330S to 71ON (Krey et

al., 1976). It is apparent that the 0.18 value from the soil study is

strongly influenced by the dominance of the U.S.S.R. high yield tests

in the total fallout record. Similar to other previous discussions of

Pu fallout (Hardy et al., 1972; Perkins and Thomas, 1980; Beasley et

al., 1981; Scott et al., 1983), I will use 0.18 + 0.01 as the charac-

teristic isotopic signature of average stratospheric fallout Pu arriving

to the North Atlantic.

As mentioned previously, an additional source of Pu to the Northern

Hemisphere is tropospheric fallout from the Nevada Test Site. The

Nevada fallout is characterized by an average 240Pu/239 Pu ratio of
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0.035. This value is the weighted mean 240u/ 239Pu ratio of fallout

from all tower and surface tests conducted in Nevada (n=36; calculated

from the data in Hicks and Barr, 1984) and it agrees well with previous

estimate of this ratio (Krey et al., 1976; Perkins and Thomas, 1980;

Krey, 1983; Hicks and Baar, 1984). Fallout from surface based testing

at Nevada would have traveled with the prevailing winds in an eastwardly

direction (Clark, 1954). The behavior of fallout Pu in the oceans from

this source will be a major focus of attention in following discussions.

B. Previous Studies

The first study to use Pu isotopic data to understand the

biogeochemistry of fallout Pu in the oceans is that of Noshkin and

Gatrousis (1974). They found 240Pu/23 Pu atom ratios ranging from

0.11 to 0.24 in six sediment samples and in 3 biological samples from

the North and South Atlantic. This range in Pu isotopic composition is

quite surprising given the 240u/ 239Pu ratio of 0.18 found in

worldwide fallout. Noshkin and Gatrousis suggested that the fraction-

ation of fallout material upon deposition to the ocean may lead to this

wide range of Pu isotopic values.

Scott et al. (1983), report the only other 240Pu/239 Pu data from

marine sediments. They found a systematic decrease in the 240pu/ 239p

ratio from 0.18 in cores at the mouth of the Mississippi river to values

below 0.10 in the deep abyssal plain sediments (3500m) in the Gulf of

Mexico. They attributed the lower 240u/23 Pu values (relative to the

global fallout average of 0.18) to either a separation of 239 Pu from

240Pu during transit to the sea floor, or to a unique source (possibly the

Nevada Test Site) of low ratio Pu.

III. SAMPLING

Sediment samples analyzed for 240u/23 Pu ratios were obtained

primarily from three sources. The major analytical effort was spent on

a series of seven box cores (cores A through H) from a transect between

Woods Hole and Bermuda (Fig. 6.1). At these sites, sediment profiles

of both 239,240Pu activity and 240pu/239 Pu ratio data were obtained.
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Figure 6.1:
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Sites A through H are box cores collected in 1983-1985. Sites numbered
52 through 65b (see insert) are surface samples collected in the 1950's
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Sediment samples were collected from box cores which were retrieved with

visually undisturbed and level surfaces. The cores were subsampled for

solid phase analyses with a 6 or 10 cm diameter subcoring device in

0.5-1.0 cm depth intervals over the upper 4-6 cm of the core and in 2cm

depth intervals throughout the remainder of the core. The 239'240pu

activity profiles from these cores have been examined for evidence of

Pu diagenesis in Chapter 4 of this thesis and used to determine sediment

mixing rates in Chapter 7 and Anderson et al. (1986).

In order to follow the historical sequence of Pu inputs to this

region, a set of archived sediment samples collected in the 1950's and

early 1960's were analyzed. These archived samples are mainly surface

grab samples or dredge samples from a U.S.G.S./W.H.O.I. survey of the

eastern U.S. continental margin. A complete description of the sediment

samples from this entire survey is provided in Hathaway (1971), and

pertinent data for this study are provided in Table 6.1. The locations

of these 1950's and 1960's samples are given in Figure 6.1.

Finally, surface sediment samples from a wide range of locations

in the Atlantic were analyzed for Pu isotopes (sample locations are

given in Table 6.1). These samples were analyzed to examine the spatial

extent of tropospheric fallout Pu from the Nevada Test Site.

The pore water samples which were analyzed by mass spectrometry

are from cores F (501 m), E (1275 m), D (2362 m), C (2700 m), G (4469 m),

and H (4990 m) (Fig. 6.1). The collection and extraction of pore waters

from these samples is described in detail in Chapter 4 of this thesis.

Chapter 4 also discusses the interpretation of the pore water activity

profiles with respect to Pu diagenesis, while in this chapter I will

focus on the pore water 240 u/239Pu data alone. Five Atlantic

seawater and two Atlantic sediment trap samples were also analyzed for

Pu isotopes by m.s. and their sampling locations will be discussed in

the text.

IV. ANALYTICAL TECHNIQUES

This chapter focuses on 240pu/ 239Pu atom ratio data which are



- 128 -

Table 6.1.Sampling Locations and Date of Collection

Depth Core ID Cruise or I.E

Woods Hole to Bermuda transect:

90m A 83-Gyre-9

501m F Oceanus-152

501m F Oceanus-152

1275m E Oceanus-152

2362m D Oceanus-152

2700m C 83-Gyre-9

4469m G Oceanus-173

4990m H Oceanus-173

sediments: surface grab

65a #2507

52 Atlantis-179

57 #W031

65b #2511

61a #E004

61b #E005

64a #2136

64b #2135

deep-sea:

BX49

BX52

BX39

BX47

BX64

Kn

EnJ

AII

Med

Latitude

sediment profiles and pore waters-

7/28/83 40028.1'N

4/30/84

4/30/84

4/29/84

4/29/84

7/31/83

12/4/85

12/8/85

& dredge

1965

1952

1957

1965

1961

1961

1964

1964

surface sediments from

10549#5BX 1984

10552#9BX 1984

11139#8BX 1984

11147#5BX 1984

10164#5BX 1984

Kn54/15 1976

En53/2-LocJ 1980

AII/49 1969

AII/93 1976

39055.1'N

39055.1'N

39048.1'N

39035.0'N

39010.3'N

31054.1'N

36027.9'N

samples-

40020'N

40 50'N

400 10'N

390 58'N

39047'N

390 42'N

39037'N

39011'N

box cores-

00002.9'S

19027.3'N

31025.4'N

49040.8'N

26004.9'N

45036.9'N

320 43.3'N

39002'N

34001.3'N

Longitude

Archived

93m

125m

200m

458m

1500m

2086m

2335m

2722

Atlantic

3046m

4655m

5145m

4360m

5613m

4990m

5400m

4810

2900m

70054.1'W

70054.1'W

700 54.2'W

700 56.3'W

70056.8'W

700 43.8'W

64017.8'W

66033.6'W

71 00'W

7200'W

69 05'W

71 0 00'W

700 45'W

700 39'W

700 52'W

71 05'W

16007.4'W

29053.6'W

250 12.2'W

14038.6'W

60024.7'W

12034.3'W

700 47.6'W

420 36'W

28059.8'E
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obtained by a mass spectrometric technique developed to measure low

level Pu concentrations and isotope ratios in marine samples (for

details see Chapter 3 of this thesis). The advantages of the m.s.

technique over traditional alpha-counting procedures for Pu are twofold.

First, when Pu is determined by alpha-counting, 239Pu and 240Pu remain

inseparable due to the similar alpha energies of these isotopes. With

m.s. in contrast, these isotopes are easily separated. In addition, due

to the long half-lives of 239Pu (24,400 yrs) and 240Pu (6600 yrs),

non-radiometric techniques such as mass spectrometry, which measure the

Pu isotopes directly, are inherently more sensitive than alpha-counting

techniques which measure Pu only by the detection of relatively infre-

quent alpha-decay events.

A complete description of the chemical procedures used to isolate

and purify Pu from marine samples is provided in Chapter 3 of this

thesis. Briefly, the sediment samples are hot acid leached (twice in

8N HNO 3) in the presence of a 242Pu spike and the leachate is purified

by ion exchange chromatography. Pu from seawater and pore water is

collected via an Fe-hydroxide precipitation step after equilibration

with a 242Pu yield monitor. Similar to the sediment samples, purifi-

cation is achieved with multiple ion exchange separation steps. The

sediment trap samples are totally dissolved in the presence of the

Pu spike and purified. In general, the purification procedures

used on m.s. samples are similar to procedures used in standard

alpha-counting techniques (Wong, 1971; Livingston et al., 1975; Larsen

and Oldham, 1975). High purity acids in the final column steps and

clean room techniques throughout ensure consistently low blanks (see

Chapter 3).

The errors on the Pu data reported in Table 6.2 are propagated from

the standard deviation on the m.s. determination of the 242Pu, 239Pu and

240Pu atom abundances and from the error on the procedural blank. Since
240Pu is the least abundant Pu isotope, the largest source of error

arises from its determination by m.s.. Replicate analyses are found to

agree within the reported precisions (Chapter 3, this thesis). A com-

plete listing of all of the m.s. data is given in Appendix III of this
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Table 6.2. Pu data by mass spectrometry

Sample sample Atom Ratio Activity

Type weight 240/239 239,240Pu remarks
(a) (b)

Sediment transect (Qm) (dpm/ka)

90m- A1:0-1.5cm 15.01 0.175 +/- 0.008 114.76 +/- 5.90 (p)(a)

A5:7.5-9.5cm 15.08 0.203 +/- 0.027 128.18 +/- 19.03 (p)(a)

A10:17.5-18.5cm 15.64 0.185 +/- 0.023 22.60 +/- 3.06 (p)(a)

A17:31.5-33.5cm 15.03 0.210 +/- 0.028 3.14 +/- 0.46 (p)(a)

501m- F1A:0-Icm 14.73 0.179 +/- 0.005 26.23 +/- 0.89 (a)

F3:4-6cm 15.23 0.166 +/- 0.004 32.26 +/- 0.80 (a)

F5:8-10cm 14.27 0.182 +/- 0.011 6.21 +/- 0.40 (a)

F7:12-14cm 14.26 0.146 +/- 0.025 0.76 +/- 0.14 (a)

1275m- EIA:O-lcm 2.80 0.158 +/- 0.002 59.94 +/- 0.78

E1B:1-2cm 14.34 0.150 +/- 0.019 64.31 +/- 8.83 (a)

E2A;2-3cm 14.12 0.142 +/- 0.009 35.49 +/- 2.39 (a)

E4:6-Bcm 2.66 0.152 +/- 0.003 13.86 +/- 0.35

E6:10-12cm 13.45 0.149 +/- 0.010 14.69 +/- 1.04 (a)

E8:14-16cm 14.21 0.159 +/- 0.029 0.70 +/- 0.14 (a)

2352m- DIA:O-icm 2.54 0.139 +/- 0.001 19.96 +/- 0.18

D2B:3-4cm 15.18 0.135 +/- 0.003 17.68 +/- 0.42 (a)

D3:4-6cm 2.27 0.138 +/- 0.001 22.87 +/- 0.28

D4:6-8cm 14.43 0.146 +/- 0.015 10.10 +/- 1.11 (a)

D6:10-12cm 15.93 0.127 +/- 0.014 8.38 +/- 0.98 (a)

2700m- C1:0-1.5cm 15.69 0.114 +/- 0.025 18.83 +/- 4.33 (a)

C2:1.5-3.5cm 15.22 0.141 +/- 0.004 7.97 +/- 0.24 (a)

C4:5.5-7.5cm 15.62 0.109 +/- 0.004 5.85 +/- 0.24 (a)

C5:7.5-9.5cm 15.90 0.139 +/- 0.013 2.46 +/- 0.24 (a)

C7:11.5-13.5cm 15.70 0.124 +/- 0.013 1.01 +/- 0.11 (a)

C9:15.5-17.5cm 14.91 0.435 +/- 0.126 0.11 +/- 0.04 (a)

4469m- GIA:0-0.5cm 12.37 0.095 +/- 0.001 17.67 +/- 0.14

18B:0.5-1cm 5.01 0.091 +/- 0.002 8.03 +/- 0.20

G2B:2.5-3cm 11.03 0.119 +/- 0.006 1.69 +/- 0.09

G3A:4-4.5cm 5.35 0.100 +/- 0.002 13.84 +/- 0.34

G3C:5-5.5cm 9.05 0.27? +/- 0.03 0.65 +/- 0.08

4990m- HIA:0-0.5cm 9.98 0.094 +/- 0.001 17.35 +/- 0.15

H1B:0.5-1cm 5.70 0.100 +/- 0.002 11.23 +/- 0.17

HID:1.5-2cm 5.13 0.108 +/- 0.005 3.60 +/- 0.16

H2D:3.5-4cm 5.40 0.116 +/- 0.002 8.82 +/- 0.14
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Table 6.2. cont. Pu data by mass soectrometry

Sample
Type

Early 1950-60's sediment
Core 65- 93m

52- 125m
57- 200m
65- 458m
61a- 1500m
61b- 2086m
64a- 2335m
64b- 2722m

sample
Peight

(a)

(Qm)
2.08
9.10

61.39
2.49
3.96
2.14
2.24
4.30

Surface sediment: deep-sea
Core 8X49- 3046m

BX52- 4655m
BX39- 5145m
BX47- 4360m
8X64- 5613m
Kn- 4990m (O-1cm)
Kn- 4990m (4-5cm)
Med- 2900m
En- 5400m

Pore waters
90m- A:13.5-37.5cm
501m- Fl:0-2cm

F2:2-4cm
F3:4-6cm
F7:12-14cm
F9:16-18cm

1275m- EI:0-2cm
E2:2-4cm
E4:6-8cm
E6:10-23cm
ES:14-16cm

1170m- BK1/3:0-3cm (d)
BK4/5:3-5cm (d)

2362m- D1:0-2cm
D2:2-4cm
D3:4-6cm
D4:6-Bcm
D6:10-12cm
D7:12-14cm

2700m- CK1/3:0-3cm (d)
4469m- 61:0-2cm

G2/3:2-6cm
4990m- H1/3:0-6cm

10.66
2.60
14.61
12.32
2.96
62.65
74.29
72.85
51.15

437.1
573.8
636.7
625.4
788.5
960.0
514.5
501.7
553.0.
666.2
624.2
1018.8
1544.9
998.1
609.1
604.9
602.5
505.6
326.7
248.0
305.1
407.2
508.2

Atom Ratio
240/239

0.180
0.125
0.174
0.149
0.104
0.115
0.109
0.141

0.176
0.119
0.135
0.163
0.111
0.155
0.155
0.113
0.089

0.197
0.188
0.182
0.180
0.216
0.218
0.179
0.164
0.246
0.231
0.519
0.210
0.168
0.190
0.148
0.323
0.280
0.133
0.081
0.194
0.162
0.202
0.192

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-
+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-
+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

0.002
0.012
0.001
0.002
0.005
0.006
0.002
0.015

0.005
0.007
0.009
0.005
0.012
0.005
0.014
0.004
0.002

0.034
0.007
0.005
0.024
0.031
0.030
0.005
0.044
0.063
0.038
0.099
0.040
0.023
0.010
0.030
0.051
0.108
0.064
0.116
0.015
0.040
0.027
0.010

Activity
239,240Pu
(b)

(dpm/kq)
60.70 +/- 0.74
0.030 +/- 0.008
3.29 +/- 0.03
14.24 +/- 0.16
0.033 +/- 0.017
2.50 +/- 0.17
2.61 +/- 0.07
0.31 +/- 0.04

8.24
8.11
4.78
10.63
1.58
5.63
3.22

10.97
28.38

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

(dpm/l00ko)
0.122 +/-
0.181 +/-
0.424 +/-

0.059 +/-

0.036 +/-

0.007 +/-

0.567 +/-

0.122 +/-

0.016 +/-
0.012 +/-

0.002 +/-

0.123 +/-

0.012 +/-

0.188 +/-

0.034 +/-

0.006 +/-
0.005 +/-

0.003 +/-
0.009 +/-

0.750 +/-

0.223 +/-

0.137 +/-

0.154 +/-

0.27
0.66
0.41
0.51
0.20
0.23
0.33
0.39
0.56

0.015
0.004
0.008
0.003
0.003
0.001
0.007
0.012
0.002
0.001
0.001
0.014
0.001
0.006
0.003
0.001
0.001
0.002
0.004
0.049
0.023
0.010
0.005

remarks

(c)

(c)

(p)(a)
(p)(a)

(p)(a)

(c)
(c)
(c)
(c)

|
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Table 6.2. cont. Pu data by mass spectrometry

sample Atom Ratio
weight 240/239

(a)

Sediment trap samples (om)
Sta E- 1200m in 1250m 0.0047
Sta En- 3985m in 5400m 0.0086

0.179 +/- 0.008
0.180 +/- 0.013

Activity
239,240Pu
(b)

(dom/qm)
0.244 +/- 0.012
0.355 +/- 0.030

Atlantic seawater
Surface Sargasso Sea
Surface Sargasso Sea
Surface Sargasso Sea
Sta D- 1700m
Sta E- 1100m
Sta F- 454m

(ka)
55.6
55.6
55.6
53.3
47.2
39.7

0.181 +/-
0.180 +/-
0.189 +/-
0.211 +/-
0.20 +/-

0.192 +/-

0.011
0.011
0.031
0.017
0.04

0.010

(dpm/100ko)
0.138 +/-
0.129 +/-
0.159 +/-
0.099 +/-
0.096 +/-
0.124 +/-

(a)- These are the original sample weights- some of the sediment and sea water

samples are actually sub-samples (1/50th) of larger samples used for

alpha-counting. These subsamples are marked with an (a) in the remarks

column.

(b)- All activity data are reported with an error propigated from the error on

the m.s. determination of the Pu isotopes and the error on the procedural

blanks.

(c)- The blank correction on these samples represents >25% of the total Pu

activity.

(d)- Cores BK and CK were taken at the same ships station as cores E and C,

respectively.

(p)- These samples were leached off of previously analyzed alpha-counting

stainless steel planchetts

Sample
TYDS remarks

0.009
0.009
0.031
0.009
0.022
0.007

(a)
(a)
(a)
(a)
(a)
(a)



- 133 -

thesis. Ratios of 240Pu/239 Pu are always given on an atom basis while

239Pu and 240Pu concentrations have been converted into 239'240 P

activities for easier comparison to existing Pu activity data.

V. RESULTS AND DISCUSSION

A. 240u/ 239Pu Ratios along a Sediment Transect from the N.W.

Atlantic

A major feature of the sediment data along the transect of box

cores A (90 m) through H (4990 m) is a systematic decrease in the

240pu/239 Pu ratio with increasing water depth (Fig. 6.2). The mean

240u/23 Pu ratios from these sediment cores are 0.193, 0.176, 0.152,

0.137, 0.128, 0.105 and 0.101 at 90, 501, 1275, 2362, 2700, 4469 and

4990 m, respectively (Table 6.2). The values are roughly equal to the

proposed average global fallout 240u/ 239Pu ratio of 0.18 in the

shallower cores dropping off to progressively lower values with depth.

Also, there is very little variability in these ratios within each core

(Table 6.2). These trends are very similar to the Gulf of Mexico data

of Scott et al. (1983) and a common process responsible for this shift

in the Pu isotopic signature must be sought.

One possible process, the fractionation of 239Pu from 240Pu during

the removal of Pu to the sea floor, can be discounted. The isotopic

signature of the present day flux of Pu to the sea floor has been mea-

sured in sediment trap material. A 240Pu/23 Pu ratio of 0.179 + 0.008

is found in sediment trap debris from a trap located in 1200 m of water

above core E (1275 m) (see Table 6.2). Similarly a 240Pu/239 Pu ratio

of 0.180 + 0.013 is found in a trap in 3985 m of water above core En

(5400 m). The seawater in this region has an average 240u/ 239Pu ratio

of 0.190 + 0.014 (Table 6.2), which is similar to the trap debris and

consistent with the expected 240Pu/23 Pu ratio of global stratospheric

fallout. The similarity between the seawater and sediment trap samples
239 240

argues against any present day fractionation of Pu from Pu in the

water column.

A second possible explanation for the systematic decrease in the
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Figure 6.2: 24 0pu/ 239Pu Atom Ratios in Sediments vs. Water Depth in the Northwest Atlantic.

Values for cores A through H reported as the mean 240 pu/ 239 Pu ratio + the standard deviation
(taken from data in Table 6.2 with an associated error of <15%). Values for cores 52 through 65b
are from individual surface sediment analyses. The dotted reference line at 24 0pu/ 239Pu=0.18
represents the expected global fallout ratio.
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240u/ 239Pu ratios with increasing water depth is the existence of a

unique source of low ratio Pu to the deep-sea at these sites. This

second mechanism is shown schematically in Fig. 6.3, and will be the

focus of the remaining discussions. The essential feature of this model

is the deposition of two isotopically distinct sources of fallout Pu

with different geochemical properties. The largest source of fallout

Pu to the surface oceans is known to be global stratospheric fallout

with an average 240u/ 239Pu ratio of 0.18. Fallout Pu from this

source remains primarily in solution, given that >95% of the total Pu

inventory of the deep Atlantic is found throughout the water column

today (Buesseler et al., 1985; Livingston and Buesseler, 1985). I

suggest that the second Pu source is tropospheric fallout from the

Nevada Test Site since this is the largest source of low ratio fallout

Pu in the Northern Hemisphere. If the Nevada fallout is rapidly removed

to marine sediments, then the 240u/ 23Pu ratio in marine sediments

will be a function of the additional supply of stratospheric fallout Pu

added to any given site. Hence in the shallow water cores, where the

sedimentary Pu inventories are highest, the 240u/ 239Pu ratio is

dominated by the stratospheric inputs while in the deep sea, where Pu

sediment inventories are low, the Nevada fallout signature is more

readily observed (Fig. 6.3).

Several lines of evidence will be used to test this model. First,

we need to look at the arrival history of Nevada fallout versus global

fallout since samples from the early testing years should show stronger

evidence of Nevada fallout inputs (1951-1958) if our model is correct.

Secondly, a discussion of the physical/chemical characteristics of

different fallout types will be given followed by an evaluation of the

inventories of Nevada debris and the extent of travel of Nevada fallout

across the North Atlantic basin.

B. 240Pu/23 Pu Data in Sediments from the 1950's and 1960's

If Nevada is the source of low 240u/23 Pu material to the North

Atlantic, then one would expect to see the effects of this input most

easily in the early 1950's, which are the years of the relatively
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Figure 6.3:

Nevada fallout (2 40Pu/ 2 39pu=0.035) which is deposited to the N. Atlantic is rapidly removed to
the sediments at all depths. Global stratospheric fallout (2 40Pu/ 23 9pu=0.18) is delivered in
much larger quantities to the N. Atlantic; however, only the shallow shelf and slope sites have
sufficient removal rates to deposit the bulk of this Pu to the sediments, while at the deep ocean
sites, the bulk of stratospheric Pu remains in the watercolumn. The relative inventory of
stratospheric vs. Nevada fallout in sediments therefore changes systematically with depth
resulting in the observed decrese in the 2 40 pu/ 2 39Pu ratio with increasing depth (as shown
below the figure). The percentage Nevada Pu inventories are from Table 6.3 and are discussed in
the text.

________________________ _________________
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highest Nevada fallout inputs (see Fig. 6.4). This evidence can best be

seen in lake cores, where undisturbed Pu fallout records can be obtained

(Breteler et al., 1984; Krey, 1983). Figure 6.5 shows significantly

lower 240u/23 Pu ratios in the early 1950's in lake cores from both

the southwest (Utah) and northeast (New York) U.S.A. This data provides

evidence supporting both the timing (early 50's) of the Nevada inputs

and the minimum distances which this Nevada fallout material has

apparently traveled (at least to N.Y.).

Unfortunately, there are no other comparable records of 240pu/ 239pu

in early fallout from this region. The ice core 240u/ 239Pu records of

Koide et al. (1985) at Greenland only begin with the 1954-1956 band,

missing the earliest fallout signals. Due to rapid sediment mixing in

oxic marine cores, an historical profile of Pu inputs would not be

retained in the present day sediment profiles from the study region.

In an attempt to reconstruct the historical record of 240pu/239pu

ratios along the Woods Hole to Bermuda transect, nine surface sediment

samples from the 1950's and 1960's were found in sediment core libraries
239 240

which could be analyzed for Pu and Pu by m.s. The core locations

are given in Figure 6.1, and the data are provided in Table 6.2 and

shown versus water depth in Figure 6.2. A major feature of the histor-

ical samples is that all sediments show lower or equivalent 240pu/ 239pu

ratios relative to present day sediments. The best evidence for the

input of low ratio Nevada fallout in the early 1950's can be seen in a

time sequence of cores from the muddy shelf in this region (cores 52,

57 and 65a). The sediment sample from 1952 has a 240u/ 239Pu ratio of
239 240

0.125 + 0.012 and a 239240Pu activity of 0.03 dpm/kg. By 1957, the

240u/ 239Pu ratio of the shallow sediments (200 m) are 0.174 + 0.001 and

a Pu activity of 3.3 dpm/kg is found. In 1965 the 240Pu/ 239Pu ratio in

shelf sediments is 0.180 + 0.002 and the activity is now 60 dpm/g. At

core A (90 m) in 1983 on the muddy shelf, the surface sediments have the

same 240u/ 239Pu ratio but their activity has increased to over 100

dpm/g. It has been shown that the highest sediment inventories of Pu

and hence the strongest removal fluxes of Pu to the sediments are found

in the muddy shelf sites along this transect (Santschi et al., 1980;
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Figure 6.4: Testing Yield Data vs. Time for the Nevada Test Site and
Global Fallout Sources.

Nevada vs. Global Fallout Yields

b
,q

I Mt

= Global Fallout

= Nevada Fal lout

Yield data taken from D.O.E. (1982); Perkins and Thomas (1980); and
Hicks and Baar (1984). Note log scale.
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Buesseler et al., 1985). The 240Pu/ 239Pu ratio of 0.125 in 1952

suggests that some combination of Nevada fallout and early global

fallout has already reached the sediments on the shelf by this time.

By 1957, due to the rapid scavenging of global fallout Pu the
240 239Pu/ Pu ratios have increased to essentially present day values

while the surface activities continue to increase with time. While the

1960's samples from the shelf have essentially present day 240 Pu/ 239 Pu

ratios, some of the deeper samples (cores 65, 61a, 61b and 64a) have

lower than present day 240u/ 23Pu ratios due perhaps to the generally

slower removal rates of global fallout Pu to the deeper sediments. With

time, the continued flux of Pu to the deeper sediments should continue

to slowly raise the overall 240Pu/239 Pu ratio in the sediments until

the global fallout 240u/23 Pu ratio of =0.18 is obtained along the
entire transect.

C. The Solubility and Removal Rates of Global Versus Nevada Fallout

The model I have proposed for the separation of global versus

Nevada fallout Pu (Fig. 6.3) is based on the assumption that upon

entering the ocean, tropospheric debris from the Nevada Test Site

( 240u/ 239Pu=0.035) is geochemically separated from fallout from

stratospheric sources (i.e. the Nevada debris is more rapidly removed

to marine sediments). This difference in the removal rates between

these two classes of fallout particles can be explained if we explore

the contrasting modes of fallout particle formation in surface based

(Nevada) versus high altitude (global) tests. Surface based nuclear

tests are characterized by the existence in the cooling fireball of

large amounts of material swept up from the ground by the explosion.

Condensation reaction of the vaporized materials would therefore proceed

in large measure upon the surfaces provided. In Nevada, partially and

completely melted soil silicates condense as crystalline and glass-like

particles which become the carriers of significant fallout radioactivity

(Adams et al., 1960; Joseph et al., 1971). Air bursts in contrast,

produce smaller metal oxide particles which originate from direct

vaporization and subsequent condensation reactions of the vaporized
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nuclear bomb materials (the major components being iron and the

fissioned and unfissioned radionuclides) (Adams et al., 1960).

Early studies of the solubility of fallout particles can be used

to demonstrate the major differences in the behavior of these two

classes of fallout debris upon deposition. As one might expect, the

leachabilty (and hence solubility) of air burst debris is much greater

than the silicate-burst debris (Mamuro et al., 1965; Joseph et al.,

1971; Larson, 1982). More specifically, Larson (1982) compared the

solubility of fallout debris generated in surface based tests (tower

shots) and high altitude balloon tests at Nevada. In this study, less

than 2% of the total sample beta-activity is released into a deionized

water solution after one hour from the surface based fallout

particles. This is in contrast to 14-31% of the activity being

released under identical conditions from the high-altitude fallout

particles. In a similar experiment, Weimer and Langford (1978)

examined the solubility of fallout Fe from aerosol samples

collected on the U.S. west coast (this would presumably represent

average global fallout debris). In one test, up to 30% of the total
55 Fe present in the aerosol samples was released into seawater after

24 hours and in another test 67-97% of the 55Fe was solubilized.

They concluded that the radioactive Fe was held as amorphous Fe oxides

on the surfaces of fine atmospheric particulate matter and was rapidly

released to solution. A similar process could be expected for Pu which

would condense as a trace impurity on or in the Fe oxide particles

which form the core of stratospheric fallout (Adams et al., 1960;

Weimer and Langford, 1978).

If Pu from the Nevada source is being carried by small, unreactive

and insoluble glass-like particles, a simple Stoke's settling velocity

calculation may be appropriate for estimating the potential sinking

rates of these particles through the water column. The Stoke's

settling velocity equation is:

(Dia) 2(pfallout-Pseawater)g
velocity =n

18 nl
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where the velocity is in cm/sec; the mean diameter of Nevada fallout is
10 pm (1-10pm is typical - Joseph et al., 1971; Larsen, 1985); PNevada

=2.6 g/cm (i.e. that of quartz); Psea water =1; g=980 cm/sec; and
n=0.01 4 poises (at 7*C). The calculated settling velocity is 5.4 m/day,
or a transit time of =1 year for a 2000m water column. This rate is
consistent with the idea of rapid settling of Nevada tropospheric
fallout particles to the sea floor. Indeed, if the fallout particles
were incorporated into fecal pellets, their sinking rates would be
enhanced.

D. Pore Water 240 u/239Pu Ratios

Pore water data from along the transect of cores A through H
provide direct evidence of the insoluble and unreactive nature of the
fallout particles carrying the low 240Pu/ 239Pu ratio Nevada Pu. In
cores where the solid phase 240u/ 239Pu ratio is 0.18 (cores A and F),

240 239the pore water Pu/ 23Pu ratio is equal to the global average
240 239

Pu/ Pu ratio of =0.18 (Fig. 6.6). However, in cores with average
solid phase 240Pu/ 23 Pu ratios of 0.15 (core E at 1275 m), 0.14 (core D
at 2362 m), 0.13 (core C at 2700 m) and 0.10 (cores G and H at 4469 and
4990 m, respectively) the pore water 240Pu/239 Pu ratios remain =0.18,
in dis-equilibrium with the solid phase (Fig. 6.6). These data suggest
that the Nevada debris in the sediments ( 240u/ 239Pu=0.035) is more
tightly bound by its solid phase carrier than the global fallout Pu

( 240u/ 239Pu=0.18), and is therefore not participating in the Pu
solid/solution exchangereactions. This is supporting evidence for the
preferential solubility of global fallout relative to tropospheric
Nevada fallout Pu in marine sediments. A similar pattern should emerge
if sequential leaching experiments on these sediments were to be
performed in the laboratory.

These data also raise the question of the completeness of our
laboratory Pu sediment extraction procedures which use hot 8N HNO 3 to
remove Pu from the sediments for total Pu analysis. While the procedure
may be appropriate for sediments in which the Pu is predominantly
derived from global fallout, future deep-sea sediment analysis should
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include total dissolution steps to examine if the leaching steps are

truly quantitative. Indeed, researchers who study fallout Pu in soils

have found that a total dissolution procedure is necessary in their

analyses of samples which contain significant fallout from the Nevada

Test Site (Perrin et al., 1985; Krey and Bogen, 1986).

E. Nevada Fallout Inventories and the Spatial Extent of this Debris

Using the simple two end-member mixing model of Krey et al.
240 239(1976) (see Table 6.3) and a Pu/ 23Pu atom ratio of 0.18 and 0.035

for global stratospheric fallout and Nevada tropospheric fallout

respectively, I have calculated the fraction of the total Pu activity

at any given site from the Nevada source alone. The results in Table

6.3 show that over 40% of the total 239'240Pu activity in the deep-sea

cores G and H is due to the Nevada source. The percentage of Nevada

fallout decreases in the shallower cores where 28% (at 2700 m), 22% (at

2362 m), 14% (at 1275 m), 2% (at 501 m) and less than 1% (at 90 m) of
239,240the activity of Pu is supplied by the low ratio Nevada fallout.

I have also calculated in Table 6.3 the sensitivity range of the two

end-member model to changes in the assumed 240u/ 239Pu ratios of Nevada

and global fallout. Within a range of 240u/23 Pu ratios from

0.030-0.040 for Nevada fallout and 0.175-0.185 for global fallout, the

percent fraction of the total Pu activity from the Nevada source varies

by only ± 3%, given a sample 240Pu/23 Pu ratio of 0.10 or 0.15.

As mentioned previously, the influence of the Nevada fallout

becomes less significant in the shallower cores due to the enhanced

scavenging and removal of stratospheric Pu in the shallower regions

(Buesseler et al., 1985). The relatively high percentages of Nevada

fallout in the deep-sea may at first appear surprising considering that

relative to global fallout the Nevada source contributed less than 1%

to the total Pu supply to the environment (based upon total yields -

calculated from D.O.E., 1982). The very low total Pu inventory in the

deep-sea sediments must accentuate the effect of Nevada fallout at these

sites.
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Table 6.3. Percentage of Nevada Fallout in N.W. Atlantic Sediments

Depth Core ID 240Pu/239Pu Nevada/Total Total dpm/m2 Nevada dpm/m 2
(a) (b) (c)

90m A 0.193 <0% 12400 0
501m F 0.176 2% 2660 50
1275m E 0.152 14% 2270 308
2362m D 0.137 22% 1270 283
2700m C 0.128 28% 290 80
4469m G 0.101 45% 260 117

4990m H 0.105 42% 430 181

(a)- 240Pu/239 Pu sediment data from Table 6-2

(b)- Calculated from the two fallout end-member model of Krey et al. (1976):

(Pu Activity)1 = (R2 - R) (1 + 3.68R )

(Pu Activity) 2  (R - R 1 ) (1 + 3.68R 2 )

where R = P240u/ 39Pu atom ratio of sample
240 239

where R = Pu/ Pu atom ratio of source 1 (i.e. Nevada = 0.035)
240 239

where R P240u/ Pu atom ratio of source 2 (i.e. Global = 0.18).

* This equation converts 240Pu/239 Pu atom ratio data to activity ratios of

2 3 9 '2 4 0Pu from two sources. The constant 3.68 is the ratio of the specific

activities of 240Pu to 239Pu.

Sensitivity of Krey model to varying end-member atom ratios
- Calculated for R=0.15 and R=0.10
- Reported as the % Nevada/Total activity

----------- R = 0.15 --------- ---------- R = 0.10 ---------
R 2=0.175 R 2=0.180 R2=0.185 R =0.175 R 2=0.180 R =0.185

R1=0.030 12% 14% 16% 42% 43% 45%

R1=0.035 13% 15% 17% 44% 46% 47%

R1=0.040 14% 16% 18% 47% 48% 49%

(c)- Sediment Pu inventory data from Chapter 4 and in Buesseler et al., 1985
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Another means of examining the contribution of Nevada fallout Pu to

these sediments is to use the Nevada fallout percentages and the mea-

sured total sediment Pu inventory to estimate the total inventory of

Nevada fallout Pu deposited at each site. The results suggest (Table

6.3) that between 50 and 300 dpm/m2 of 239,240Pu from the Nevada test
site was deposited along this transect (cores F through H). This can be

compared to a total global fallout 239'240Pu delivery estimate of 5600

dpm/m 2 at these latitudes (Hardy et al., 1973). This sediment inventory
calculation suggests that 1-5% of the total Pu deposited along this

transect is from the Nevada source while yield data suggest that <1% of

the total Pu should have been generated from the Nevada tests. The

apparent discrepancy between these two estimates may reflect problems

with the simple two end-member mixing approach or errors in the delivery

estimates and/or test yields. The Nevada fallout 240u/ 239Pu ratios do

vary between tests (Hicks and Barr, 1984), and rather than representing

a well mixed average the fallout deposition at any one site may reflect

a very patchy input of deposition from specific tests (as seen for

example in Troy, N.Y. where tropospheric fallout from a nuclear test at

Nevada was deposited as a localized "hot spot" - Clark, 1954). The

factor of six range in the sediment 239,240Pu inventory atributable

to the Nevada source may reflect the patchiness of the Nevada fallout

deposition.

An independent estimate of the total Nevada fallout inventory which

one might expect in this region can be obtained from data on total

fallout 90Sr deposition from the Nevada tests (Larsen, 1985). Larsen

estimates that 20 mCi/km 2 of 90Sr from the Nevada tests was delivered as

tropospheric fallout, calculated from the Nevada test yields and assuming

that this fallout were spread only across the continental U.S. Given a
239,240Pu/90Sr ratio in fallout of 0.017 (Harley, 1980), one would

expect =750 dpm/m2 of Nevada fallout Pu over this same region. This

agrees reasonably well with my data (50-300 dpm/m2), considering that if

the Nevada debris was spread beyond U.S. boundaries (as suggested by my

data) the Larsen estimate would decrease substantially.

To estimate the spatial extent of the Nevada tropospheric fallout,
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surface samples from box cores across the North Atlantic were analyzed

for their 240u/ 239Pu ratios. At locations where the total Pu

inventory was known, the net sediment inventory from the Nevada source

was estimated by the same procedure used in Table 6.3. Figure 6.7

shows the location of these cores and results of their analysis. Also

included in Figure 6.7 are the calculated Nevada Pu inventories from

the data of Scott et al. (1983) in the Gulf of Mexico. The existence

of deep-sea sediment samples with 240u/ 239Pu ratios <0.18 across

the entire North Atlantic basin is somewhat surprising. While the

inventories of Nevada Pu in the Gulf of Mexico (60-500 dpm/m2) are

similar to those in the N.W. Atlantic (50-300 dpm/m2), the apparent

Nevada inventories in the Mid- and Eastern Atlantic and the Eastern

Mediterranean are lower (15-30 dpm/m2 ) (Fig. 6.7). Clearly more data

are needed, but the wide extent of the low 240u/ 239Pu ratio

sediments is evident. Estimates of the trajectories of tropospheric

fallout from the Chinese tests (U.N., 1982) and the U.S. Marshall

Islands tests (Machta et al., 1956) do support the transport of

tropospheric fallout around the globe within a matter of weeks.

Interestingly, the one deep-sea core analyzed at 2*S, did not show any

evidence of the Nevada component ( 240u/ 239Pu=0.18), which is

consistent with the expected lack of inter-hemispheric mixing of Nevada

fallout in the troposphere. More analyses at cores with complete Pu

inventory and isotope ratio data are needed to further elucidate the

source(s) of Pu to the deep-sea across the entire Atlantic basin.

F. 240u/ 239Pu Profiles within Individual Cores

While the average 240pu/ 239Pu ratio is decreasing in the sedi-

ments with increasing water depth, the 240pu/ 239Pu profiles within a

given core remain essentially constant. As is shown in Figure 6.8 both

the near surface samples with the highest Pu activities and the deepest

samples in the profiles with the lowest Pu activities have identical

240pu/ 239Pu values. These constant downcore 240pu/239Pu ratios must be

the result of relatively rapid sediment mixing given the input of Pu
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from both low and high 240Pu/ 23Pu ratio sources. A brief model

calculation will be used below to demonstrate this effect and to show

how the isotope ratio data can be used to further our understanding of

the removal rate of Pu to marine sediments.

Any model which is used to estimate sediment mixing rates based

upon Pu activity profiles requires that the input function of Pu to the

sediments be known. Two commonly used Pu input functions are either

the Pulse input model, whereby the bulk of Pu in the sediments arrived

soon after its deposition to the ocean or the continuous input model,

whereby the supply of Pu to the sediments has been constant since its

introduction (Guinasso and Schink, 1975; Officer and Lynch, 1983;

Cochran, 1985; Sayles and Livingston, 1985; Anderson et al., 1986; and

references therein). Arguments for and against either input function

have been made and intermediate input models with characteristics of

both scenarios have also been used (Santschi et al., 1980; Anderson et

al., 1986; Lapique et al., 1986). While the Pu activity data may often

be fit with some degree of success by either input assumption, the

calculated sediment mixing rates from these Pu mixing models will

change significantly depending the chosen input function (Cochran,

1985; Chapter 7, this thesis). The Pu isotope data will be used to

chose the most appropriate input scenario.

The Pu sediment mixing model I will demonstrate satisfies both the

observed Pu activity profiles and the 240u/23 Pu data. The model

will be run for core D (2362 m; Table 6.2) since the data at this site

are complete and since the 240Pu/23 Pu ratio in the sediments at

this site (240u/ 23Pu=0.14) lies between the two fallout source

extremes. For a more complete discussion of this model and its

application to other sites the reader is referred to Chapter 7 of this

thesis.

The model assumes that a pulse of low ratio Nevada fallout Pu

(240 Pu/23 Pu= 0.035) arrived at the sediment/water interface in

1956 (1956 was chosen since it lies between the two highest Nevada

fallout years - Hicks and Baar (1984)). The rate at which this fallout

is mixed downward is fixed by the sediment mixing rate determined
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independently on the exact same samples with a steady-state 210pbex

mixing model as described in Chapters 4 and 7 of this thesis and used

by many previous researchers (Goldberg and Koide, 1962; Nosaki et al.,

1977; Peng et al., 1979; Krishnaswami et al., 1980; Demaster and

Cochran, 1982, among others). In addition, a second source of fallout

Pu will be added to the sediments in this model with a 240pu/ 239p

ratio of 0.18 (i.e. global fallout), such that the combined

240u/ 239Pu ratio in the core equals the average value detected at

this site today. For example, at core D (2362 m) the Nevada fallout

pulse in 1956 would represent 22% of the total sedimentary Pu as

calculated in Table 6.3.

What remains to be fixed in this model is the input function of

the second source of (global) fallout Pu, and as suggest above, two

extremes will be attempted. In the first case, the global fallout Pu

(240Pu/239Pu=0.18) will be added to the sediments continuously

since the year 1960 (mid-way in the global fallout record), such that

in the case of core D, by 1984 a total inventory of 78% x 1270 dpm/m2

(the total Pu inventory) =991 dpm/m2 of global fallout Pu is added to

the sediments. I will call this the "pulse/continuous" model, since

the Nevada Pu pulse ( 240u/ 239Pu=0.035) is followed by the

continuous addition of global fallout Pu ( 240u/ 239Pu=0.18) to the

sediments. This is shown schematically in Figure 6.9a along with the

appropriate analytical solutions to this mixing equation. The

240u/ 239Pu profile which the "pulse/continuous" model generates in

the sediments is shown in Figure 6.9b. This model results in

systematically increasing 240u/ 239Pu ratios towards the sediment

surface since sediment mixing (as determined by 210Pbex) is not

fast enough to obliterate any increases in the 240u/ 239Pu ratios

due to the continuous supply of global fallout Pu to the sediments.

The second model is similar to the first except that after the

initial pulse of low ratio Nevada fallout in 1956, the remainder of the

global fallout Pu is input into the sediments as a pulse in 1960 (Fig.

6.9a). In this "pulse/pulse" model, the 240pu/ 239Pu ratios in the

sediments would not change appreciably from core top to bottom, given
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Figure 6.9a: Schematic Diagram of "Pulse/Pulse" and "Pulse/Continuous"
Models.

"pulse/pulse" model

Global
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The analytical solutions to a eddy diffusive sediment mixing model for Pu assuming

negligible sedimentation. Db(mixing rate) and porosity are constant, and the activity.

A=AO at ==0, are (see Duursma and Hoede, 1967; Cochran, 1985; Chapter 7 this thesis):

for a pulse input scenarico- A/A 0 = exp[-z2/4Db
t ]

for a continuous input- A/A = exp-z 2/4Dbt] -z/2( ) erfcfz/2(% t),/
Dbt

where erfc is the error function compliment, t is the time in years since the pulse input

occurred, or over which the continuous input occurred, Db is fixed by 210pbex modelling.
240 239

the relative sizes of the Pu inputs are fixed by the Pu/ Pu data and the two end-

member model (Table 6.3). These solutions are summed to obtain the "pulse/pulse" and

"pulse/continuous" model curves. See text and Chapter 7 for details.
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the observed mixing rates and given that both sources of Pu arrived to

the sediments within a relatively short time span (4 years in this

case) (Fig. 6.9b).

Altering the years of either the Nevada input or global fallout
inputs by two to six years will not appreciably alter the

240Pu/23 Pu profiles which are generated (Chapter 7). A faster
mixing rate would decrease the slope in the "pulse/continuous" model
240 239240Pu/ 239Pu curve, but the general shape would be the same (see

Chapter 7 for more detailed sensitivity analyses of this model).

Figure 6.9c depicts the 239'240Pu activity profiles generated from

these models with the 210pbex derived sediment mixing rates. The
"pulse/pulse" model appears to fit the 239,240Pu activity data quite
well and also satisfies the uniform 240u/23 Pu ratio distribution
within the core. Similar results are reached when the data from cores
E (1275 m) and C (2700 m) are modeled (Chapter 7).

The major conclusion of this modeling exercise is that the bulk of
Pu in the sediments at sites E, D, and C arrived shortly after the peak
depositional years of both the Nevada and global fallout sources. This
is a general conclusion that should apply to global fallout Pu inputs

to continental slope and deep ocean sediments outside of the North
Atlantic. Perhaps removal rates of Pu from the surface waters were
generally much greater in the past when in contrast to today, the
surface waters were not yet depleted in Pu.

In apparent contradiction to the pulse-like Pu input models,
recent evidence for the continuous deposition of Pu to deep-sea
sediments is suggested by sediment trap studies (Livingston and
Anderson, 1983; Fowler et al., 1983; Bacon et al., 1985). In an
extensive study by Bacon et al. (1985), sediment trap 239,240pu
fluxes over a three year period at the Bermuda station of Deuser (1986)
are estimated to be 5.6 dpm/m2 per year. This sediment trap station
is approximately above my core G where a 239'240 Pu sediment inventory
of 260 dpm/m2 is found. If the flux had been constant, then =50%
of the observed 239,240Pu sediment inventory can be accounted for by
this mechanism (5.6 dpm/m2yr x 25 yrs). This comparison may be too
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simplistic however due to: 1) the considerable spatial variability

between Pu sediment inventories amongst deep-sea cores within the same

area (Buesseler et al., 1985; Druffel et al., 1984), 2) the neglect in

this calculation of deep water Pu inventories which must have similarly

been supplied by the rapidly sinking biogenic particles, 3) a lack of

understanding concerning decade-long variability in trap fluxes (Deuser

et al., 1986), 4) the resolubilization of biogenic trap material at the

sediment/water interface (Reimers and Suess, 1983; Liu and Kaplan,

1984) and the potential release of Pu back into the overlying waters.

While the pulse/pulse model requires that the bulk of Pu added to

the sediments have arrived early-on, this would hold only for the

deeper cores. At shallower sites, the continuous removal of Pu is more

intense as evidenced by the progressively larger total 239,240pu

sediment inventories (Buesseler et al., 1985) and the higher

240u/ 239Pu ratios. Basically there is a range of removal

processes occurring and the relative intensities of these processes

will determine the true input function of Pu to the sediments at a

given site. At the shallower sites, inorganic particle-related

scavenging and removal processes would be the dominant Pu scavenging

mechanism. As the water depth increases and boundary scavenging

processes become inherently less effective, the dominant removal

process becomes the biological packaging and rapid sinking of large

particles. At these deeper sites the earlier removal fluxes were

apparently greater than present day fluxes. The potential range in Pu

input functions as a function of water depth is therefore quite large

and ranges between these two extremes. In summary, at water depths

>1200m in this region, a pulse-like input scenario is consistent with

both the Pu activity and isotope data. On the shelf, I feel that a

continuous input model would be more appropriate.

VI. 240u/ 239PU RATIOS IN THE PACIFIC

It is interesting to speculate on the significance of close-in

fallout in determining the geochemical behavior of Pu in the Pacific
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basin. From test yield data (D.O.E., 1982) one can calculate that 95%

of all surface based nuclear testing worldwide was conducted at these

islands (this includes all surface, tower, barge and balloon tests at

<500 ft). Certainly, both the elevated water column and sediment

inventories of 239P240Pu in the North Pacific support the deposition

of substantial Pu from the Marshall Islands tests to the Pacific (Bowen

et al., 1980; Livingston, personal communication, 1986).

With a surface based nuclear test on a coral island, fallout Pu

would be carried by particles consisting largely of calcium oxide,

calcium hydroxide, and calcium carbonate phases (Adams, 1960). The

delivery of large quantities of these fallout particles to the surface

of the Pacific and their subsequent transport to depth and

resolubilization would be important in determining Pu's removal from

the water column to the sediments. For instance, the Pacific GEOSECS

data of Bowen et al. (1980) are characterized by a subsurface Pu

activity maximum, and often a near-bottom enrichment of 239,240 pu.

This Pu distribution contrasts with that of the Atlantic (Livingston et

al., 1985) and may represent a more complicated picture of Pu sources

than originally thought. Isotopic Pu studies which can separate

between the stratospheric fallout Pu ( 240u/23 Pu=0.18) and

Marshall Islands fallout ( 240u/ 239Pu>0.22) will be needed before a

complete understanding of Pu geochemistry in the Pacific is obtained.

I have analyzed sea water from 380 N 1800 W in the Pacific at

mid-water depths and found a 240Pu/239 Pu ratio of 0.234 + 0.005
(data in Appendix III). Closer to the Marshall Islands (180 N 152 0E), a

240 239near bottom Pu/ 23Pu ratio of 0.291 + 0.016 was found, while a
surface sediment sample had a ratio of 0.357 + 0.024 at this same

site. These data suggest that there is an apparent increase in the
240Pu/23 Pu ratio in seawater and sediments near the source of

close-in Pu inputs (i.e. the Marshall Islands). Bertine et al. (1986)
240 239

found Pu/ 23Pu ratios ranging from 0.19 to 0.27 in 12 water

column samples from 120N 1620E and 320N 162 0 E. In contrast to my data,
they did not find a consistent increase in the 240Pu/239Pu ratios

at the station which was located closer to the Marshalls.
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Unfortunately, Bertine et al., do not report the associated error on

their 240Pu/239 Pu ratios so that the range of values they found may

represent analytical scatter which obscures any real spatial trend in

the data.

The elevated Pacific water column 240Pu/239 Pu ratios over those I

found in the Atlantic and by Scott (personal communication) in the Gulf

of Mexico ( 240u/ 239Pu=0.18) are at least strong evidence that the

characteristics of the Marshall Islands close-in fallout must be con-

sidered when interpreting Pu activity data from the North Pacific basin.

Differences between global fallout particles and close-in fallout from

a coral island surface burst may result in a separation of these two

fallout types in the ocean, but this has yet to be shown.

VII. CONCLUSIONS

The mass spectrometric analysis of 239Pu and 240Pu in North

Atlantic marine samples has provided a unique insight into the sources

and geochemistry of fallout Pu. 240u/ 239Pu ratios are found to

vary systematically due to a separation of Pu carried by global

stratospheric fallout and Pu carried by tropospheric fallout from

surface based testing in Nevada, each of these sources being identified

by their characteristic 240Pu/23 Pu ratio. This relationship

between the specific source of Pu and its behavior in the oceans

suggests a more complex oceanographic chemistry for Pu than previously

suspected. More specifically, this study concludes:

1) 240u/ 239Pu ratios in Atlantic seawater, pore waters,

sediment trap samples and continental shelf sediments are all close to

0.18, the global stratospheric fallout average. In contrast,

systematically decreasing 240u/ 239Pu ratios are found in sediments

with increasing water depth in the Northwest Atlantic (ranging from

0.18 at 90 m to 0.10 at 4990 m).
240 239

2) A unique source of low Pu/ 239Pu ratio Pu must exist that

is rapidly transported to these deep-sea sediments. Since the isotopic

data rule out the present day fractionation of 239Pu from 240Pu in
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the water column, I have concluded that tropospheric debris from

surface based nuclear testing at the Nevada Test Site is the most

likely source of low ratio Pu ( 240Pu/ P239u=0.035).

3) 240u/ 239Pu ratios and 239'240Pu activity data from

archived sediment samples from the 1950's and 1960's are consistent

with the expected timing of Pu inputs to this region from the Nevada

source.

4) The pronounced dis-equilibrium between pore water

240Pu/23 Pu ratios (=0.18) and deep-sea sediment 240Pu/239Pu

ratios (=0.10-0.15) supports a difference in the physical/chemical

character of the Nevada and global fallout types. The Nevada fallout

Pu appears to be more tightly bound by the solid phase than the global

fallout Pu, and is therefore not participating in the Pu solid/solution

exchange reactions.

5) Using a two end-member mixing model, one can calculate that

over 40% of the total 239,240Pu activity in the deep Northwest

Atlantic sediments (at depths >4500m) was supplied by the Nevada

fallout source.

6) Deep-sea sediments across the North Atlantic basin all show some

evidence of the Nevada fallout signal (i.e. 240u/23 Pu<0.18). The

total Pu inventory from the Nevada source decreases as one examines the
Eastern Atlantic sites which are more distant from the Nevada Test Site.

7) The availability of 240Pu/239 Pu data and 239,240pu

activity data in the sediments allows me to constrain the input

function of fallout Pu to deep ocean sediments (>1200 m). The data are

consistent with a "pulse/pulse" model whereby the input of Nevada

fallout Pu to the sediments is followed quite closely in time by the

input of global fallout Pu. The continued net flux of Pu to deep ocean

sediments appears to be minor, relative to scavenging and removal

processes at the more shallow coastal sites.

8) The relationship between the geochemistry of Pu and the

specific sources of fallout Pu can have major implications for

understanding the behavior of fallout Pu in the Pacific basin. In this

basin, water column 240pu/23 Pu ratios which are elevated over the
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global 0.18 average are found (0.19-0.27). These elevated ratios are

likely due to the large input of Pu carried by close-in fallout from

the Marshall Islands. The geochemistry of Pu carried by fallout

particles from surface based testing at these coral atolls need not be

identical to the geochemistry of global fallout Pu, but this has yet to

be confirmed.
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CHAPTER 7

The Modeling of Sediment Mixing using
210 ex 239,240 240 239

Pb P239 u and Pu/ Pu data

I. INTRODUCTION

In this chapter sediment mixing rates will be calculated based upon

the distributions of 210Pbex and 239 ,240 Pu activities and 240pu/
239Pu ratios in shelf, slope and deep-sea sediments from the Northwest

Atlantic. This discussion is intended to expand upon earlier discus-

sions in this thesis of the models used to estimate sediment mixing rate

estimates, and the inherent errors and assumptions behind their use.

The models used here are adapted from extensive work by many research-

ers, and the reader is referred to these original studies for further

background information (Goldberg and Koide, 1962; Guinasso and Schink,

1975; Nosaki et al., 1977; Benninger et al., 1979; Peng et al., 1979;

Krishnaswami et al., 1980; Demaster and Cochran, 1982; Carpenter et al.,

1982; Officer and Lynch, 1982, 1983; Cochran, 1985).

The application of sediment mixing rates to topics of concern to

this thesis can be briefly summarized as follows. In Chapter 4, evi-

dence for or against the remobilization of 239'240Pu from marine sedi-

ments was sought from a comparison between sediment mixing rates calcu-

lated by both the 2399240pu and 210Pbex tracers. In Chapter 6, sedi-

ment mixing rate data were used in conjunction with 240Pu/ P239u isotopic

ratios in a model which can be used to constrain the input function of

fallout Pu to marine sediments. Furthermore, Anderson et al. (1986)

have used the sediment mixing data from this study combined with addi-

tional data from this region to examine the accumulation of total

organic carbon and chlorinated hydrocarbons along the SEEP-I transect

(along 710 W out to 3000 m).

II. PARTICLE MIXING RATES - 210Pbex

The basic assumption behind any of the models presented here is
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that the process of sediment mixing is analogous to eddy diffusion over

the time scale of interest provided by our tracer. In actuality, this

is an idealization of the truly discontinuous processes responsible for

sediment mixing, such as the feeding and burrowing activities of benthic

organisms. In practice, the simplified diffusive formulation of sedi-

ment mixing can be applied if the time and spatial scales over which a

tracer profile integrates include sufficient mixing activity to obscure

any discreet mixing events. For a tracer such as 210Pb with a

half-life of 22.3 years, Boudreau (1986a) demonstrates that for the

diffusive models to hold, mixing should occur much more frequently than

on a yearly basis and the scale of sampling must be intermediate between

the scale of microscopic variations in sediment grain size and composi-

tion and the macroscopic scale over which the tracer is changing signif-

icantly in activity (i.e. the mixing depth). Given these constraints,

the general equation for particle mixing, accumulation and radioactive

decay can be written as:

6 6 6A 6 g
(1) -[pA] = 6- [Db 6z] - [pSA] - XpA

where t = time (yr)

p = dry bulk density (g dry sediment/cm 3 wet sediment)

A = activity of the radionuclide (dpm/dry weight of sediment)

z = depth in sediment profile (cm)

Db= sediment mixing rate (cm2/yr)

S = sedimentation rate (cm/yr)

X = decay constant of the radionuclide (0.031 yr-1 for 210Pb).
210 239240Given any single tracer such as Pbex or 239240pu, either Db or S can

be calculated if it can be shown that sediment mixing or sediment accum-

ulation is negligible relative to the other variable. The above equa-

tion is typically solved assuming that both the dry bulk density and

the mixing rate are constant throughout the region of interest. In the

case of my data, the dry bulk density is known, and by converting the

depth variable, z, to a cumulative mass per unit area scale (g/cm 2 ) a

density independent mixing rate, E, can be calculated (Officer and

Lynch, 1982; Cochran, 1985). Db is related to E by the equation
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D b=E/p2 , and when these two mixing rates are compared from my data

set, they are in agreement within the associated errors. I have there-

fore opted to report the sediment mixing rates as Db values (cm2/yr)

which were calculated assuming constant porosity throughout the mixed

zone.

With respect to the assumption of a constant sediment mixing rate

over the depth of the mixed zone, it is obvious from my data that in

cores A (90 m) and F (501 m) much more rapid sediment mixing occurs in

the upper cm's of the sediment column which obscures any downcore

gradient in 210Pbex or Pu in the surface sediments. In these cases,

a two-layer system can be envisioned. In the upper layer, sediment mix-

ing is so rapid that essentially complete homoginization of the 210Pbex

and 239P240Pu tracers occurs within the decada long time scales of these

tracers. This is underlain by a zone of decreased benthic mixing

activity, characterized by decreasing 210Pbex and 239,240Pu activities

with increasing depth, where the sediment mixing rates were calculated.

In general, there is not sufficient evidence to warrant the further

development of depth dependent mixing rate models for this data set.

If the input of 210Pb to the sediment is assumed to be in

steady-state, then the solution to equation (1) is:

(2) A = Aexp S - (S2 - 4DbX) 1 / 2 . z
(2) A = AexpDb 2Db

where A is the activity of 10Pbex at z=0 and A is the activity at

depth z. From this solution one can see that sedimentation can be

ignored if S2 << 4DbX. Ignoring sedimentation, equation (2) reduces to

the more commonly used form:

(3) A = AO exp [-(X/Db) 1/ 2 - z].

The mixing rates in my cores, will be shown to range between 0.1 to 3

cm2/yr, similar to other studies in this region (Santschi et al., 1980;

Anderson et al., 1986). The sedimentation rates are constrained by a

14C estimate of 13 cm/1000 yr at 1170 m from a core along my sediment

transect (Tanaka, 1986) and a reconstructed sedimentation rate over the

past 18,000 years of 5-20 cm/1000 yr based upon CaCO 3 distributions in
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the slope regions (Anderson et al., 1986). Within this range of mixing

rates and accumulation rates the sedimentation term can indeed be neg-

lected and equation (3) used to solve for Db. Independently, it can be

argued (Anderson et al., 1986) that the equivalent penetration depths of
210Pb and 239'240Pu in the solid phase profiles and their constant

ratios throughout the cores support the overall dominance of sediment

mixing over sediment accumulation at these sites.

The solutions for Db calculated from equation (3) and my 210Pbex

data are provided in Table 7.1a. To calculate the mixing coefficient, a

statistical curve fitting package ("RS/1" - BBN Software Products Corp.)

was used which calculates the best fit exponential curve minimizing the

sum of the squares of the errors between the calculated curve and the
210pbex data. This curve is of the form - AO = A exp[-B-z], where B

(= (X/Db) 1/2) is the calculated best fit slope. From the 90% confidence

limits on B, the 90% confidence limits on Db have been calculated and

are given as the Db ranges in Table 7.1a. It is not unusual for the 90%

confidence ranges for Db to span a factor of two or more. This estimate

of the Db range is important to obtain, if one wishes to use the calcu-

lated mixing rates in any diagenetic modeling, or if one wishes to com-

pare Db's found with different tracers or at different locations. The

best fit mixing line for 210pbex is plotted with the data in Figures

7.1a-h (solid curve), and the curves corresponding to the 90% confidence

limits have been plotted for cores E, D and C as well (dotted line in

Fig. 7.1e, 7.If, and 7.1h, respectively).

As can be seen for example in Figure 7.le (core E), the model mix-

ing curves which correspond to the 90% confidence limits on Db are qual-

itatively not vastly different than the best fit line, however these

curves represent a factor of two range in the calculated sediment mixing

rate (0.67-1.35 cm2/yr; Table 7.1a). An important point to be made is

that the reported mixing rates can change quite dramatically due to

relatively small shifts in the best fit curve, or alternatively due to

subtle shifts in one's data or sampling strategy. Ideally, many data

points covering a large depth range are needed to determine the sediment

mixing rate with a high degree of certainty. In practice, this may be
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Table 7.1a
* 210 ex

Sediment mixing rates calculated from Pb data

Core I.D. Water Depth

(m)
A 90
AK 80
F 501
BK 1170
E 1275
D 2362
CK 2700
C 2700

--Exponential Fit----
Mixing Rate RanQe

(cm 2/yr) +/- 90%
1.4 (0.6-5.5
2.9 (2.3-3.6
0.42 (0.15-4.
0.49 (0.34-0.
0.92 (0.67-1.
0.71 (0.55-0.
0.73 (0.53-1.
0.60 (0.33-1.

--Linear Fit--
Mixing Rate

(cm 2/yr)
2.2
2.4
0.36
0.90
0.80
0.71
0.99
0.85

5)
67)
35)

95)
34)
47)

* see text for details of model

Sediment mixing rates calculated* from 2 3 9 '2 4 0P data
Sediment mixing rates calculated from Pu data

-Pulse input (1962)-
Core Mixing Rate Ranoe

I.D. (cm 2/yr) +/- 90%

A 1.32 (i.d.)
F 0.11 (i.d.)
E 0.24 (0.16-0.46)
D 0.59 (0.51-0.71)
C 0.23 (0.13-1.2)

* see text for details of model
** (i.d.) = insufficient data to

-Continuous input (1962)-
Mixing Rate

(cm 2/yr)

0.82
0.32
0.66
2.6
0.52

determine 90% confidence limits

Table 7.1c D 's recalculated from core E Pu data for different input years-:b

-Pulse input-

D (cm 2/yr)-b
0.21
0.22
0.24
0.27

-Continuous input-

D (cm /yr)-b

0.56
0.61
0.66
0.72

Table 7.1b

1958
1960
1962
1964
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Figures 7.la-h: Solid Phase 210Pbex Profiles and Model Mixing Curves

Core A- 90m

0 5 10 15 20 25 30 35

Core AK- 80m
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210pbex data are represented by solid squares with an associated one
standard deviation error bar. The solid line represents the model best
fit sediment mixing curve for 210Pbex (as given in equation (3)). The
dashed line in Fig. 7.1c represents the best fit mixing curve using
equation (4) to fit the 210Pbex data. The dotted lines in Figs. 7.1e,
7.1f, and 7.1h represent the 90% confidence limits for Db as reported in
Table 7.1a.
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very difficult to achieve especially in deep-sea cores where the mixing

zone is confined to the upper 5-10 cm of the core. In addition, if

one's solid phase profile includes points which do not fit the steady-

state exponentially decreasing 210Pbex model (for example if elevated

activities are found deep in a core due to the sampling of a large worm

tube) then the decision to include or exclude these "odd" data points

can significantly alter the calculated sediment mixing rate.

In Table 7.1a, I have also provided the mixing rates calculated

from a linear fit to the ln converted form of equation (3), which is:

(4) lnA = lnA 0 - [(X/Db)1/2 . z].

This is the most popular form of the 210Pbex mixing model solution

whereby on a plot of lnA vs. z, the resulting straight line fit can be

easily visualized and from the slope of this line the sediment mixing

rate can be obtained. In every case except core BK, the Db calculated

from the linear fit is within the 90% confidence range of the previous

estimate, however the best fit Db from equations (3) and (4) are not

identical. In general, the linear fit approach is acceptable if a large

number of data points are available, and if these points are not clus-

tered at the low activity range deep in the core. With the ln conver-

sion, low activity points with relatively large errors are equally

weighted in the standard straight line fitting procedures, and this can

bias the fit towards the deeper sections of the curve (see the dashed

line fit to core F in Fig. 7.1c). In these cases (and preferably in

every case), a weighted fitting procedure should be employed whereby

the data points are fit according to a weighting factor which is

inversely proportional to the variance associated with each point

(Bevington, 1978).

III. PARTICLE MIXING RATES - 239,240Pu

Given the relatively recent introduction of Pu into the environ-

ment, a steady-state solution to equation (1) cannot be used to model

the 239,240Pu sediment distributions. In order to solve the Pu mixing

models, an input function for Pu to the sediments must be chosen. As



- 170 -

suggested by previous researchers (Guinasso and Schink, 1975; Officer

and Lynch, 1982; Cochran, 1985; Stordal et al., 1985; Sayles and

Livingston, 1985), two input extremes will be used for which an analyti-

cal solution is available. The first case is called the "pulse" input

model, since as the name suggests, the input of Pu to the sediments is

taken as an instantaneous deposition of tracer at a chosen time, for

example in 1962 which was the peak year of fallout Pu input (Perkins

and Thomas, 1980). The second case is termed the "continuous" input

model since the flux of Pu to the sediments is considered to be constant

since its introduction. For both of these input assumptions, equation

(1) will be solved assuming constant porosity, negligible sedimentation

and given the long half life of Pu, assuming negligible Pu decay. Given

these conditions, equation (1) reduces to:

6A 62A
(5) ~t = Db S "

The solution to equation (5) assuming the pulse input scenario is

(Duursma and Hoede, 1967; Cochran, 1985):

(6) A/A0 = exp[-z2/4 Dbt] -

The solution to equation (5) assuming a continuous input of Pu is

obtained by integrating equation (5) over time (Duursma and Hoede,
1967; Cochran, 1985):

(7) A/A0 = exp[-z2/4Dbt] -z/2(D- 1/2erfc[z/2(Dbt) I/2

where erfc is the error function compliment (erfc(x) is equal to 1 for

x=O and decreases to zero quite quickly for x>1).

The 239 '240Pu data from cores A, F, E, D, and C were fit to both

the pulse and continuous input models, and the resulting best fit line

was used to calculated the sediment mixing coefficient, Db. In both

cases, the best fit is obtained by minimizing the sum of the squares of

the errors between the calculated model value and the observed data

points (both Db and A0 are variable). For the pulse model, 1962

was used as the time of the Pu input and for the continuous model, 1962
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was chosen as the date since which the Pu has been continuously deposi-

ted. The resulting sediment mixing rates are given in Table 7.1b and

for the case of the pulse input model, the 90% confidence ranges for

Db are provided. The best fit mixing curve from both the pulse and

the continuous model is plotted in Figure 7.2a-c for cores E, D, and

C. As is evident in this figure, either input function can be made to

fit the data with the appropriate mixing coefficient. In every case

except core A where insufficient data points are available to constrain

the Db calculation, the mixing coefficient calculated from the contin-

uous input model is greater than the Db from the pulse model. This is

expected since sediment mixing rates must be increased in order to mix

Pu to equivalent depths when the supply of Pu has occurred on average

much more recently as in the continuous scenario compared to the pulse

model.

Based upon curve fitting procedures alone, it is very difficult to

select which input function is most appropriate for the data, and hence

which Db best represents the "true" mixing rate. Also, given the wide

ranges in the 90% confidence limits for both the Pu and 210Pbex Db

calculations, there is generally an overlap between the estimated mixing

rates using these two tracers (the exceptions being the Db from the

pulse Pu model and 210Pbex model at core E, and the continuous Pu model

and the 210Pbex model at core D - see Tables 7.1a and 7.1b). Due to

this overlap, the solid phase 239p240Pu and 210Pbex mixing rate data

cannot be reliably used to argue for or against the preferential mobil-

ity of Pu in the sediments, as discussed in Chapter 4 of this thesis.

In Table 7.1c I have calculated the best fit Pu mixing rates from

the pulse and continuous models for core E over a range of chosen input

years (1958, 1960, 1962, 1964). As can be seen, the earlier that the

Pu input occurs, the lower the required mixing rate needed to fit the

data. In general, a shift of a few years in the Pu input date does not

significantly alter the final mixing rate within the confidence limits

of these models.

As discussed in Chapter 4, similar Pu mixing models have been used

by previous researchers to argue for or against Pu diagenesis in
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Figure 7.2a-c: Solid Phase 239,240pu Data and Model Mixing Curves
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sediments (Cochran, 1985; Stordal et al., 1985; Sayles and Livingston,

1985). It should be pointed out that both different curve fitting tech-

niques and different model assumptions have been employed by different

research groups. For instance, Cochran (1985) used the exact same pulse

and continuous Pu model solutions (6) and (7) as done here to fit his

deep-sea Pu data. In contrast to the curve fitting procedures used

here, his model curve is forced through the uppermost 239'240Pu solid

phase data point when obtaining his best fit curve. I recalculated a

Pu mixing rate which was 40% higher than his estimate using the same

data and the pulse Pu solution (6), but in my procedure the interface

Pu activity, AO, is variable (see discussion of MANOP site C in

Chapter 4).

In another similar study, Sayles and Livingston (1985) argue for

increased Pu mobility deep in their cores based upon a change in slope

at depth in their "continuous" Pu input model curve. In their study,

Sayles and Livingston chose a solution to equation (1) which does assume

the continual supply of Pu, but does so by fixing AO, the activity of

Pu at the interface. The solution to their input assumption is shown

graphically in Figure 7.3, and the differences in the two Pu "continu-

ous" models should be noted. I feel that the solution I have used to

model the continued input of Pu which assumes a constant flux to the

sediments rather than a constant A0 activity is a better representa-

tion of the continuous input scenario. Indeed in my historical Pu

activity data from the shelf of the Northwest Atlantic as discussed in

Chapter 6, the surface sediment 239P240Pu activities are found to
increase quite dramatically with time as the flux of Pu continues.

The Pu input question can become quite complicated since at every

site some combination of both a pulse-like and continuous-like input

function may be most appropriate. Within the errors of the mixing rate

estimates, attempts to combine these Pu input scenarios in either an

analytical fashion (Lapique et al., 1986) or a numerical fashion

(Anderson et al., 1986) do not produce dramatically altered mixing rate

estimates from the Pu activity data. The true input will vary from

site to site depending upon the importance of the continued scavenging
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Figure 7.3: Graphical representation of three diffusion problems for
constant time (taken from Duursma and Hoede, 1967)
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of Pu from the water column today, which is most significant in the

shallower regions (Buesseler et al., 1985). While the mixing rate

estimates themselves do not allow for the selection of the optimal Pu

input scenario, in the following section Pu activity data will be

combined with 240Pu/239 Pu isotope ratio data in a model which does

result in a clearer indication of the dominance of the early fallout

years with respect to the net input of Pu to marine sediments.

IV. SEDIMENT MIXING MODEL - 239P240Pu ACTIVITIES AND 240Pu/239 Pu RATIOS

As discussed in Chapter 6, there appears to have been at least two

distinct sources of fallout Pu to the North Atlantic sediments, each

with its distinctive 240u/ 239Pu signature. In the following

model, advantage will be taken of the relatively large difference in

the isotopic ratio of these two sources (tropospheric Nevada fallout

240u/ 239Pu=0.035; global stratospheric fallout

240u/ 239Pu=0.18) in order to constrain the input function of

global fallout Pu to marine sediments.

As presented schematically in Figure 6.9 of the last chapter, the

main difference between this new model and the previous single pulse

and continuous Pu mixing models is the addition of a pulse of low

240u/ 239Pu ratio Nevada fallout to the sediments centered around

1956 (1955 and 1957 being the peak Nevada fallout input years - Hicks

and Baar, 1984). As shown previously in Table 6.3, we can use a two

end-member mixing model to calculate the relative amounts of Nevada and

global fallout at every site from the average sediment 240Pu/239Pu

ratio. Also, my data suggest that the Nevada fallout is rapidly and

efficiently transported to the sediments, and hence a pulse input

solution is well suited for modeling the Nevada Pu input (see Figs.

6.2, 6.6, and discussions in Chapter 6).

In my "pulse/pulse" model, global fallout Pu is added to the

sediments as a pulse shortly after the Nevada pulse (1960 vs. 1956).

In essence, the combination of the two pulses results in a Pu activity

curve which looks very much like the single pulse model described in



- 177 -

the previous section. In the "pulse/continuous" model, the Nevada

pulse is followed by the continuous input of global fallout Pu. Given

the dominance of global fallout with respect to the total Pu inventory

(Table 6.3), the resulting "pulse/continuous" activity profiles looks

very much like the single continuous input model described in the last

section (both the "pulse/pulse" and "pulse/continuous" model Pu

activity profiles are plotted for core D in Fig. 6.9). The main

difference in these models is that deep in the core, with the

"pulse/continuous" case, the Nevada component becomes progressively

more important such that the 240u/ 239Pu ratio is drastically

lowered. This shift in the 240u/ 239Pu ratio with depth in the

"pulse/continuous" model should be easily observable in the Pu ratio

data.

To calculate the 240u/ 239Pu ratio curves for these models I

first assume that I can use the 210Pbex derived sediment mixing

rate in calculating the expected distribution of Pu at every site if

the correct input assumption is chosen. The general overlap between

the apparent mixing rates derived by both 210Pbex and Pu has been

confirmed in the last section. To create the "pulse/pulse"

240u/ 239Pu curve, I first need to determine the relative size of

each Pu pulse that is added to the sediments. The total quantity of

tracer added at time zero can be calculated from equation (6) to be

(Duursma and Hoede, 1967):

1/2
(8) s = AO(4Dbt)1/2

where s is equivalent to the amount ot tracer added at t=0O. I use the

two end-member mixing model and the average 240u/ 239Pu ratios

within each core to fix the relative amounts of Pu from each of the

pulses. For example at core D, sNevada/Stota equals 0.22 (see

relative inventory calculations in Table 6.3). I then calculate two

separate Pu activity profiles, setting A0 in equation (6) for the

larger pulse of global fallout Pu by taking the best fit A0 from the

single Pulse model (Fig. 7.2) times its relative activity ratio from

the 240u/ 239Pu data (=l-(SNevada/stotal); for example in the
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case of core D, the A0 of the global pulse = 24 x 0.78 = 18.7). This

is a somewhat arbitrary decision which in effect is used to set

Sglobal with equation (8), so that in both the "pulse/pulse" and

"pulse/continuous" models the total amount of Pu added from global and

Nevada fallout doesn't change. Given the sglobal calculated above,

it is straightforward to calculate the Nevada pulse Pu profile, working

back from our estimate of the percent of Nevada Pu added (Table 6.3) to

calculate sNevada and hence A0 from equation (8). An activity

profile is calculated from equation (6), the A0 value, and the
210Pbex mixing rate. I then sum over 0.25 cm intervals the

resulting 239P240Pu activities from the two pulse distributions and

from this the 240u/ 23Pu ratios in the solid phase can be

calculated.

In the "pulse/continuous" model, the Pu Nevada activity profile is

calculated as just described, while the continuous global fallout curve

has yet to be determined. For the continuous input calculations, an

amount of tracer, Sglobal (the same amount as in the "pulse/pulse"

model), is added over time such that the yearly flux of Pu, q, equals

s/dt. In the solution to the continuous input model, equation (7), the

interface activity of Pu is related to q by the following equation

(Duursma and Hoede, 1967):

1/2
(9) AO = q * (t/Dbr)/2

From this equation and the known amount of global fallout added (i.e.

q), the continuous input curve for global fallout Pu is calculated.

Similar to the previous case, both the Nevada and continuous curves are

summed, and the resulting 240Pu/ 239Pu ratio at each depth is

calculated.

In Figure 7.4a-c I have plotted the model 240Pu/ 23Pu curves

for both Pu input scenarios for cores E, D, and C, which are the three

sites where I have sufficient activity and 240u/ 239Pu data to

reliably distinguish between these models. In every case, the

"pulse/pulse" model produces relatively constant 240Pu/ 23Pu ratios

throughout the core. Basically, if two separate sources of Pu are
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added to the sediments at roughly the same time, then mixing will result

in little separation between Pu from these sources some 20 or more years

after their input. In the "pulse/continuous" case the model does

exhibit a large shift in the expected 240Pu/ 239Pu ratio of the sediment

with depth in the core. At the sediment/water interface, higher

240Pu/ 239Pu ratios than the core average would be found while at depth,

progressively lower 240Pu/ 239Pu ratios are expected. This shift in the

240u/ P239u curve reflects the relatively deeper mixing of the earlier

pulse of Nevada Pu relative to global fallout Pu which is added in the

model at a constant rate over time. Clearly, the data resemble the

"pulse/pulse" model much more than the "pulse/continuous" case.

The calculated 240u/ 239Pu distributions in the "pulse/pulse" case

are relatively insensitive to the estimate of Db, but in the "pulse/

continuous" case the 240 u/ 239 Pu curve will shift if a different mixing

rate is assumed. Given the 90% confidence limits from the 210Pbex

derived mixing rate, the resulting effects on the "pulse/continuous"

model 240Pu/ 239Pu ratio curve can be calculated, and these are shown in

Fig. 7.4a-c. As the mixing rate increases, the slope on the 240Pu/239pu

ratio curve decreases, but the change in slope is not sufficient to

eliminate the 240u/ 239Pu gradients. The model is also fairly insensi-

tive to the choice of the input times for both the Nevada and global

sources. The basic conclusion is that if the net flux of Pu to the

sediments continued to be large, then a trend towards the higher global

fallout 240u/ 239Pu ratio should be detectable in the surface sediment

data, and lower ratios should be evident deep in the cores. The lack of

any strong downcore gradient in the 240u/ 239Pu data is the strongest

evidence supporting a pulse-like input for Pu from any of its sources at

these sites.

In the shallower cores, this model cannot be applied since the

average 240u/ P239u ratio is too close to the global fallout average,

and hence too little Nevada Pu is present to alter the 240pu/ 239pu

ratios significantly at any depth. Given the high Pu inventories in

cores F (501m) and A (90m) (Buesseler et al., 1985; Chapter 4, this

thesis) and given the historical increases in the surface sediment Pu
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240Pu/ 239Pu Atom Ratio Data and Model Mixing Curves.
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its Db
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240 pu/ 239 Pu atom ratio data are represented by a solid circle and their
associated one standard deviation error bars are plotted. The open
squares represent the resulting model 240pu/ 239Pu curve for the "pulse/
pulse" model, while the crosses represent the model 240 pu/ 239Pu curve
for the "pulse/continuous" mixing model (see text for details). Also
included with the"pulse/continuous" model curve are the resulting
240pu/239pu curves (solid line) if the chosen Db includes the 90% con-
fidence limits as discussed in the text.
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activity on the shelf (Chapter 6), there appears to be considerable

continued scavenging of Pu at these shallow sites in contrast to the

deeper cores.

Figure 7.5 is a schematic summary of the range of Pu input scenar-

ios suggested by the data and models discussed in this thesis. Essen-

tially there are a range of input scenarios depending upon the water

depth and hence the relative magnitude of the early fallout inputs (most

significant in the deep-sea) and continued scavenging processes (pro-

gressively more imporant in the shallower cores).

V. SEDIMENT MIXING PROCESSES - DEEP-SEA CORES G AND H

The two deep-sea cores G (4469m) and H (4990m) were collected with
the intention of obtaining both deep-sea Pu pore water data (Chapter 4)

and in order to examine solid phase activity data from sites where the

Nevada input would be most significant relative to my other cores. With

respect to the latter, 240u/23 Pu ratios close to 0.1 were found

throughout the cores indicating that over 40% of the total 239,240pu

activity at these sites originated from the Nevada fallout source (Table
6.3). As shown in Figure 4.3 in Chapter 4, there is a sharp sub-surface
maximum in both the 210Pbex and 239'240Pu activities at 3-4 cm in

core H and at 4-4.5 cm in core G. Because of these subsurface features,
I cannot use the models discussed in the previous sections which assume
that sediment mixing processes are purely diffusive in nature. Given

the constant 240u/23 Pu ratios throughout the sediment profiles in
cores G and H, at least qualitatively the Nevada and global fallout

sources must have arrived predominantly early on, otherwise a wider

range of 240Pu/23 Pu ratios would be expected.

As discussed in Chapter 4, I believe that these subsurface peaks

could be caused by surface deposit feeders which defecate a portion of
their ingested material at a discreet depth in the sediment column.

This can be considered an "inverse conveyor-belt" feeding pattern in
the terminology of Rhodes (1974) and others. Recently, Boudreau (1986b)

has attempted to model this type of mixing process. Given typical
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Figure 7.5: Schematic summary of Pu input scenarios to the sediments of the Northwest
Atlantic

The Pu input function to the sediments is plotted schematically vs.
time for deep-sea, slope and muddy shelf sediments. At the deep-sea sites,
the early 50's Nevada fallout Pu inputs are followed closely by global
fallout inputs In the 50's and early 60's with relatively minor continuous
fluxes of Pu being incorporated into the sediments. At the slope sites,
the total global fallout inputs are somewhat larger than the Nevada inputs,
with the bulk of the Pu arriving in the 50's and 60's. At the shelf sites,
the continuous input of Pu will dominate the Pu input function. The
relative amounts of Nevada and global fallout Pu incorporated into the
sediments with this scheme is consistent with the average trend In the
sediment 240pu/239Pu ratios. The Pu sediment mixing models suggest the
pulse-like input scenario for the deeper cores. The Pu inventory data and
the time sequence of Pu activity and 240pu/239pu data on the shelf all
support a higher rate of continued Pu scavenging in the shelf region.
support a higher rate of continued Pu scavenging in the shelf region.
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deep-sea conditions, subsurface maxima in the tracers profiles can be

generated mathematically if a large portion of the ingested surface

material is deposited at depth. If selected feeding on tracer rich

sediment occurs, the ingested tracers would be more readily observed

with this model (Boudreau, 1986b). Without direct field observations

to confirm the existence of the benthic communities which may be

responsible for this feature, it will remain impossible to separate this

inverse conveyor-belt feeding mechanism from transient or local

perturbations which can similarly produce a subsurface tracer maximum.

The presence of these subsurface tracer peaks is not limited to

this data set, but is present in a more subtle fashion or equally as

strong throughout many previous tracer studies in marine sediments

(Livingston and Bowen, 1979; Benninger and Krishnaswami, 1981; MacKenzie

and Scott, 1982; Kershaw et al., 1983; Stordal et al., 1985; Sayles and

Livingston, 1985; Smith and Schafer, 1984; Anderson et al, 1986, and

others). More work is needed to determine the specific biological or

physical processes responsible for the creation of these subsurface

features before further modeling of these features to obtain meaningful

mixing rate parameters is warranted.

VI. SEDIMENT MIXING RATES - SPATIAL VARIABILITY

In Anderson et al. (1986) we have summarized the mixing rate esti-

mates obtained by both 210bex and 239,240Pu from the shelf out to

2700 m along =71W where my cores are located. The models which were

used in Anderson et al. are those described in sections II and III of

this chapter and the data include the results given in Table 7.1 and an

additional 7 sites along this transect. The pattern of apparent mixing

rates with respect to water depth is shown in Figure 7.6. A major

feature of this larger data set is the occurence of rapid sediment

mixing in the shelf cores from the "Mud Patch" region (Db= 1-3.5

cm /yr) dropping of to lower mixing rates at all other sites. This

is not unexpected given previous observations of extensive benthic

activity in this muddy and organic rich shelf site (Santschi et al.,
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1980; Bothner et al., 1981). Interestingly, the mixing rates estimates

between 501 and 2700 m range between 0.1 and 1 cm2/yr (mean = 0.55

cm2/yr) with no systematic variability with increasing water depth.

The range in mixing rates within a single core or between separate

cores taken at the same location can be quite large. This small scale

spatial variability in the sediment mixing rate is the dominant feature

of this data set. Clearly, the mixing rate calculated from any one

profile should not be used if one wishes to extrapolated from any given

data set what the benthic mixing rates are over large regions of the

sea floor. In diagenetic modeling it becomes very important to use a

particle tracer which is not only appropriate for the time scale of

interest, but also the sediment mixing data should be obtained from the

exact same sediment samples as the data one seeks to model.
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Figure 7.6: Sediment Mixing Rates vs. Water Depth from 80-2700 m in
the Northwest Atlantic
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CHAPTER 8

Summary

I. INTRODUCTION

This thesis examines the distribution and behavior of fallout

Plutonium in the marine environment. By developing a more sensitive

technique to measure both 239Pu and 240Pu in marine sediments, pore

waters, sea water and sediment trap samples, a variety of research

questions can be addressed. In general, my research falls into four

areas: a) the early diagenesis of Pu, i.e. the biogeochemical processes

which can alter the distribution of Pu once it is buried, b) the factors

controlling the accumulation and inventories of Pu within the sediments

of a given region, c) the input history of fallout Pu to marine sedi-

ments and the variability in the geochemical properties of Pu from its

different nuclear testing sources, and d) the processes (primarily

sediment mixing) controlling the distribution of Pu within a given core.

The conclusions of this thesis will be summarized below, point by point,

starting with the development of the mass spectrometric detection

technique.

II. CONCLUSIONS

1. A thermal ionization mass spectrometric technique was developed

which enabled me to detect 239'240Pu down to the 10-3 dpm per sample

level of 239'240 Pu, or lower. This is well over an order of magnitude

more sensitive than current alpha-counting techniques. This increase

in sensitivity allowed me to detect the extremely low activities of

Pu found in slope and deep-sea pore waters. An additional bonus

of the m.s. technique is the ability to separate the 239Pu and 240pu

isotopes. The wide range in the 240u/ P239u ratios of my samples

proved informative. With 240u/ 239Pu ratio data, a link could be made

between the specific source of fallout Pu (identified by their charac-

teristic 240u/ 239Pu ratio) and the geochemical behavior of Pu in the
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oceans (see conclusion #4).

2. Plutonium pore water chemistry was examined along a transect of

seven box cores between Woods Hole and Bermuda. These cores exhibit a

systematic transition between highly reducing muddy sediments on the

shelf, to more oxic and carbonate rich sediments in the deep-sea. I

show that Pu diagenesis cannot be reliably predicted based upon solid

phase data alone; Pu pore water data remain the most sensitive indi-

cators of Pu diagenesis. The major question which was posed was how

does the solubility and hence potential diffusive flux of Pu out of the

sediments vary at these sites?

Along the entire transect of cores I have found that the Pu pore

water distribution is predominantly controlled by the solid phase Pu

profile. The calculated 239P240Pu distribution coefficients

(Kd = dpm on solids/dpm in solution) range between 0.2-23 x 104  Within

this data set there is also a suggestion of lower Kd values in the deeper

cores (with Kd's of 10 -105 in the shelf and slope cores out to 2362 m,
and Kd's of 0.3-0.6 x 104 in the deeper cores). No single mechanism

(redox, sediment type, complexation, Fe/Mn cycling, etc.) was found

which could account for the relatively higher solubility of Pu in the

pore waters of the deeper cores.

A diffusive flux of Pu out of the sediments is suggested since in

the upper sections of the core the pore water 239,240Pu activities are

elevated over the near bottom water 239,240Pu activities. Diffusive

flux estimates for Pu are quite small however (0.2-24 x l0-5dpm
239,240Pu/cm2yr), suggesting that since its introduction, negligible

Pu has been remobilized out of the sediments. On a longer time scale

(=102-103 years) Pu remobilization may become significant relative to

the observed solid phase 239 '240 Pu inventories.

3. Sediment inventories of 239,240Pu and 210Pbex were examined

over a large area of the Northwest Atlantic shelf and slope region. These

two tracers were compared since both isotopes are supplied predominantly

by atmospheric delivery to coastal waters, and since both 239,240Pu and
Pb are used to study recent accumulation and mixing processes in

marine sediments. From this sediment inventory compilation an estimate
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could be made of the magnitude and location of Pu and 210Pbex deposition

and accumulation. A major conclusion is that the sediment inventories

decrease with increasing water depth, reflecting a decrease in the net

scavenging rate of these elements off-shore. Pu sediment inventories

drop-off with increasing water depth much more rapidly than 210Pbex

inventories, either due to the shorter residence time of 210Pb compared

to Pu with respect to water column removal processes, or due to compar-

isons between the naturally occurring 210Pb steady-state scenario and

the more recently introduced fallout Pu.

A mass balance calculation indicates that the inventory of 210Pbex

in the sediments is roughly in balance (83 + 15%) with 210Pbex atmos-

pheric and water column sources over the entire Northwest Atlantic Shelf

and Slope region out to 4000 m. Based upon a more limited number of

sediment inventories at greater water depths (n=5; 4000-6000 m) a defic-

iency in 210Pbex is found in deep-sea sediments (measured 210Pbex

inventory/expected supply =45%). These inventory data argues against
210

strong lateral inputs of Pb into this continental margin region. For

23240u, only about 24% of the known fallout inputs are found in the

sediments out to 4000m; the remainder has yet to be removed from the

water column.

4. 240u/ 239Pu ratio data provide a unique insight into the

relationship between the specific sources of Pu and its behavior in the

oceans. Specifically, sediment 240u/ 239Pu ratios were found to vary

systematically from 0.18 on the shelf to 0.10 in the deep-sea (at

4500-5000 m) in the Northwest Atlantic. This decrease is consistent

with a two source model, whereby fallout Pu from surface based testing

at Nevada ( 240u/ 239u=0.035) is rapidly removed to the sediments at all

depths, while global fallout Pu ( 240Pu/ 23Pu=0.18) is only efficiently

deposited to the sediments in the shallower cores where scavenging is

more intense. This model was chosen since the Pu isotopic data rule out

any present day fractionation of 239Pu from 240Pu in the water column.

This two source model is supported by a variety of findings. Sur-

face sediments from the 1950's and 1960's from my study region have

lower or equivalent 240u/ 239Pu ratios compared to present day samples



- 190 -

from the same water depths (Nevada fallout was confined to 1951-1958

while global fallout inputs peaked around 1961/62). The 239,240pu

activities and 240Pu/23 Pu ratios in a series of shelf cores was

found to increase quite rapidly over time (between 1952, 1957, 1964 and

1983), corresponding to increased scavenging of global fallout Pu and a

shift to higher 240/230 ratios. In a suite of core tops from the across

the Atlantic, it was found that in general, all North Atlantic deep-sea

sediments show some evidence of the Nevada fallout signal (i.e. 240Pu/
239 Pu<0.18). As expected, the Pu inventory attributable to the Nevada

source in the sediments decreases as one examines more distant cores in

the Eastern vs. the Western North Atlantic basin. In deep-sea cores

from the Northwest Atlantic (>4500m), I have calculated that approxi-

mately 40% of the total 239 ,240 Pu activity in the sediments was

supplied by the Nevada source.

While the solid phase 240Pu/23 Pu ratio decreases with increasing

water depth, the pore water 240u/ 239Pu ratio remains roughly 0.18 at

all depths. This pronounced dis-equilibrium between the solid phase and

pore water 240u/23 Pu data reflects a difference in the physical/

chemical properties of the Nevada and global fallout sources. The

Nevada tropospheric fallout is apparently more tightly bound by its

solid phase fallout carrier than Pu from global fallout sources and is

therefore not participating in the solid/solution exchange reactions.

The formation of partially and completely melted glass-like particles

from surface based testing at Nevada likely resulted in the creation of

these highly unreactive and inert carriers of fallout Pu.

This evidence for the input of different types of fallout Pu

carriers with different geochemical behaviors in the ocean could have

major implications for the Pacific 239P240Pu activity data. In the

North Pacific, close-in inputs of Pu from nuclear weapons testing at

the Marshall Islands are quite large (estimated to be equal in magnitude

to global fallout Pu inputs) and are characterized by elevated 240pu/
Pu ratios (relative to global fallout). The geochemistry of Pu

carried by close-in fallout particles from surfaced based testing at

these coral atolls need not be identical to the geochemistry of global
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fallout Pu, but this has yet to be shown.

5. With sediment 239P240Pu activity data alone, it is impossible

to determine the most appropriate input function to use for Pu when

modeling sediment mixing. However, by combining both Pu activity data

and 240u/ 239Pu ratio data in the sediments, I was able to constrain

the input function of Pu to the slope and deep ocean cores. The con-

stant 240Pu/ 23Pu ratios throughout an individual core are consistent

with a model which suggests that the bulk of the Pu deposited to the

deep ocean sediments (both from Nevada and global fallout sources)

arrived early-on in the fallout record. In shallower cores (<1000m)

from this region, the appropriate Pu input function will therefore

depend upon the relative magnitude of the early Pu inputs and continued

scavenging processes.
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APPENDIX I- "CPM.BAS"- A Program in BASIC for Calculating Counting Rates
from Gamma Spectrum

1 REM "CPM.BAS" by K. Buesseler FOR IBM DOS 2.02 AND BASICA (REV.02/86)
10 PRINT "PROGRAM FOR ANALYZING COUNTING DATA FROM GAMMA DETECTORS"
20 INPUT "ENTER SAMPLE M-NUMBER";M$
30 INPUT "ENTER SAMPLE I.D.";ID$
40 INPUT "ENTER COUNTING END DATE (MO/DA/YR)";DAT$
50 INPUT "ENTER LIVE TIME IN SECONDS";SEC: LET MIN=SEC/60
60 INPUT "ENTER DETECTOR USED (1.1,1.2,1.4)";DT
70 INPUT "ENTER SAMPLE WEIGHT IN GRAMS";G
80 LET BKG1=BGK2=PEAK=@
90 PRINT "YOUR CHOICES OF ISOTOPES ARE: (** OR ENTER -99 TO END PROGRAM **)"

100 PRINT TAB(20);"1: 210PB AT 46.5 KEV"
110 PRINT TAB(20); "2: 234TH AT 63.3 KEV"
120 PRINT TAB(20); "3: 212PB AT 238 KEV"
130 PRINT TAB(20); "4: 214PB AT 295 KEV"
140 PRINT TAB(20); "5: 214PB AT 352 KEV"
150 PRINT TAB(20); "6: 214BI AT 609 KEV"
160 PRINT TAB(20); "7: 137CS AT 661 KEV"
170 PRINT TAB(20); "8: OTHER ISOTOPES"
180 INPUT "ENTER YOUR CHOICE OF ISOTOPE BY NUMBER (I-8)";CH
190 IF CH=-99 THEN 820
200 PRINT "ENTER LOWER ENERGY BASELINE COUNTS, CHANNEL BY CHANNEL"
210 51=0
220 PRINT "WHEN FINISHED ENTER -99"
230 LPRINT "LOW ENERGY BASELINE DATA:"
240 FOR I=1 TO 25
250 INPUT "LOW ENERGY BASELINE COUNTS PLEASE";BKG1
260 IF BKG1=-99 THEN 300
270 LPRINT BKGI;",";
280 SI=SI+BKGI
290 NEXT I
300 LPRINT
310 LET AI=S1/(I-1)
320 PRINT "NOW ENTER CHANNEL BY CHANNEL THE PEAK REGION COUNTS"
330 S2=0
340 PRINT "WHEN FINISHED ENTER -99"
350 LPRINT "PEAK REGION DATA:"
360 FOR J=1 TO 25
370 INPUT "PEAK CHANNEL COUNTS PLEASE";PEAK
380 IF PEAK=-99 THEN 420
390 LPRINT PEAK;",";
400 52=S2+PEAK
410 NEXT J
420 LPRINT
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APPENDIX I, cont.

430 LET AP=S2/(J-1)
440 PRINT "NOW ENTER CHANNEL BY CHANNEL THE HIGH ENERGY BASELINE COUNTS"
450 S3=0
460 PRINT "WHEN FINISHED ENTER -99"
470 LPRINT "HIGH ENERGY BASELINE DATA:"
480 FOR K=1 TO 25
490 INPUT "HIGH ENERGY BASELINE COUNTS PLEASE";BKG2
500 IF BKG2=-99 THEN 540
510 LPRINT BKG2;",";
520 S3=S3+BKG2
530 NEXT K
540 LPRINT
550 LET A2=S3/(K-1)
560 BSLN=((AI+A2)/2)*(J-1)
570 NET=S2-BSLN
580 EB=(((SI+S3)^(1/2))/(S1+S3))*BSLN
590 EP=S2^(1/2)
600 EN=((EB^2)+(EP^2))A (1/2)
610 EC=EN/NET
620 CPM=NET/MIN
630 LPRINT TAB(20);"M$-";M$
640 LPRINT TAB(20);"SAMPLE I.D.";ID$
650 IF CH=1 THEN ISO$="210PB AT 46.5 KEV"
660 IF CH=2 THEN ISO$="234TH AT 63.3 KEV"
670 IF CH=3 THEN ISO$="212PB AT 238 KEV"
680 IF CH=4 THEN ISO$="214PB AT 295 KEV"
690 IF CH=5 THEN ISO$="214PB AT 352 KEV"
700 IF CH=6 THEN ISO$="214BI AT 609 KEV"
710 IF CH=7 THEN ISO$="137CS AT 661 KEV"
720 IF CH=8 THEN ISO$="ISOTOPE ="
730 LPRINT TAB(20);"SAMPLE WEIGHT=";G;"gm"
740 LPRINT TAB(20);"ISOTOPE:";ISO$
750 LPRINT
760 LPRINT TAB(20);"DETECTOR:";DT;"COUNTING DATE ";DAT$
770 LPRINT TAB(20);"TOTAL COUNTING TIME-";SEC;"SEC";" =";MIN/1440;"DAYS"
780 LPRINT
790 LPRINT TAB(12);"CPM=";CPM;"+/-";EC*100;"%"
800 LPRINT "
810 GOTO 8
820 END
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APPENDIX Ila- Data from non-distructive gamma analyses

ID Depth ERZ 210Pb ERPb 226Ra
cm +/-cm dpm/gm +/-1 dpa/gm

Core A- 90m collected 7/28/83 83-GYRE-9
A! -0.75 0.75 8.9 0.5 1.7
A2 -2.5 1.0
A3 -4.5 1.0 8.5 0.6 1.7
A4 -6.5 1.0 7.0 0.4 1.7
AS -8.5 1.0 7.8 0.6 1.7
A6 -10.5 1.0
A7 -12.5 1.0 6.8 0.3 1.7
A8 -14.5 1.0
A9 -16.5 1.0

AIO -18.5 1.0 4.2 0.3 1.7
All -20.5 1.0
A12 -22.5 1.0
A13 -24.5 1.0
A14 -26.5 1.0 1.7 0.2
A5 -28.5 1.0
A16 -30.5 1.0
A17 -32.5 1.0 1.7 0.2
AIB -35.5 2.0

ID Depth ERZ 210Pb ERPb 226Ra
cm +/-cm dpm/gm +/-1 dpm/gm

Core AK- 0B collected 7/28/83 83-GYRE-9
AKI -0.5 0.5 10.6 0.5 1.8
AK2 -1.5 0.5 11.7 0.6 1.7
AK3 -2.5 0.5 12.1 0.4 1.8
AK4 -3.5 0.5 10.7 0.3 1.9
AK5 -5.0 1.0 10.6 0.3 1.9
AK6 -7.0 1.0 9.3 0.3 1.9
AK7 -9.0 1.0 7.2 0.3 1.8
AK8 -11.0 1.0 6.9 0.5 1.8
AK9 -13.0 1.0 5.8 0.3 2.2

AK10O -15.0 1.0 4.1 0.2 2.0
AKII -17.0 1.0 3.8 0.2 1.9
AK12 -19.0 1.0 3.3 0.2 1.9
AKI3 -21.0 1.0 3.3 0.3 1.9
AK14 -23.0 1.0 3.1 0.3 1.9
AK15 -25.0 1.0 3.8 0.3 1.8
AK16 -28.0 2.0 3.9 0.2 1.9

ERRa
+/-1

40 28.
0.2

0.2
0.2
0.2

0.2

0.2

EXPb EREX
dpalge +/-1

1'N 70 54.1'W
7.2 0.5

6.8 0.6
5.3 0.4
6.1 0.6

5.1 0.4

2.5 0.4

0.0

0.0

ERRa EXPb
+/-I dpm/gm

40 28.4'N 70
0.05 8.8
0.05 10.0
0.04 10.3
0.07 8.8
0.10 8.7
0.10 7.4
0.05 5.4
0.07 5.1
0.10 3.6
0.10 2.1
0.10 1.9
0.04 1.4
0.10 1.4
0.07 1.2
0.05 2.0
0.05 2.0

EREX 234Th ERTh
+/-1 dpm/gs +/-1

55.2'W
0.5 10.8 0.7
0.6 8.9 0.7
0.4 4.1 0.4
0.3 3.1 0.2
0.3 3.0 0.2
0.3 3.5 0.2
0.3 3.4 0.3
0.5 3.5 0.4
0.3 3.3 0.3
0.2 3.3 0.2
0.2 2.9 0.2
0.2 2.8 0.2
0.3 2.7 0.3
0.3 3.2 0.4
0.3 2.6 0.2
0.2 3.0 0.2

137Cs ERCs
dpm/kg +/-1

271.0 22.0
246.0 27.0
252.0 20.0
225.0 22.0
261.0 18.0
236.0 24.0
273.0 20.0
198.0 25.0
113.0 23.0
68.0 23.0
82.0 21.0
113.0 14.0

72.0 26.0
68.0 15.0
53.0 12.0
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APPENDIX IIb- Data from non-distructive gamma analyses

ID Depth ERZ 210Pb ERP

cm +i-cm dpmigm +/-

Core F- 501m collected 4130/84
-0.5
-1.5
-2.5
-3.5
-5.0
-7.0
-9.0

-11.0
-13.0
-15.0
-17.0

0.5
0.5
0.5
0.5
1.0
1.0
1.0
1.0
1.0
1.0
1.0

7.6
7.7
8.2
6.8
7.2
6.7
3.8
2.1
2.4
2.9
2.0

b 226Ra
1 dpi/ga

OCEANUS-152
4 2.3
5 2.3
5 2.1
5 2.2
4 2.3
4 2.4
3 2.2
2 2.2
2 2.2
3 2.1
2 2.2

ERRa
+/-I

39
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

EXPb EREX
dpa/gm +/-1

55.1'N 70 54.2
5.3 0.5
5.4 0.5
6.1 0.5
4.6 0.5
4.9 0.5
4.3 0.4
1.6 0.3
0.0
0.2 0.3
0.8 0.3
0.0

ID Depth
ca

Core E- 1275m
EIA -0.5
EIB -1.5
E2A -2.5
E2B -3.5

E3 -5.0
E4 -7.0
E5 -9.0
E6 -11.0
E7 -13.0
ES -15.0
E9 -17.0
ElO -19.0
Eli -21.0
E12 -23.0
E13 -25.0

ERZ
+/-ca

collec
0.5
0.5
0.5
0.5
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

210Pb ERPb 226Ra ERRa
dpi/gm +/-I dpm/gm +/-I

ted 4/29/84 OCEANUS-152 39
22.8 0.7 2.9 0.3
6.3? 0.5 2.9 0.3
14.9 0.6 2.7 0.3
12.3 0.4 2.6 0.3
11.0 0.3 2.8 0.3
8.7 0.3 2.9 0.3
9.0 0.3 2.9 0.3
6.7 0.3 2.9 0.3
3.7 0.3 2.8 0.3
2.7 0.3 2.8 0.3
2.2 0.3 2.9 0.3
2.8 0.3 2.7 0.3
2.1 0.2 2.9 0.3
2.4 0.2 2.6 0.3
2.7 0.2 2.7 0.3

234Th ERTh
dpalgm +/-1

'W
5.9 0.5
4.2 0.6

2? 0.4
5.0 0.6
2.0 0.3
2.1 0.3
2.0 0.2
2.2 0.2
2.0 0.2
2.0 0.2
2.0 0.3

234Th ERTh
dpmlgm +/-I

3'W

EREX
+/-I

70 56.
0.8
0.5
0.7
0.5
0.5
0.5
0.5
0.4
0.4

EXPb
dpal/g

48.1'N
19.9
3.5?
12.2
9.7
8.2
5.8
6.1
3.8
0.9
0.0
0.0
0.0
0.0
0.0
0.0

1.6
2.3?
2.1
2.0
2.7
2.7

3.4
2.8
3.5
3.5
3.6
3.4
3.1
3.7

0.4
0.3
0.4
0.2
0.2
0.3

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
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APPENDIX IIc- Data from non-distructive gamma analyses

ID Depth ERZ 210Pb ERPb
cm +/-cm dp/gm +/-I

Core BK- 1170m collected 7/29/83
BKI -0.5 0.5 36.4 0.9
BK2 -1.5 0.5 25.4 0.7
BK3 -2.5 0.5 19.4 0.3
BK4 -3.5 0.5 14.5 0.3
BK5 -4.5 0.5 15.0 0.5
BK6 -6.0 1.0 12.5 0.6
BK7 -8.0 1.0 7.4 0.3
BKB -10.0 1.0 6.6 0.4
BK9 -12.0 1.0 6.1 0.3

BKIO -14.0 1.0
BK11 -16.0 1.0 4.0 0.4
BKI2 -18.0 1.0 3.6 0.3
BKI3 -20.0 1.0
BK14 -22.0 1.0 2.7 0.2
BK15 -24.0 1.0 2.8 0.2
BK16 -28.0 3.0 2.9 0.3

226Ra ERRa
dpi/gm +/-I

83-GYRE-9 39
2.3 0.08
2.3 0.08
2.5 0.06
2.3 0.07
2.5 0.07
2.3 0.07
2.4 0.06
2.5 0.08
2.7 0.08

EXPb EREX
dpm/gm +/-1

48.3'N 70 54.
34.1 0.9
23.1 0.7
16.9 0.3
12.2 0.3
12.5 0.5
10.2 0.6
5.0 0.3
4.1 0.4
3.4 0.3

2.5 0.08 1.5
2.5 0.06 1.1

2.7
2.5
2.7

0.07
0.07
0.10

ID Depth
c

Core D- 2362a
DIA -0.5
DIB -1.5
D2A -2.5
D2B -3.5
D3 -5.0
D4 -7.0
D5 -9.0
D6 -11.0
D7 -13.0
DB -16.0

ERZ 210Pb ERPb
+/-cm dpi/gm +/-I

collected 4/29/84
0.5 14.2 0.
0.5 12.1 0.2

0.5 10.4 0.5
0.5 10.0 0.4
1.0 7.7 0.3
1.0 5.0 0.3
1.0 4.6 0.
1.0 5.5 0.3
1.0 2.8 0.3
2.0 2.5 0.2

226Ra ERRa
dps/gm +/-1

OCEANUS-152 39
2.4 0.2

1 2.6 0.3
2.8 0.3
2.6 0.3
2.5 0.3

3 2.6 0.3
2.8 0.3
2.9 0.3
2.6 0.3
2.4 0.2

EXPb
dpi/gm

35.0'N
11,8
9.6
7.6
7.4
5.2
2.4
1.8
2.6
0.2
0.1

EREX 234Th ERTh
+/-I dpi/gm +/-I

70 56.8'W
0.6 1.6 0.3
0.4 1.9 0.2
0.6 1.5 0.3
0.5 1.9 0.2
0.4 2.0 0.2
0.4 2.9 0.2
0.4 3.0 0.2
0.4 2.9 0.3
0.4 2.8 0.3
0.3 3.2 0.2

234Th ERTh
dpl/gm +/-1

9'W
6.5 0.5
2.9 0.3
2.2 0.2
1.8 0.2
2.5 0.3
2.0 0.3
2.6 0.3
3.4 0.4
2.5 0.2

2.2 0.4
2.6 0.3

0.3
0.2
0.3

137Cs ERCs
dpi/kg +/-1

264.0 38.0
285.0 26.0
277.0 24.0
162.0 23.0
173.0 24.0
99.0 15.0
59.0 19.0

28.0 11.0

0.0
0.0
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APPENDIX IId- Data from non-distructive gamma analyses

ID Depth ERZ 210Pb ERPb 226Ra
cm +1-cm dpmigm +/-I dpe/gm

Core C-2700m collected 7/31/83 83-GYRE-9
Cl -0.8 0.8 14.2 0.6 3.2
C2 -2.5 1.0 9.1 1.0 4.0
C3 -4.5 1.0 6.9 0.3 2.9
C4 -6.5 1.0 7.4 0.4 3.0
C5 -8.5 1.0 4.9 0.3 2.9
C6 -10.5 1.0
C7 -12.5 1.0 3.7 0.2 3.1
C8 -14.5 1.0
C9 -16.5 1.0 4.1 0.2 3.2

CIO -18.5 1.0
C11 -20.5 1.0 2.8 0.3 3.4
C12 -23.5 1.0

ERRa
+/-1

39 10
0.2
0.2
0.1
0.1
0.1

EXPb
dpm/gm

.3'N 70
11.0
5.1
4.0
4.4
2.0

EREX
+/-1

43.8'W
0.6
1.0
0.3
0.4
0.3

0.2 0.6 0.3

0.2 0.9 0.3

0.2 0.0 0.0

ID Depth ERZ 210Pb ERPb
cm +!-cm dpm/gm +/-1

Core CK- 2700m collected 7/31/83
CK1 -0.5 0.5 28.0 2.0
CK2 -1.5 0.5 19.0 2.0
CK3 -2.5 0.5 18.0 0.4
CK4 -3.5 0.5 13.1 0.6
CK5 -4.5 0.5 12.0 2.0
CK6 -6.0 1.0 10.0 2.0
CK7 -8.0 1.0 10.1 0.6
CK8 -10.0 1.0 9.0 1.0
CK9 -12.0 1.0

CKIO -14.0 1.0 3.8 0.3
CK11 -16.0 1.0 3.8 0.5
CKI2 -18.0 1.0 3.3 0.3
CK13 -20.0 1.0
CKI4 -22.0 1.0 3.3 0.3
CK15 -24.0 1.0
CKI6 -26.0 1.0
CK17 -28.0 1.0 3.0 0.5

226Ra ERRa
dpmegm +/-I

83-GYRE-9 39
3.0 0.1
2.8 0.2
3.8 0.1
3.8 0.1
2.8 0.1
3.6 0.1
2.7 0.1
2.6 0.1

2.8 0.1
3.5 0.1

EXPb EREX
dpm/gm +/-I

10.9'N 70 42.
25.0 2.0
16.2 2.0
14.2 0.4
9.3 0.6
9.2 2.0
6.4 2.0
7.4 0.6
6.4 1.0

1.0 0.5
0.0

3.4 0.1 0.0

2.9 0.1 0.0

234Th ERTh
dpi/gm +/-1

9'W
1.8 0.2
1.4 0.2
1.7 0.2
1.0 0.3
1.0 0.3
1.8 0.3
2.0 0.3
2.5 0.2

3.2 0.3
2.7 0.2
2.4 0.3

137Cs
dpm/kg

611.0
321.0
255.0

74.0
114.0
63.0
32.0

122.0

18.0
0.0

2.7 0.3 0.0

1.9 0.2

ERCs
+/-1

37.0
33.0
31.0
20.0
24.0
20.0
12.0
20.0

18.0
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APPENDIX Ile- Data from non-distructive gamma analyses

ID Depth
cm

Core 6- 4469m
GIA -0.25
18B -0.75
61C -1.25
GID -1.75
G2A -2.25
G28 -2.75
G2C -3.25
62D -3.75
G3A -4.25
638 -4.75
63C -5.25
63D -5.75
G4A -6.25
G48 -6.75
64D -7.75
658 -8.75
G6A -10.25
66C -11.25
67A/B -12.50

ID Depth
cm

Core H- 4490m
HIA -0.25
HIB -0.75
HIC -1.25
HID -1.75
H2A -2.25
H2B -2.75
H2C -3.25
H2D -3.75
H3A -4.25
H3C -5.25
H4B -6.75
H4C -7.25
H5A -8.25
H5D -9.75
H6A -10.25
H6C -11.75
H7A/8 -12.50
H7C/D -13.50
HBA/B -14.50
H8C!D -15.50

ERZ
+/-cm

collec
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.50

210Pb ERPb
dpmaig +/-I

ted 12/04/85
12.0 0.4
7.2 0.3
5.6 0.3
5.3 0.3
4.2 0.2
4.0 0.3
4.2 0.2
4.9 0.3

14.7 0.5
5.9 0.3
3.7 0.2
3.7 0.3
3.9 0.2
3.2 0.2
3.5 0.2
4.1 0.2
0.0 0.0
0.0 0.0
3.5 0.2

ERZ 210Pb ERPt
+/-cm dpm/gm +/-I

collected 12/8/85
0.25 11.3 0.4
0.25 9.8 0.4
0.25 5.5 0.M
0.25 4.2 0.3
0.25 5.9 0.3
0.25 7.2 0.2
0.25 11.6 0.4
0.25 12.8 0.!
0.25 3.9 0,.
0.25 4.1 0.2
0.25 3.2 0.A
0.25 2.9 0.2
0.25 2.7 0.2
0.25 3.3 0.2
0.25 3.0 0.A
0.25 0.0 0.(
0.50 3.2 0.i
0.50 0.0 0.(
0.50 0.0 0.(
0.50 3.7 0.i

226Ra
dpalgm

OCEANUS-
3.1
2.8
2.7
4.0
3.3
2.7
3.7
3.9
2.5
3.4
3.8
3.8
2.8
3.2
3.4
3.2
3.7
3.5
3.5

ERRa EXPb
+/-I dpm/gm

173 31 54.1'N
0.2 8.91
0.2 4.40
0.1 2.91
0.2 1.30
0.1 0.91
0.1 1.24
0.2 0.54
0.2 1.03
0.1 12.23
0.2 2.52
0.3 0.0
0.2 0.0
0.1 1.1
0.2 0.0
0.2 0.1
0.2 0.9
0.1 0.0
0.1 0.0
0.1 0.0

226Ra ERRa
dpa/ge +I/-

OCEANUS-173 36
2.4 0.1
3.0 0.2
2.1 0.1
3.2 0.2
2.1 0.1
2.1 0.1
3.3 0.2
2.1 0.1
2.8 0.2
2.2 0.1
2.4 0.1
3.1 0.2
2.7 0.1
2.9 0.1
2.7 0.1
2.8 0.1
3.2 0.1
2.9 0.1
3.1 0.1
3.6 0.1

EXPb
dpm/gm

27.9'N
8.85
6.79
3.35
1.05
3.85
5.17
8.32

10.69
1.05
1.89
0.85
0.0
0.0
0.4
0.3
0.0
0.0
0.0
0.0
0.1

EREX 234Th
+/-I dpm/kg

64 17.8'W
0.53 0.9
0.33 1.6
0.20 1.3
0.11 2.0
0.05 1.3
0.10 1.2
0.04 1.4
0.08 1.2
0.83 2.0
0.16 1.1

1.0
1.8

0.08

ERTh
+/-I

0.2
0.2
0.2
0.3
0.1
0.2
0.2
0.2
0.4
0.2
0.2
0.2

0.01
0.07

1.8 0.2

EREX 234Th
+/-I dpm/kg

66 33.6'W
0.58 1.2
0.57 1.3
0.26 1.4
0.09 1.9
0.27 1.6
0.33 0.0
0.53 1.5
0.79 2.1
0.10
0.16 1.1
0.06 1.3

0.03
0.02

0.01

ERTh
+/-1

0.2
0.3
0.2
0.3
0.3
0.0
0.3
0.3

0.2
0.2
0.2
0.2
0.2
0.2

1.4 0.2

1.1 0.2



Appendix IIIa- Pu data by nass spectrometry

r.s. Sanple Mass spec Aton Ato" Aton Ratio +/- error Ratio 4/- error sample spike
I.D. Tpe counts X242Pu %239Pu %240Pu 239/242 239/212 240/239 240/239 meight 242Pu-pg

Pore water
01:0-2c"
02:2-4cm
03:4-6cm
04:6-8c
06:10-12cM
07:12-14cn
E1:0-2cn
E2:2-4cn
E4:6-8c"
ES:10-12c
ES:14-16c"
F1:0-2c
F2:2-4cn
F3:4-6cm
F7:12-14cn
F9:16-18c"
R:13.5-37.5c
BK1/3:0-3c"
BKI/5:3-5cn
CKI/3:0-3c
G1:0-2cn
G2/3:2-6c"
H1/3:0-6c

HAOP site C

Mater blanks
Pore Mater blank
Pore water blank
Pore water blank
Pore water blank
Pore water blank

3.2E*05
1.9E4 05
5.7E+ 05
1.9E+05
1.6E+05
7.5E+04
4.7E+05
5.6E+041
1.6E+05
4.9E+05
9.3E+05
7.2E+05
5.5E+05
2.2E+05
2.0E+06
4. 1E05
2.6E405
2.OE+05

1.OE+05
6.2E+04
1.3E+05
4.3E+ 05
4.9E+05

3.OE+05
2.5E+05
2. IE+05
2.OE405
2.6E+05

96.123
99.547
99.873
99.879
99.942
99.912
94.094
98.659
99.758
99.786
99.922
97.788
94.525
99.190
99.350
99.816
99.131
97.836

100
96.133
98.564
98.781
98.342
96.246

99.967
99.967
99.957
99.936
99.909

3.2332
0.3932
0.0959
0.0786
0.0511
0.0810
4.9970
1.1146
0.1900
0.1701
0.0516
1.8590
4.6094
0.6784
0.5341
0.1512
0.959
2.22
0.34

3.2133
1.2353
1.0118
1.3917
3.0278

0.0251
0.0263
0.0301
0.025
0.0323

0.6142
0.0581
0.0309
0.0220
0.0068
0.0066
0.8934
0.2051
0.0468
0.0394
0.0268
0.3489
0.8399
0.1220
0.1156
0.0329
0.189
0.467
0.057
0.6233
0.2001
0.2042
0.2667
0.7216

0.0079
0.0071
0.013
0.009
0.0345

0.0336
0.0039
0.0010
0.0008
0.0005
0.0008
0.0531
0.0113
0.0019
0.0017
0.0005
0.0190
0.0488
0.0068
0.0054
0.0015
0.00967
0.02269
0.00340
0.03343
0.01253
0.01024
0.01415
0.03146

0.0003
0.0003
0.0003
0.0003
0.0003

0.0010
0.0003
0.0001
0.0001
0.0001
0.0002
0.0006
0.0011
0.0002
0.0001
.0000

0.0004
0.0009
0.0001
0.0004
0.0001

0.00118
0.00250
0.00027
0.00210
0.00154
0.00072
0.00045
0.00096

0.190
0. 148
0.323
0.280
0.133
0.081
0.179
0.184
0.246
0.231
0.519
0.188
0.182
0.180
0.216
0.218
0.197
0.210
0.168
0.194
0.162
0.202
0.192
0.238

0.010
0.030
0.051
0.108
0.064
0.116
0.005
0.044
0.063
0.038
0.099
0.007
0.005
0.021
0.031
0.030
0.031
0.040
0.023
0.015
0.040
0.027
0.010
0.009

998.1
609.1
604.9
602.5
505.6
326.?
514.5
501.7
553.0
666.2
624.2
573.8
636.7
625.4
788.5
960.0
437.1

1018.8
1544.9

248
305.1
407.2
508.2
600.4

0.246
0.2441

0.242
0.243
0.243
0.243
0.241
0.243
0.244
0.244
0.242
0.242
0.243
0.244
0.243
0.213
0.217
0.245
0.257
0.245
0.215
0.24411
0.246
0.245

0.242
0.243
0.246
0.247
0.248

pg dpm dpn

239Pu 239,240Pu +/- error remarks

(a)

(pq/lOOkq) (dpn/100kq) (b)

0.822 0.1983 0.0057

0.147 0.0337 0.0027

0.027 0.0062 0.0008 (c)

0.020 0.0017 0.0014 (c)

0.011 0.0025 0.0015 (c)

0.039 0.0090 0.0043 (c)

2.474 0.5666 0.0069

0.534 0.1222 0.0118

0.072 0.0164 0.0022

0.052 0.0119 0.0011

0.009 0.0021 0.0005 (c)

0.790 0.1809 0.0040

1.850 0.1237 0.0082

0.256 0.0586 0.0033

0.157 0.0360 0.0026

0.031 0.0072 0.0007

0.531 0.1216 0.0152

0.539 0.1234 0.0138

0.052 0.0119 0.0010

3.275 0.7499 0.0492

0.984 0.2254 0.0284

0.597 0.1367 0.0099

0.672 0.1538 0.0050

1.272 0.3245 0.0099

(pg/sample)
6. IE-05
6.4E-05
7.4E-05
6.2E-05
8.0E-05

(a)- All pore eater sanples are
in the Altantic sanples (0

(b)- Errors include the propigat

corrected for a
186 is the nean
Lion of the n.s.

procedural blank of 6.8 +/- 0.8 E-05 pg 239Pu per sample and assune a 240/239 ratio of 0.18,
240/239 ratio from all Rtlantic pore Maters uith a 240/239 error <0.01)
aton ratio error and the error on the pore Mater blank

(c)- The blank correction on these samples represents >252 of the total Pu activity

t w

.



Appendix IIIb- Pu data by nass spectrometry

".s. Sample Mass spec Aton Aton

I.D. TOe counts Z242Pu 2239Pu

Sedi ent
40 A1:0-1.5cm
11 A5:7.5-9.5cm
42 10:17.5-18.Sc
43 A17:31.5-33.5cn

15 FR1:O-lcn
19 F3:4-6cn
20 F5:8-10cn
30 F7:12-14cn

21 E1R:0- 1cm
124 EIR:O-Icn
82 E18:1-2cn
13 2R:2-3cn
125 E4:6-8cn
22 E6:10-12cn
31 E8:14-16cm

122 01R:O-lcn
14 028:3-4c"
123 03:4-6cm
24 04:6-8c"
25 06:10-12cn

16 C1:0-1.5cn
32 C2:1.5-3.5cn
17 C4:5.5-7.5cn
33 CS:?.5-9.5cn
18 C7:11.5-13.5cs
34 C9:15.5-17.5cn

149 HIR:0-0.5cm
151 H18:0.5-1cm
118 H10:1.5-2cn
147 H20:3.5-4c"

157 G1R:0-0.5cm
156 G18:O.5-1cm
155 628:2.5-3cn
153 G3R:4-4.5cm
152 63C:5-5.5cn

2.3E#05
3.4E+04
1.G6E05
8.3E+05

92.667
91.888
98.355
99.782

98.217
3.2E*06 97.700

99.583
2.6E+06 99.946

4.5E403 95.461
8.2E405 21.102
5.4E+04 95.630

97.571

1.6E+05 54.603
1.1E406 99.036
2.8E406 99.951

9.7E+05 46.186
98.667

5.6E+05 45.563
5.9E+05 99.285
4.?E405 99.323

7.&E+04 98.485
1.0E407 99.396

99.521
2.3E+06 99.802

99.918
3.8E+06 99.993

6.OE+05
3.8E+05
7.9E404
1.9E+ 05

6.3E+05
2.7E4 05
2.7E+04
7.3E+ 04
8.6E+03

19.197
39.411
69.516
47.224

15.866
50.509
69.692
35.868
89.923

6.224
6.721
1.370
0.174

1.513
1.970
0.353
0.047

3.649
68.125
3.766
2.127
39.392
0.839
0.042

47.254
1.174

47.841
0.624
0.601

1.360
0.529
0.432
0.173
0.073
0.005

73.880
55.056
27.429
47.258

76.823
45.380
27.085
58.315
7.963

Aton Ratio f/- error Ratio
2240Pu 239/242 239/242 240/239

1.088
1.367
0.254
0.036

0.271
0.327
0.064
0.007

0.890
10.770
0.563
0.302
6.005
0.125
0.007

6.559
0.159
6.596
0.091
0.076

0.155
0.075
0.047
0.024
0.009
0.002

6.922
5.533
2.964
5.505

7.307
4.111
3.223
5.816
2.114

0.0672
0.0731
0.0139
0.0017

0.0154
0.0202
0.0035
0.0005

0.0382
3.2284
0.0394
0.0218
0.7214
0.0085
0.0004

1.0231
0.0119
1.0500
0.0063
0.0061

0.0138
0.0053
0.0043
0.0017
0.0007
0.0001

3.8485
1.3970
0.3946
1.0007

4.8420
0.8985
0.3886
1.6258
0.0886

0.0016
0.0047
0.0008
0.0001

0.0003
0.0002
0.0001
.0000

0.0067
0.0187
0.0021
0.0005
0.0096
0.0002
.0000

0.0061
0.0001
0.0082
0.0002
0.0002

0.0010
0.0001
0.0001
0.0001

0.00003
0.00001

0.0279
0.0210
0.0089
0.0133

0.2885
0.0107
0.0150
0.0361
0.0082

0.175
0.203
0.185
0.210

0.179
0.166
0.182
0.146

0.244
0.158
0.150
0.142
0.152
0.149
0.159

0.139
0.135
0.138
0.146
0.127

0.114
0.141
0.109
0.139
0.124
0.435

0.094
0.100
0.108
0.116

0.095
0.091
0.119
0.100
0.2657

4/- error sample
240/239 ueiqhi

0.008
0.027
0.023
0.028

0.005
0.001
0.011
0.025

0.106
0.002
0.019
0.009
0.003
0.010
0.029

0.001
0.003
0.001
0.015
0.014

0.025
0.004
0.001
0.013
0.013
0.126

0.001
0.002
0.005
0.002

0.001
0.002
0.006
0.002
0.034

15.01

15.01
15.08
15.64
15.03

14.73
15.23
14.27
14.26

14.46
2.80

14.34
14.12
2.66

13.45
14.21

2.51
15.18
2.27

14.43
15.93

15.69
15.22
15.62
15.90
15.70
14.91

spike
242Pu-pq

114.8
111.2
111.1
113.0

111.3
111.3
110.6
111.3

111.3
0.242

111.1
111.1
0.242
110.9
112.3

0.242
110.9
0.242

111.1
110.7

110.9
110.6
110.8
110.0
110.7
110.7

9.98 0.246
5.70 0.246
5.13 0.246
5.40 0.245

12.37
5.01
11.03
5.35
9.05

0.246
0.247
0.246
0.245
0.246

pg dpn dpn
239Pu 239,240Pu +/- error remarks

Ca)
(pq/qmn) (dpc/kq) (b)

0.5136 114.76 5.90 (p)(d)
0.5393 128.18 19.03 (p)(d)

0.0989 22.60 3.06 (p)(d)
0.0130 3.14 0.46 (p)(d)

0.1163
0. 1473
0.0274
0.0036

0.2942
0.2787
0.3051
0.1715
0.0653
0.0698
0.0033

0.0972
0.0869
0.1116
0.0483
0.0420

0.0976
0.0386
0.0307
0.0120
0.0051
0.0003

0.0948
0.0601
0.0188
0.0452

0.0962
0.0441
0.0006
0.0743
0.0023

26.23
32.26

6.21
0.76

75.89
59.94
64.31
35.49
13.86
14.69
0.70

19.96
17.68
22.87
10.10
8.38

18.83
7.97
5.85
2.46
1.01
0.11

17.35
11.23
3.60
8.82

17.67
8.03
1.69

13.84
0.65

0.89 (d)
0.80 (d)
0.40 (d)
0.11 (d)

35.57
0.78
8.83
2.39
0.35
1.04
0.14

0.18
0.42
0.28
1.11
0.98

4.33
0.24
0.24
0.24
0.11

0.04

0.15
0.17
0.16
0.14

0.14
0.20
0.09
0.34
0.08

~a)- All sedinent data are corrected for a procedural blank of 8.3 +/- 3.5 E-04 pg 239Pu per sanple.

and activity data (calculated fron the 239Pu pg/100kg values) are based upon the 240/239 ratio for each sample

(L,)- Errors include the propigation of all n.s. ratio errors and an error fron the sediment blank5

(p)- These samples were leached off of previously analyzed alpha-counting stainless steel disks

(d)- The n.s. soeple analyzed was a subsanple of this entire neighed and spiked sample



Appendix IIIc- Pu data by nass spectroietry

SaMple Mass spec Aton Aton

TyO counts %242Pu Z239Pu

Sedi nent
79 EN LocT:0-lcm
80 EN LocJ:O-lc

Ato" Ratio
%240Pu 239/242

4/- error Ratio +/- error sample
239/212 240/239 210/239 weight

4.4E+03 96.892 2.581 0.272 0.0266 0.0057 0.105 0.181 32.89
1.SE+07 95.975 3.687 0.330 0.0384 0.0004 0.089 0.002 51.15

spike pg dpm dpn
242Pu-pq 239Pu 239,240Pu +/- error renarks

(a)

(pq/qm) (dp/kq) (b)
198.9 0.1611 30.10 52.46 (p)(d)
209.1 0.1570 28.38 0.56 (p)(d)

#2507 '65:93"
R/179-25 '52:125
tM031 '57:200"
$2511 '65:458m
81263 '63:1040n
#E4 '61:1500i
#E5 '61:2086m
t2136 '64:2335n
$2135 '64:2722n

Atl.

Rtl.
Rtl.
Atl.
Atl.Ati.

fed.
Pac.

10549858X
1055288BX
1113988X
11147#5BX
101645BX
Kn54/15:0-lcm
Kn54/15:14-5cm
AII/93:0-L1c
Kn?3/6:0- lc

Sediment blanks
108 Sedinent Blank
146 Sediment Blank
154 Sediment Blank

Ca)- All sediment data

and activity data

5.5E+05
2.8E+05
1.OE+06
9.SE+05
2.9E*03
3. OE+ 06
3.1E 05
7. 1E+05
1. OE+05

7.7E+04
1.OE+04
9.8E+03
1.6E+05
5.2E+04
1.5E+06
3.8E+ 05
6.9E+05
1.OE+05

5.5E+05
3.OE+05
4.9E+04

26.833
98.980
18.578
55.686
93.035
99.319
88.496
87.735
96.698

61.833
0.907

69.335
38.458
6.799
0.615
10.293
11.027
2.883

34.500 55.585
89.213

38.548 54.126
26.280 63.121
89.679 9.214
98.365 1.323
99.181 0.709
97.486 2.26
4.320 71.212

99.459
99.489
99.772

0.4316
0.4023
0.1745

11.105
0.113
12.082
5.742
0.166
0.064
1.185
1.201
0.407

9.773
10.612
7.326

10.272
1.027
0.205
0.110
0.254

23.888

0.1098
0.1087
0.0529

2.3043
0.0092
3.7321
0.6906
0.0731
0.0062
0.1163
0.1257
0.0298

1.6111
0.1140
1.4041
2.4019
0.1027
0.0134
0.0072
0.0232
16.4850

0.0043
0.0040
0.0017

0.0161
0.0004
0.0189
0.0033
0.0199
0.0001
0.0044
0.0016
0.0013

0.0277
0.0257
0.0750
0.0894
0.0050
0.0003
0.0004
0.0005
1.3049

0.0002
0.0003
0.0003

0.180
0.125
0. 174
0.149
0.024
0.104
0.115
0.109
0.141

0.176
0.119
0.135
0.163
0.111
0.155
0.155
0.113
0.336

0.002
0.012
0.001
0.002
0.025
0.005
0.006
0.002
0.015

0.005
0.007
0.009
0.005
0.012
0.005
0.014
0.004
0.012

2.08
9.10

61.39
2.49
2.50
3.96
2.14
2.24
4.30

10.66
2.60

14.61
12.32
2.96
62.65
74.29
72.85
15.43

0.243
0.242
0.243
0.245
0.2441
0.245
0.245
0.251
0.245

0.244
0.245
0.245
0.251
0.246
123.0
157.0
179.0
0.244

0.243
0.2147
0.246

0.2688
0.0002
0.0148
0.0676
0.0068
0.0002
0.0129
0.0137
0.0015

0.0368
0.0415
0.0235
0.0489
0.0082
0.0264
0.0151
0.0570
0.2606

(pq/saple)
0.001054
0.000999
0.000430

are corrected for a procedural blank of 8.3 +/- 3.5 E-01 pg 239Pu per sample,
(calculated from the 239Pu pg/100kg values) are based upon the 240/239 ratio for each sanple

(b)- Errors include the propigation of all n.s. ratio errors and an error fro the sediment blanks
(c)- The blank correction on these samples represents >252 of the total Pu activity
(p)- These samples emore leached off of previously analyzed alpha-counting stainless steel disks
(d)- The n.s. sanple analyzed was a subsample of this entire ueighed and spiked sample

M.s.
I.D.

60.70
0.030
3.29

14.24
1.01

0.033
2.50
2.61
0.31

8.24
8.11
4.78

10.63
1.58
5.63
3.22

10.97
79.26

0.74
0.008

0.03
0.16
1.08

0.017
0.17
0.07
0.04

0.27
0.66
0.41
0.51
0.20
0.23
0.33
0.39
6.91

(p)(d)
(p)(d)
(p)(d)



Appendix IIId- Pu data by nass spectronetry

M. s. Sanple
1.0D. TW

Mass spec Rton Aton
counts .242Pu %239Pu

Sediment trap samples

76 SEEP 84 1200m 8.2E+05
78 EN CMhE-4 3985n 1.3E+05

97.541
93.764

Atom Ratio
240Pu 239/242

2.0775 0.3722
5.2624 0.9455

f/- error Ratio
239/242 240/239

#/- error sample s
240/239 ueight 242

cqm)
0.0213 0.0005 0.179 0.008 0.0047
0.0561 0.0025 0.180 0.013 0.0086

spike pg dpn dpn

Pu-pq 239Pu 239,240Pu +/- error remarks
(a)

(pq/qm) (dp/qn) (b)

0.242 1.082 0.244 0.012
0.242 1.571 0.355 0.030

Atlantic seawater
7 Sargasso surf 1.31
8 Sargasso surf 1.41
9 Sargasso surf 0.11

36 SEEP STA-D:1700n
27 SEEP STA-E:1100n
29 SEEP STA-F:454n

Pacific seawater
100 Kn73/6:5925n
114 Hak. Maru 18:500n
102 Hak. Haru 88:1500n
115 Hak. haru t8:5000n

Coral sanmples
139 Florida-$555
140 Florida-8558
143 F.F.Shoals-'57/8
144 F.F.Shoals-'62
145 F.F.Shoals-'63/4

Blanks
105 242Pu spike
108 Sediment blank
146 Sedinent blank
154 Sediment blank
112 Pore water blank
113 Pore uater blank
136 Pore water blank
158 Pore water blank
116 Pore water blank
141 Coral blank

1.OE*07
1.OE+07

1.OE+06

9. 1E+03

4.4E+05
6. 7E+ 06

2.OE+05
1. 3E+ 05
3.9E+05
3.8E+05
3.4E*05

3.OE+05
5.5E405
3.OE+05
4.9E+04
3. 0E05
2.5E#05
2.OE05
2.6E+05
2. 1E+05
1. IE+05

99.801 0.163 0.0295 0.0016
99.825 0.148 0.0266 0.0015

0.0018
99.763 0.1937 0.0409 0.0019

0.00087
99.885 0.0958 0.0184 0.00096

90.482
97.638
90.085
99.185

93.389
97.598
57.466
58.611
40.477

99.994
99.459
99.489
99.772
99.967
99.967
99.936
99.909
99.957

99.87

7.3407
1.8965
8.0131
0.6686

5.5
2.026

34.3
34.641
49.863

0.0011
0. 4316
0.4023
0.1745
0.0251
0.0263

0.025
0.0323
0.0301
0.0999

2.0581
0.4612
1.8592
0.1464

1.13
0.332

8.21
6.734
9.660

0.0048
0.1098
0.1087
0.0529
0.0079
0.0071
0.009

0.0345
0.0128

0.03

0.0811
0.0194
0.0890
0.0067

0.0589
0.0208
0.5969
0.5910
1.2319

.0000
0.0043

0.00404
0.00175
0.0003
0.0003

0.00025
0.00032
0.0003

0.00100

(a)- All data are corrected for thier appropriate procedural blank, and activity data

(calculated fron the 239Pu pg/ut values) are based upon the 240/239 ratio for each sample

(b)- Errors include the propigatLon of all n.s. ratio errors and an error from the standard deviation

(d)- The n.s. sanple analyzed was a subsanple of this entire weighed and spike sample
of the appropriate blank

k)55.63
55.63
55.63
55.63
53.27
47.22
39.67

(kq)
4.055
52.26
5.056
49.80

1.7
3.4

2.76
3.0
7.85

0.000032
0.000045
0.00018
0.0001

0.000087
0.000025

0.0085
0.0004
0.0016
0.0001

0.0054
0.0025
0.0871
0.0052
0.0110

.0000
0.0002
0.00026
0.00034

0.0001
0.0001
0.00007
0.00008
0.00008
0.00018

(dpn/100kg)

0.138
0.129
0.159
0.099
0.096
0.124

(dpn/100kg)
0.115
0.215
0.092
0.098

(dpn/kq)
2.02
0.31

13.63
11.33
8.95

0.181
0.180
0.189
0.211
0.20

0.192

0.298
0.243
0.232
0.219

0.205
0.164
0.239
0.194
0.194

4.204
0.254
0.270
0.303
0.313
0.269
0.360
1.068
0.425
0.300

0.011
0.011
0.031
0.017
0.04
0.010

0.016
0.007
0.007
0.004

0.022
0.028
0.035
0.002
0.002

5.416
0.018
0.029
0.113
0.135
0.148
0.152
0.325
0.141
0.092

0.009
0.009
0.031
0.009
0.022
0.007

0.016
0.008
0.003
0.002

0.29
0.07
2.82
0.16
0.12

214.7
214.7
214.7

113.6
225
225

0.243
22.65
0.245
30.01

0.248
0.247
0.247
0.247
0.245

0.250
0.243
0.247
0.246
0.242
0.243
0.247
0.248
0.246
0.245

(pq/100kg)
0.611
0.573
0.689
0.408
0.407
0.536

(pq/ 100kq)
0.402
0.835
0.364
0.399

(pq/qn)

0.0084
0.0014
0.0533
0.0486
0.0384

(pq/sanpl e)
0.000003
0.001054
0.000999
0.000430
0.000061
0.000064
0.000062
0.000080
0.000074
0.000245
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