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The radionuclide 21°pb shows significant geographic variations in the extent of its removal from the open ocean 
water column. This "texture of scavenging" is defined by mapping: (1) the integrated deficiency of 21°pb in the water 
column, relative to its supply from the atmosphere and from in situ decay of dissolved 226Ra, and (2) inventories of 
excess 21°pb in deep-sea sediments. The ratio of 21°pb deficiency to its supply, termed the scavenging effectiveness, is 
- 20% in the North Equatorial Pacific and - 50% in the North Atlantic. This variation is related to the combined 
effects of uptake of 21°pb onto sinking particles and lateral transport of 21°pb to areas of more intense removal. 
Sediment inventories of excess 21°pb, normalized to the 21°pb deficiency in the overlying water column, permit 
evaluation of the relative importance of these effects. In the North Equatorial Pacific virtually all of the 21°pb removed 
from the water column is present in the underlying sediments but in the mid-latitude North Atlantic, the sediments 
comprise only about 50% of the 2a°pb removed. The deficiencies of 21°pb in the mid-latitude North Atlantic sediments 
south of 50°N are qualitatively offset by surpluses in high-latitude sediments north of 50°N. Higher primary 
productivity and new production in the surface waters of the high-latitude North Atlantic and North Equatorial 
Pacific, relative to the oligotrophic central North Atlantic, may account for the greater fluxes of zmPb to bottom 
sediments in those areas. 

1. Introduction 

Oceanic mass balances for chemical species are 
commonly  constructed by compar ing inputs  via 
the atmosphere, rivers or hydrothermal  sources 
with outputs  such as incorpora t ion in sediments. 
Such a procedure is often constrained by inherent  
uncertaint ies in the magni tudes  of sources or sinks 
and seldom permits assessment of regional varia- 
t ions in supply or removal. The natura l ly  occur- 
ring 238U, 235U and 232Th decay series conta in  

several tracers which are produced in the oceans 
from decay of parent  nuclides dissolved in sea 
water. These tracers are well suited for the con- 
struction of mass balances because dis t r ibut ions 
of their radioactive parents  are rather well known,  
permit t ing the regional variat ions in supply of the 
daughters to be mapped.  21°pb (half-life = 22.3 yr) 
is one such radionuclide,  produced principal ly 
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f rom decay of its g randparen t  226Ra, bu t  also 

added to the surface ocean from the atmosphere.  
The residence t ime of 21°pb with respect to 

scavenging is short in the surface ocean, of the 
order of 1 year, while in  the deep ocean the value 
is 30-100  years [1,2]. This  relatively long residence 
time in the deep ocean permits  21°pb to be trans- 
ported from areas of low scavenging intensi ty  to 
areas of more rapid removal. This pat tern  has 
been recognized through water co lumn distr ibu- 
t ions [3-5] and  through the identif icat ion of areas 
such as the west coast of the U.S.A. with greater- 
than-expected inventories of excess 21°pb in bot-  
tom sediments [6,7]. Scavenging and t ransport  in 
bo th  the vertical and  lateral sense affect the distri- 
bu t ion  of 2mpb in the open ocean. The former 
includes uptake of 2mpb onto  suspended particles 
which can be aggregated as fecal pellets or mar ine  
snow and  sink through the water column. The 
latter includes isopycnal  t ransport  of 21°pb to 

areas of strong removal. 
The vertical componen t  of 21°Pb scavenging 
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can be measured directly in the open ocean through 
measurements of 21°pb in sediment trap material 
or inventories of excess 21°pb in deep-sea sedi- 
ments. Indeed, 2mpb is commonly distributed 
through the upper 10 cm of deep-sea sediments by 
particle mixing by organisms and is a useful tracer 
to determine the rate of such mixing [8-15]. Un- 
der steady-state conditions, the inventory of ex- 
cess 2mpb (2mpbxs), or the integrated activity of 
21°pb unsupported by 226Ra, in a deep-sea sedi- 
ment core represents the flux of 21°pb to the sea 
floor averaged over about 4-5  half-fives or 100 
years. The flux required to support the inventory 
is obtained by multiplying by the decay constant 
for 21°pb and represents the mean flux of 21°pb to 
the seafloor. We note that the 21°pb flux measured 
in near bot tom sediment traps may not equal that 
derived from excess 21°pb inventories in bot tom 
sediments if scavenging of 21°pb at the sediment-  
water interface is occurring [3,4,16]. However, 
Nozaki [16] has shown that scavenging at the 
seafloor is slow compared to mixing of water and 
that near-bottom 21°pb profiles from the Pacific 
can be explained without enhanced scavenging at 
the sediment-water  interface. 

Removal of 2mpb from the water column at 
any given site thus represents the combined effects 
of the vertical (diapycnal) and lateral (isopycnal) 
processes of scavenging and transport, and varia- 
tion of the strengths of these processes from place 
to place defines the " texture"  of 21°pb scavenging 
in the open ocean. It  is the goal of this paper  to 
provide insight into the texture of 2mPb scaveng- 
ing by comparing the observed 21°pb removal 
from the water column with fluxes measured in 
near-bottom sediment traps or calculated from 
sediment core data. If the 21°pb flux measured in 
near-bottom sediment traps or calculated from 
excess 2mPb inventories in underlying sediments 
equals the removal from the overlying water col- 
umn, diapycnal processes must dominate the re- 
moval. If, on the other hand, 21°pb removal from 
the water column is unequal to the flux to the 
underlying sediments, there must be import  or 
export of 21°pb from the area by lateral processes. 

The data for comparison of water column re- 
moval and sediment inventories of 21°pb are most 
complete for the North  Atlantic and North  Pacific 
Oceans and we focus our discussion on these 
areas. 

2. Analytical methods 

Some of the water column and sediment mea- 
surements of 21°pb used here have been previously 
published, and analytical procedures are discussed 
in the pr imary references. We also present new 
water column data from the Northwest Atlantic 
Ocean (Table 3) and sediment data from the North 
Atlantic and North  Pacific (Table 2, Appendix). 
Water samples were collected with 30 1 Niskin 
bottles, often paired 10 m apart  to provide suffi- 
cient sample for analysis of transuranic ra- 
dionuclides [17]. The samples were promptly 
transferred to 60 1 Delex containers, acidified to 
p H  of 1 -2  with H N O  3 and transported to the 
laboratory. Aliquots of 4 1 were withdrawn from 
the 60 1 samples for 21°pb analysis. 2°8po or 2°9po 
yield tracers and 100 mg of Fe were added and 
N H 4 O H  was used to precipitate Fe(OH)3 which 
carried the Po. The precipitate was dissolved in 
1.5N HC1, ascorbic acid was added and Po was 
auto-plated onto silver disks. All samples were 
analyzed after at least one year of storage, and 
21°po and 21°pb are presumed to be in equi- 
librium. 

Sediment samples were collected using large 
area (generally 2500 cm 2) box cores from which 
subcores were taken. Sediment from the subcores 
was dried at 70°C for 24 h and ground to a 
powder. Samples of up to 1 g were totally dis- 
solved in a mixture of HC1, H N O  3 and HF in the 
presence of 2°8po or 2°9po yield tracers. Following 
evaporation and dissolution in HC1, Po was plated 
in the same manner  as the water samples. All 
samples were processed long enough after collec- 
tion so that 21°po and 21°pb were in equilibrium. 
Following plating of Po, 226Ra was determined on 
the sample solutions using the 222Rn emanation 
method [35]. 

Some sediment samples also were analyzed by 
non-destructive gamma spectrometry using the 
46.5 keV 21°pb peak and the 352 keV 214pb peak 
for 226Ra [18]. All sediment 21°pb×s data have been 
corrected to the time of collection of the core [10]. 

Sediment trap samples were collected at 1464 
and 4832 m in the Nares Abyssal Plain. The 5-cup 
Oregon State University design was used, with 
sodium azide as a preservative [19]. Dried samples 
were analyzed for 21°pb by the same procedure 
used for sediment samples. 
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3. Results and discussion 

3.1. Water column and sediment 21°pb data 
Several sets of data are necessary to calculate 

the removal of 21°pb from a given water column: 
(a) the dissolved 226Ra profile; (b) the 2a°pb pro- 
file; and (c) the atmospheric flux of 21°pb. The 
226Ra profile defines the in situ production of 
2t°pb which, added to the atmospheric supply of 
2~°Pb, we refer to as the total supply of 2a°pb to a 
given water column. The integrated activity of 
Z~°Pb present in the water column is subtracted 
from the total supply to get the water column 
2]°pb deficiency or activity of 2a°pb removed from 
the water column. 

The largest data set for both water column 
226Ra and 2a°pb is the GEOSECS data from the 
Atlantic, Pacific and Indian Oceans (summarized 
in [20]). The extent of data coverage for 21°pb 
increased from the Atlantic to Pacific to Indian 
Ocean during the course of the GEOSECS program, 
while 226Ra analyses were performed to about the 

same extent in the three oceans. For purposes of 
comparison with sediment 21°pb data, this pattern 
is an unfortunate one in that the greatest sediment 
coverage is in the Nor th  Atlantic and North Equa- 
torial Pacific. 

An additional complication is that the water 
column 2~°pb data are not without analytical 
problems. In the Atlantic and Pacific, many of the 
21°pb analyses were made from samples collected 
with Gerard barrels. Bacon et al. [3] have shown 
that dissolved and particulate Z~°Pb analyses made 
on Gerard samples taken in the Pacific often gave 
inconsistent results, with the particulate 21°pb ac- 
tivity dominating the total activity in some cases. 
They ascribed this to the presence of quantities of 
rust which came from tools inadvertently dropped 
into the barrels. Under  such circumstances, it is 
difficult to be confident of the measured n°Pb 
values. 

Additional measurements of 21°pb in Pacific 
GEOSECS samples show similar problems. 2a°Pb 
analyses were made on samples collected from 
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Fig. 1. North Atlantic water column stations and sediment core locations for which 21°pb data are available. Letters and numbers 

refer to station code in Tables I and 2. Solid circles = sediment cores, open diamonds = water column stations. 
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Gerard barrels and also on library samples drawn 
from Niskin bottles. Comparison of the analyses 
of Gerard samples at Scripps Institution of Oce- 
anography [21] with the filtered library samples 
from the same profile analyzed at Yale [22] shows 
that the former are commonly about 30% less than 
the latter [23]. Such a pattern could be produced 
by the same artifacts which affected the Atlantic 
samples as well as by uptake of 21°pb on the walls 
of the Gerard barrels themselves. In general, we 
have used 21°Pb analyses of water collected in 
Niskin bottles to calculate 21°pb removal from the 
water column [22-26,48, this study]. The only 
exception is the use of four stations taken by 
Bacon et al. [3] in the North Atlantic. The sample 
coverage is limited in this region, and the 21°pb 
results from these samples are consistent with our 
new results for the Nares and Hatteras Abyssal 
Plains. For all the profiles, 226Ra and 21°pb inven- 
tories in units of d p m / c m  2 are calculated by inter- 
polating the activities between the depths analyzed, 
multiplying by the depth interval and summing 

the results. The locations of all the water column 
stations used in the calculations are shown in Figs. 
1 and 2. 

The final component of the calculation of 21°pb 
removal from the water column is the atmospheric 
flux. Turekian et al. [27] modeled this flux on the 
basis of estimated radon emanation rates from the 
continents, atmospheric circulation rates and 
aerosol mean residence times. Because of the pre- 
vailing west-east air circulation in the mid-lati- 
tudes, their model predicted that the atmospheric 
flux of 21°pb to the ocean surface should decrease 
from west to east across the Pacific and Atlantic 
Oceans. Turekian et al. [27] also predicted that the 
21°pb fluxes would be lower in the southern hemi- 
sphere (15° -55°S)  than in the northern hemi- 
sphere ( 1 5 ° - 5 5 ° N )  because of the greater 
integrated land area in the latter. However, mea- 
surements by Turekian et al. [28] show that the 
flux of 21°pb in Bermuda (0.69 dpm/cm2/yr )  is 
comparable to that on the west coast of Great 
Britain (0.5 dpm/cm2/yr, cited in [27]). In the 
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Fig. 2. North Pacific water column stations and sediment core locations for which 21°pb data are available. Letters and numbers refer 
to station code in Tables 1 and 2. Solid circles = sediment cores, open diamonds = water column stations. 
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Fig. 3. Scavenging effectiveness for 21°pb in: (a) the North  Atlantic, and (b) the North  Pacific Ocean. Maps are based on water 
column stations from Figs. 1 and 2. Scavenging effectiveness (calculated as %) is the water column 210 Pb deficiency normalized to the 
supply from the atmosphere and in situ decay of dissolved 226Ra. See text for discussion. 
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Pacific, 21°pb fluxes measured as part of the SEAREX 
program show a constant and relatively low value 
of 0.2-0.3 dpm/cm2/yr throughout much of the 
North Pacific [29]. These patterns differ from the 
predictions of the Turekian et al. [27] model be- 
cause continent-derived aerosols are scavenged 
from the boundary layer relatively close to the 
continental margin, and atmospheric deposition of 
2~°pb in the open ocean is governed by supply of 
aerosols from the mid-upper  troposhere to the 
marine boundary layer and from there, to the sea 
surface [29]. 

In the present study we use atmospheric fluxes 
measured in Bermuda (0.69 dpm/cm2/yr ;  [28]) 
and Great Britain (0.5 dpm/cm2/yr) for stations 
in the western and eastern North Atlantic respec- 
tively. The average value from the SEAREX dust 
network (0.25 dpm/cm2/yr; [291) is used for the 
North Equatorial Pacific. An intermediate value 
of 0.3 dpm/cm2/y r  calculated by Bacon et al. [24] 
is taken for the high-latitude North Atlantic. 

Having assembled the relevant information, we 
calculate the total supply of 21°Pb to a given water 
column as the sum of the 226Ra inventory and the 
standing crop of 21°Pb supported by the atmo- 
spheric flux. This sum represents the total 2mPb 

available for scavenging, and values range from 27 
to 186 d p m / c m  2 (Table 1). Subtracting the mea- 
sured 21°pb inventory in the water column from 
the total supply gives the water column 2mpb 
deficiency. This value represents the activity of 
2a°pb scavenged from the water column and ranges 
from 16 to 66 d p m / c m  2 (Table 1). Table 1 gives 
additional information on the stations and calcu- 
lations. 

Comparison of the water column 21°pb de- 
ficiency at different sites requires normalizing the 
deficiency to the total 21°pb supplied to the water 
column at that site. We term this ratio the 
"scavenging effectiveness" in that it describes how 
effectively 2mpb is removed from the water col- 
umn. Percentage values of scavenging effective- 
ness range from 11 to 68% (Fig. 3, Table 1). The 
concept of scavenging effectiveness (SE) is di- 
rectly related to the residence time of 21°pb with 
respect to scavenging, by equation (1): 

)k210 (1) 

Values for ~'~cav range from 15 to 260 yr (Table 1). 
Inventories of excess 21°pb in deep-sea sedi- 

ments are calculated from measurements of 21°pb 
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Code Core 

PACIFIC OCEAN (A-N) d 

Water 210pbxs Dry 

depth inventory bulk de@sity Sediment 
Location (m) (dpm/cm)  (gdry/Cm~wet) type 

Sediment 
accumulation rate Sediment inventory 

(cm/ky) Core type Water column deficiency Reference 

I EROC-92BX 02"13.5'S,156"59.9'E 1698 11 0.60 carbonate 
2 A47 -16  09"02'N, 151"11'W 5050 35 0.25 siliceous 
3 58BX O0"N, 140"W --  20 0.21-0.64 - -  
4 65BX 07"N, 140"W -- 11 0.08-0.21 - -  
5 HANOP Site C OI'N, 139"W 4450 26~5a(n-5) 0.38-0.68 carbonate 
6 8 5 2 - 3 9  11"15'N, 139"04'W 4830 40 0.28 s i l i ceous 
7 53BX Of'N, 125"W 31 0.05-0.29 -- 
8 C57-58 15"20'N, 125"54'W 4640 38 0.4 siliceous 
9 S2BX OI'N, 118"W -- 38 0.03-0.45 - -  

10 NANOP Site M 09"N, 104"W 3100 24±ga{n=3) 0.16-0.30 meta l l i fe rous 
11 MANOP Site H 06"30'N,92"SO'W 3570 22tlS~(n=4) 0.10-0.26 hemipelagic 
12 MANOP Site S I I 'N,  140"W 4900 23±28"(n-3) 0.24-0.38 siliceous 
13 PB81-2 O5"20.7'H,81"56.2'W 3990 136 0.18-0.40 hemipelagic 
14 KH-80-2-S 40"O0.2'N,ISO'OO.O'E 5509 7 0.30 -- 
15 KH-80-2-6 39"02.5'N,I66"OO.3'E 5654 18 0.36 -- 
16 KH-80-2-8 38"03.3'N,I79"45.7'W 5548 3 0.35 -- 
17 KH-80-2-9 39"00.O'N,I70"OO.B'W 5381 21 0.35 -- 

ATLANTIC OCEAN 

Northwest Atlantic (W of 40"W, S of 50"N; AA-DD d) 
18 77G6-2 26"N, 73"W 5197 12 a 0.58-0.74 -- 
19 Hatteras 33"N,70'W 5300 20±6 (n=7) 0.60 D lithogenous 

Abyssal Plain 
20 77G6-4 32"N, 7I'W 5200 1~ 0.66-0.85 --  
21 Nares Abyssal Plain: 23"N,64"W 5750 9±4 (n=8) 0.78 --  
39 HEBBLE Si te 

[Composite 40"26.5'N,62"20.S'W 4820 67 .50-i.0 terrigenous clay 
of 20 cores) 

Northeast Atlantic (E of 40"W, S of 50"N; FF,GG,HH,VV d) 
25 KNSI Core 11 45"I4.0'N,36"O4.0'W 4189 30 0.60 b -- 
28 76G4-11 21"N, 27"W 5032 12 0.80-0.93 -- 
29 76G4-10 20"N, 25"W 4660 12 0.82-0.~5 -- 
30 CI89/81 161 35"N, 20"30'W 5161 25 0.60. -- 
31 CIR9/81 174 39"N, 17"W 5448 2 0.600 -- 
32 Eastern North Atlantic I 46"N, 17"W 4760 lO±|(n=2) O.60P -- 
33 Eastern North Atlantic I I  46"N,16"W 4400 9+2(n=8) 0 . 6 0 ~  calcareous 
34 KN54 Core IS 45"36.5'N,12"34.3'W 4900 -15 0.60 ~ 
42 Great Meteor East 31"N, 25"W 5400 1715(n~5) 0.5 terrigenous/carbonate 

Mid-ocean Ridge [Flank and crest, v ic in i ty  of 3S'N; FF,GG,HH,vVd)o 
22 INHD SO 32"N, 39"W 3500 S .60 b calcareous 
24 FAMOUS 527-3 36"45.5'N,33"IS.3'W 2600 76 0.72-0.75 -- 

North Atlantic (N of 50"N; SS,TT,UU,WW d) 
23 KNSI Core 3 52"IO.3'N,42"O7.8'W 4169 13 0.60~ 
26 KNSI Core 7 52"39.5'N,35"31.6'W 3710 43 0.600 
27 KNSI Core 20 52"22.8'N,32"I7.2'W 2575 27 0.60~ 
35 KN51 Core 13 56"16.2'N,24"24.I'W 3200 12 0.60" 
36 KN54 BCS2 61"55.7'N,17"I3.2'W 2195 46 0.55-0671 
37 KN54 BCSO 60"07.9'N,16"OS.O'W 1885 19 0.52 
38 KN54 BC40  63"50.O'N,OO'S4.O'E 2197 30 0.49-0.67 
40 Newfoundland -50"N,47"W 1500-3200 11±6(n=3) .7 

s lope / r i se  (>2000m) 

Venezuela Basin (EE d) 
41 Venezuela Basin -14"N,-66"g 3500-5050 45±21(n=4) 

40±18(n=10) 

1.0-2.3 Box Core .33 
0.15 Box Core 1.06 
0.2 Box Core .61 
0.2 BOX Core ,33 
0.--30 Box Core, Lander .79 

Box Core 1.21 
-- Box Core .94 
0.14 Box Core 1.15 
--  Box Core 1.15 
-- Box Core, Lander .73 
-- Box, Alvin, Lander Core .67 

Box Core, Lander .70 
2.3-3.8 Alvin Push Core 4.1 
0.5 Tripod Core .21 
0.9 Tripod Core .55 
0.9 Tripod Core .09 
0.4 Tripod Core .64 

[9] 
[36] 
[5 9] 

[lO],This Stud~ 
[36] 
[5o] 
[36] 
[5o] 
[ i o ]  

[10],Th!s Stud 

[511 
[s~] 

0.5-2.0 Box Core .32 [ i i ]  
Box Core .53 [44] 

0.5-2.0 Box Core .37 [ I I ]  
Box Core .24 This Study 

--  BOX Core 1.8 [38] 

-- Gravity Core 1.0 This Study 
0.5-2.0 BOX Core .41 [11] 
0.5-2.0 BOX Core .41 

1.8 BOX Core .86 [15] 
0.8 Box Core .07 " 
2 Box Core .34 [15] 
2 c Box Core .31 [14] 

Gravity Core .52 This Study 
o.s1 Box Core .59 [54] 

1.0 Box Core ,17 [53] 
2.9 A lv in  Push Core 2,6 [8] 

. . . .  Gravity Core .65 

. . . .  Gravity Core 2.2 

. . . .  Gravity Core 1.4 

. . . .  Gravity Core .60 

. . . .  BOX Core 2.30 

. . . .  Box Core .95 
-- - Box Core 1.5 

terrigenous clay -g Box Core .55 

terrigenous/carbonate -- Box Core 1.0 
.89 

This Study 

[47] 

[46] 

a Value given is mean_+ one  s t anda rd  deviat ion.  

b Es t imated  core bulk density.  

c Average  sed imenta t ion  rate  s tated in reference.  

d Mean  water  co lumn  21°pb deficiency f rom indicated stat ions (Table  1) used to normal ize  sed iment  21°pb inventories.  

and 226Ra activities (dpm/g) ,  using equation (2): 

i =  (p,A'xsAX,) (2) 
i 

where: I = inventory of excess 21°pb (dpm/cmZ); 
Pi = dry bulk density (g dry sed iment /cm 3 wet 

i - -  sediment) of the ith depth interval; Axs-excess  
21°pb activity (dpm/g)  of the ith depth interval, 
calculated as total A210pb--A226Ra; and AXe= 

thickness of ith depth interval (cm). It is often the 
case that 21°pb and 226Ra are not measured on 
every sample and interpolation is required to 
calculate inventories. Dry bulk densities, when not 
measured or reported, have been estimated from 
regional values obtained from nearby sites or from 
sediment composition parameters such as the per- 
centage of calcium carbonate [30]. 

One constraint in applying eq. (2) is whether 
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2~°pb measurements are made deep enough in a 
core so that equilibrium is reached with 226Ra. In 
general, we have considered this condition satis- 
fied if excess 2a°pb decreases to 10% of its interfa- 
cial value. In other cases, an inventory can still be 
calculated by fitting an exponential through the 
data and integrating. The sites for which sediment 
21°pb inventories have been calculated are shown 
in Figs. 1 and 2 and the data are summarized in 
Table 2. 

3.2. 21°pb scavenging in the North Atlantic 
The Nares and Hatteras Abyssal Plains in the 

Northwest Atlantic Ocean provide a useful exam- 
ple of the approaches outlined above for determin- 
ing the extent of 2a°Pb removal from the water 
column because water column profiles of 2a°pb 
and 226Ra, fluxes of 21°pb in sediment traps and 
inventories in bot tom sediments have all been 
measured at these sites. 

Water column profiles of 21°Pb and 226Ra show 
21°pb excesses in surface waters (Fig. 4, Table 3). 
This pattern is due to the atmospheric supply of 
21°pb to the surface ocean, yet calculation of the 
inventory of "excess" m°Pb relative to 226Ra in the 
upper 1000 m produces values considerably less 
than expected from the atmospheric 21°pb flux at 
these sites. This indicates that most ( -  80%) of the 
atmospherically-derived 21°Pb has been removed 
by scavenging. Below about 1000 m, 2a°pb activi- 
ties are deficient relative to 226Ra and this pattern 
persists to the sea floor. The 21°pb profiles at the 
two sites are quite similar to each other and to 
previous measurements in the area by Boyle et al. 
[31]. This indicates relatively little lateral variabil- 
ity in this region of the open Northwest Atlantic. 

Integrating the water column 226Ra  activity 
gives 68 d p m / c m  2 at Nares and 58 d p m / c m  2 at 
Hatteras (Table 1). The difference is due to the 
greater water depth at Nares. The atmospheric 
flux at both sites is taken to be the Bermuda 
value, 0.69 d p m / c m 2 / y r  [28], which produces a 
2~°pb standing crop of 22 d p m / c m  2, and the total 
supply of 21°pb to the water column is 90 d p m / c m  2 
at Nares and 80 d p m / c m  2 at Hatteras. The 2a°pb 
present in the water column, obtained by integrat- 
ing the 21°pb profiles (Fig. 4), is 51 d p m / c m  2 at 
Nares and 43 d p m / c m  2 at Hatteras. Thus 39 and 
37 dpm Z~°Pb/cm 2 or about 45% of the total 

J.K. COCHRAN ET AL. 

TABLE 3 

21°pb in water samples from the Nares and Hatteras Abyssal 
Plains, Northwest  Atlantic 

Depth  (m) 210 Pb (dpm/100  kg) 

Nares Abyssal Plain (23 °12.0'N, 63 °58.9'W, 5840 m) 
3 19.0 _+ 1.0 

834 12.2 _+ 1.0 
1060 7.9 _+ 1.0 
1442 7.1 _+ 0.7 
2550 9.2_+2.2 
3331 7.5_+0.7 
4124 6.4 _+ 0.6 
4994 6.1 _+ 0.6 
5681 7.6_+0.6 
5788 6.8_+0.5 

Hatteras Abyssal Plain (32 °48.6"N, 70°44.6'W, 5400 m) 
3 14.7_+1.7 

158 12.3_+1.6 
208 11.7 _+ 1.4 
857 8.8_+0.9 
978 7.2_+0.7 

1592 9.5 _+ 0.8 
2945 8.7 _+ 0.8 
3384 7.2 _+ 0.7 
3978 3.5 _+ 0.6 
4584 5.8_+0.6 
5300 6.1 _+0.7 

supply of 21°pb has been scavenged at Nares and 
Hatteras, respectively. 

These values can be compared with measure- 
ments of the vertical flux of 2a°pb at the Nares 
site. Sediment trap samples were collected over 
successive intervals of 78 days for a one year 
period (1983-1984) at two depths, 1464 and 4832 
m. Samples taken at both depths show good corre- 
lation between both mass flux and organic carbon 
flux and 21°pb flux (Fig. 5). A similar observation 
has been made by Moore and Dymond [33] for 
sediment trap samples collected in the Pacific. 
These correlations can be explained in the context 
of the scavenging model for reactive nuclides pro- 
posed by Bacon and Anderson [34]. In this model, 
radionuclides such as 2~°pb are adsorbed onto 
small suspended particles which sink only very 
slowly. The small particles and associated radio- 
nuclides can be packaged into larger, rapidly sink- 
ing particles such as fecal pellets which are 
removed from the water column. The latter con- 
stitute most of the mass flux recorded in sediment 
traps. Thus an increase in bulk flux or flux of 
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Fig. 5.21°Pb flux (dpm/cm2/y r )  vs a) mass  flux (mg /cm2/y r )  
and b) organic carbon flux ( t tg /cm2/yr )  for sediment traps 
deployed at 1464 and 4832 in the Nares Abyssal Plain. The 
samples at each depth were collected sequentially by means of 
a rotating cup. Each point corresponds to - 78 days of sample 
collection. Points marked with question marks denote the final 
cup which was open at retrieval and may have lost material. 
These values were not used in computing mean fluxes at each 
depth, denoted by the crosses. Lines through the data are 
linear least square fits. 

large particles results in an increased flux of 
packaged small particles and associated 2a°pb (Fig. 
5).  

The second observation we make regarding the 
sediment trap data is that the mean flux of 21°pb 
increases from 0.22 to 0.51 d p m / c m 2 / y r  between 
the 1464 and 4832 m traps (Fig. 5). This is a result 
of continued uptake of 21°pb on small particles as 
they are transferred through the water column by 
packaging into large particles and the disintegra- 

tion of the large particles back into small particles. 
Because production of 21°pb from 226Ra decay 
occurs throughout the water column, additional 
scavenging can take place as the particles sink. 
The mean flux of 21°pb recorded in the 4832 m 
trap supports a steady-state removal of 16 dpm 
21°pb/cm2 from the water column and should be 
comparable to the inventory recorded in sedi- 
ments at the site. We note that the flux of 21°pb 
measured in the sediment trap accounts for less 
than half of the 2x°pb removal from the water 
column (39 d p m / c m  2). 

Sediment profiles of 21°pb from cores taken at 
Nares show excess 2mpb present to depths of 3-8  
cm (Appendix), and inventories calculated from 
these profiles vary from 3.6 to 14.0 d p m / c m  2. 
This variation occurs not only on the scale of 
sampling at the Nares Abyssal Plain (10-50 km 
between stations), but also on the scale of a single 
box core. For example, Smith et al. [14] measured 
excess 21°pb on subcores of box cores taken in the 
northeast Atlantic and showed that inventories 
varied by as much as a factor of 6 for two sub- 
cores taken within - 25 cm of one another. This 
pattern is probably due to patchiness in the den- 
sity and activity of the benthic fauna, which serves 
to distribute 21°pb throughout the upper decimeter 
of deep-sea sediments. It is likely that integrating 
over a larger area of the sea floor when taking 
samples for inventories of 2mpb or other short- 
lived radionuclides will reduce the variability in 
the measured inventories. Indeed, Cochran and 
Krishnaswami [36] sampled the entire area of these 
2500 cm 2 box cores taken in the North  Equatorial 
Pacific and found relatively little variation in 
2mPbxs inventory (35-40 dpm/cm2) .  However, in 
areas where the bot tom is disturbed physically on 
a frequent basis, such as the ~IEBBLE site in the 
Northwest Atlantic [37], inventories of 21°Pbxs may 
be quite variable even when large areas of the sea 
floor are sampled [38]. In general most of the data 
summarized in Table 2 are based on small area 
subcores of box cores, and mean values of 21°Pb×s 
inventory for a given area have large standard 
deviations. 

At Hatteras and Nares, mean sediment 21°Pbxs 
inventories are 20 _+ 6 and 9 _+ 4 d p m / c m  2 (Table 
2). These values bracket the inventory expected 
from the 21°pb flux in the deep sediment trap at 
Nares (16 dpm/cm2) ,  but both sediment trap and 
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bot tom sediments record lower fluxes than those 
required to support the 21°Pb deficiency in the 
overlying water column ( - 3 8  dpm/cm2) .  The 
similarity in sediment trap and bot tom sediment 
21°pb fluxes suggests that scavenging of 21°pb at 
the sediment-water  interface is not large at these 
sites. Indeed, Spencer et al. [4] calculated it to be 
< 4% of the total removal of 21°pb for the North  
Atlantic as a whole. Thus about 50% of the 21°pb 
scavenged from the water column at the Nares 
and Hatteras Abyssal Plains is not carried to the 
bot tom locally but is transported out of the area 
to sinks elsewhere. 

In order to compare sediment inventories in 
different parts of the Atlantic, we normalize them 
to the deficiency of 2mpb in the overlying water 
column (Fig. 6a). Low values (<< 100%) of the 
normalized inventory, as observed at Nares or 
Hatteras, indicate that the sink for most of the 
scavenged 21°pb is not local. Values close to 100% 
indicate that all of the 21°pb removed from the 
water column is present in the sediments below, 
and values greater than 100% imply import  of 
21°Pb to the area. Although there is considerable 
scatter due to the small scale spatial variability of 
21°Pb distributions in the sediments, the pattern of 
normalized sediment 2mpb inventories in the 
North Atlantic is one of generally low values 
(frequently < 50%) south of about 45 ° N and high 
values north of 50 ° N  ( >  50%). Exceptions to the 
pattern south of 4 5 ° N  include a core taken in a 
sediment pond on the Mid-Atlantic Ridge and 
cores taken at the HEBBLE site [38]. 

Several factors might cause the trend toward 
greater normalized sediment 21°Pb inventories in 
the high latitudes. The normalized sediment inven- 
tories must in part  reflect the vertical flux of 
particles at these open ocean sites, and an im- 
portant component  of the particulate flux is the 
flux of biogenic particles. This flux is linked to the 
primary production of an area and especially to 
the new production [39-42]. Indeed, Fisher et al. 
[32] have shown that it is possible to accurately 
estimate the flux of particle reactive radionuclides 
at open ocean sites from knowledge of dissolved 
radionuclide concentrations, concentration factors 
on biogenic particles and new production. A cor- 
relation between organic carbon flux and 21°pb 
flux has been demonstrated by Moore and Dy- 
mond [33] for sediment trap samples from the 

Pacific and for our North Atlantic samples (Fig. 
5b), and Moore and Dymond [33] suggested that a 
similar relationship might be expected between the 
biogenic flux and sediment inventories of excess 
210 Pb. Estimates of new production in oligotrophic 
central gyre areas (e.g. mid-latitude northwest 
Atlantic) are lower by a factor of two compared to 
the transitional waters between subtropical and 
subpolar zones (e.g. high-latitude North Atlantic) 
[40]. Satellite photographs also show that the 
equatorial Pacific and high-latitude North Atlantic 
have higher productivities than central gyre areas 
such as the central northwest or northeast Atlantic 
[43]. Thus the data suggest that the greater the 
flux of biogenic particles in an area, the greater 
the supply of 21°pb to the bot tom and the higher 
the normalized sediment 21°pb inventories. 

In order to construct a proper 21°pb balance for 
the North Atlantic, sample coverage for sediment 
and water column data must be sufficient to per- 
mit calculation of weighted areal averages. At 
present the data are insufficient to make such 
calculations, but the high-latitude North Atlantic 
does appear to represent a large enough region to 
balance the 21°Pb-deficient sediments of the central 
gyre. Transport  of 2mpb from areas of weak re- 
moval to strong sinks has been documented, par- 
ticularly in the case of ocean margins where up- 
welling is occurring [61. Indeed, Bacon et al. [31 
and Cochran et al. [5] have calculated that trans- 
port  of 21°pb by eddy diffusion from the open 
ocean to strong sinks was effective for distances of 
about 2000 km. 

Oceanic margins can serve as strong sinks for 
reactive radionuclides, but the western margin of 
the North  Atlantic, represented by the continental 
shelf and coastal areas off the northeastern USA, 
does not represent an important sink for 21°pb 
imported from elsewhere [44,45]. Instead 21°pb in 
sediments of this area appears to be in balance 
with local supply. The eastern margin of the North 
Atlantic may represent an important sink for 21°pb 
as does the analogous area of the eastern Pacific 
off California and the Washington shelf [6,7], but 
at present data are lacking to assess the impor- 
tance of this area. 

Several other areas have surplus inventories of 
21°Pbxs in their sediments (Fig. 6a). For example, 
sediments of the HEBBLE site have been shown to 
have consistently high, though variable, invento- 
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ries of excess 21°pb [13,38]. This area is char- 
acterized by frequent and intense benthic " s t o r m s "  
which produce very high concentrations of sus- 
pended sediment. High 2a°Pb inventories also are 
present in sediments of the Venezuela Basin [46], 
although the highest inventories in this area may 
be due to turbidity flows rather than enhanced in 
situ scavenging of 2a°pb. Continental slope sedi- 
ments off Newfoundland also are characterized by 
high 21°pb inventories [47]. Deeper sites on the 
slope and rise have lower inventories of 2mpb, 
possibly due to the presence of the Western 
Boundary Undercurrent. Although these areas off- 
set the 2~°Pb-deficient sediments of the central 
gyre, they do not seem extensive enough to bal- 
ance the deficit, especially in comparison with the 
high-latitude sediments. 

3.3. 21°pb scavenging in the North Pacific 
The North Pacific shows several interesting dif- 

ferences in 21°pb scavenging relative to the North  
Atlantic. In general, 21°pb is scavenged less effec- 
tively in the North Pacific. Only about 20% of the 
21°Pb available for scavenging is removed from the 
water column and, as a consequence, the residence 
time of 21°pb with respect to scavenging is longer 
in the Pacific than the Atlantic (on average 140 + 
60 yr in the Pacific vs. 35 +_ 15 yr in the Atlantic; 
Table 1, Fig. 3). 

In part, this difference is created by considering 
the ocean as a single box in which scavenging of 
21°pb from the surface and deep ocean are consid- 
ered together. Scavenging in the surface ocean is 
more rapid than in the deep ocean, and the intro- 
duction of 21°pb into the surface ocean is princip- 
ally by the atmospheric flux. Thus a water column 
in which the atmospheric flux is a larger fraction 
of the total 21°pb supply (from the atmosphere 
and from in situ 226Ra decay) will have a shorter 
scavenging residence time for 21°pb in a single box 
model, if all other factors are comparable. Indeed, 
the atmospheric flux of 2mpb is larger in the 
North Atlantic than North Pacific [27,29]. How- 
ever, if we assume that essentially all of the atmo- 
spheric 2a°Pb flux is scavenged (see section 3.2), 
we can correct the observed 2~°pb deficiency in 
the water column to obtain that due to scavenging 
of 2mpb produced in situ by 226Ra. Production of 
2~°pb from 226Ra is dominated by 226Ra decay in 
the deep ocean and thus the corrected 21°pb de- 

ficiency represents scavenging from the deep oce- 
an. When this correction is made, the difference in 
scavenging residence time in the two oceans re- 
mains but is less pronounced (200 _+ 100 yr for the 
Pacific vs. 80 _+ 30 yr for the Atlantic). 

Other possibilities which explain the difference 
in scavenging effectiveness include differences in 
particle fluxes and proximity to strong sinks. Al- 
though the pr imary productivity and new produc- 
tion of the equatorial Pacific are relatively high, 
the deeper, more acidic water column is less 
favorable for the preservation of sinking calcium 
carbonate tests. Dissolution of sinking tests and 
release of associated radionuclides could lower the 
scavenging effectiveness of the Pacific. 

The high inventories of excess 21°pb in eastern 
Pacific margin sediments [6], including those of 
the Panama Basin [51, Table 2], indicate that such 
areas are important  sinks for reactive radio- 
nuclides. The effect of such sinks on 21°pb re- 
moval from the water column at an open ocean 
site depends on the rate of transport of 2]°pb to 
the sink and the half-life of 21°Pb [3,5]. If  the 
transport of 2a°pb to margin sinks is comparable 
in the Atlantic and Pacific, the considerably larger 
size of the Pacific suggests that more of this ocean 
is relatively unaffected by distant sinks. This hy- 
pothesis predicts that scavenging of 2mpb from 
open Pacific sites such as those of the equatorial 
region should be dominated by vertical transport 
and that sediment inventories of 2]°Pbxs at these 
sites should equal the 21°pb scavenged from the 
overlying water column. Indeed, Fig. 6b shows 
this to be the case. The mean 21°Pbxs inventory in 
cores from the open North  Equatorial Pacific is 
26 + 13 d p m / c m  2 (mean _+ lo  of all cores, Table 
2) and this compares favorably with the mean 
water column 21°pb deficiency of 33 _+ 11 d p m /  
cm 2. Thus it appears that the sediments of the 
North  Equatorial Pacific are in balance with 21°pb 
scavenged from the overlying water column, and 
that scavenging of 21°pb in this area is dominated 
by processes operating in a vertical sense. The 
North  Atlantic, by contrast, shows strong iso- 
pycnal transport  of 21°Pb out of the oligotrophic, 
mid-latitudes to stronger sinks in the high lati- 
tudes or possibly the eastern margin. 

Elsewhere in the Pacific, lateral transport to 
sinks may be important.  It is interesting to note 
that the four mid-latitude Pacific cores for which 
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21°pb inventories are available (Fig. 2, [52]) show 
lower normalized inventories, on the average, than 
do the equatorial cores. A gradient in productivity 
also exists in the North Pacific, with relatively 
high values in the equatorial and high latitudes. It 
is possible that a pattern of normalized sediment 
inventories similar to the North Atlantic exists in 
the North Pacific, with low values in the mid-lati- 
tudes and high values in the high latitudes (and 
equatorial region). Additional sediment data from 
the high latitude Pacific will enable this hypothesis 
to be tested. 

5. Conclusions 

A 21°pb balance for the open ocean can be 
constructed by comparing the deficiency of 21°pb 
in a given water column (relative to its supply 
from the atmosphere and in situ decay of 226Ra) 
with inventories of excess 2mPb in underlying 
sediments. The "scavenging effectiveness" of 210 Pb 
from the entire water column, defined as the ratio 
of 21°pb water column deficiency to total supply, 
is about 20% in the North Equatorial Pacific and 
about 50% in the North Atlantic. These values 
reflect both removal of 21°pb onto sinking par- 
ticles and lateral transport of 2mpb to strong 
sinks, and the differences remain even when cor- 
rections are made for difference in scavenging rate 
and 21°pb supply in the surface relative to the 
deep ocean. 

A measure of the relative importance of vertical 
and lateral processes in 21°Pb scavenging is de- 
rived from the ratio of excess 21°pb inventories in 
deep-sea sediments to the deficiency of 21°pb in 
the overlying water column. In the North Equa- 
torial Pacific, virtually all (>  80%) of the 21°pb 
scavenged from the water column is present in the 
underlying sediments. This suggests that 21°pb 
supplied locally to the surface waters and pro- 
duced from decay of 226Ra in the overlying water 
column is scavenged onto sinking particles and 
transported to the bottom. 

In contrast, sediments of the mid-latitude North 
Atlantic account for only - 4 0 %  of the 21°Pb 
scavenged from the overlying water column, and 
the remainder apparently is transported to sinks 
outside the area. The data coverage is insufficient 
to permit a quantitative mass balance to be con- 
structed, but cores taken in areas of frequent 
bottom disturbances, such as the HEBBLE site, and 
underlying the relatively high-productivity waters 
of the high latitudes have surpluses of excess 
2mPb. The latter may be of sufficient areal extent 
to balance the deficits observed in sediments of 
the oligotrophic central North Atlantic. 

Acknowledgements 

The data presented in this paper were gener- 
ated from funding from several sources. We are 
particularly grateful to the National Science 
Foundation for supporting the work in the North 
Equatorial Pacific (Grants OCE 8215747 and 
8400072 to JKC) and North Atlantic (Grant OCE 
8819544 to JKC and OCE-8614545 to HDL). The 
work at the Nares and Hatteras Abyssal Plains 
was supported by Sandia National Laboratories as 
part of its Subseabed and Low Level Radioactive 
Waste Disposal Programs. Discussions with our 
colleagues, particularly K. Turekian, N. Fisher, R. 
Aller and M. Scranton have helped clarify several 
of the ideas presented here, and reviewer's com- 
ments from M. Bacon and W. Moore and an 
anonymous reviewer are appreciated. Mary Ann 
Lau expertly typed several drafts of the 
manuscript. An earlier version of this paper was 
presented at the International Congress of Geo- 
chemistry and Cosmochemistry held in Paris in 
September, 1988, and travel support from the 
meeting organizers to JKC is gratefully acknowl- 
edged. This is Contribution No. 692 from the 
Marine Sciences Research Center and No. 7234 
from Woods Hole Oceanographic Institution. 



3 4 6  J.K. COCHRAN ET AL 

APPENDIX 

21°pb and 226Ra measurements for deep-sea sediment cores from the Atlantic and Pacific Oceans 

Depth Bulk density 2mpb a 226Ra a 210pb b 226Ra c 210pb.~ 0 

(cm) (gdry/Cm3et ) ( d p m / g )  

NaresAbyssalP~in 

BC ~(22°42.7'~ 64°2~2'~ 5775 
0-1  0.78 e 13.8±0.8 
1 -2  3.9±0.7 
2-3  3.9±0.7 
4 -5  4 .7±0.4  
6 -7  4 .3±0.7  

10-12 5.2±0.4 
18-20 4.6±0.5 
Z21°Pbxs(dpm/cm 2) 

BC ~ ~3o32.8"~ 64°3&2'~ 57~ 
0-1  0.78 16.2±0.8 
1 -2  5.5±0.6 
2-3  4 .3±0.6  
4 -5  5 .1±0.7 
8 -9  6 .0±0.8 

14-16 5.2±0.5 
EZl °pbxs (dpm/cm 2) 

BC09~3o12.0'~ 64o45.4'~ 5775m) 
0-1  0.78 7.7±0.7 
1 -2  5 .4±0.7 
2 -3  4 .7±0.8 
6 -7  3.9±0.5 

10-12 4.5±0.5 
18-20 5.3±0.4 
~21°Pb×s(dpm/cm2 ) 

BC15(23°l&7'~ 63°53.6'~ 57~ 
0-1  0.78 5.6±1.5 
1-2  4 .4±0.7  
2 -3  5.6±0.8 
4 -5  4 .0±0.7  
8 -9  7 .1±0.8 

14-16 5.3±0.5 
E21°Pb×s(dpm/cm 2) 

BC18(22°41.5"~ 63o2z3'~ 57~ 
0-1  0.78 5.3±0.7 
1 -2  5.6±0.7 
2-3  5.7±0.8 
6 -7  5 .6±0.7 

10-12 5.2±0.7 
18-20 3.0±0.7 
20-24 2.0±0.7 
E21°Pbxs(dpm/cm 2) 

BC23~3°01.4'~ 64o13.6'~ 5777~ 
0-1 0.78 12.6±0.9 
1 -2  4 .6±0.6 
2-3  3.7±0.7 
4 -5  5 .7±0.7 
8 -9  5.1±0.5 

14-16 5.3±0.5 
Z21°pb~s(dpm/cm2) 

13.4__+0.7 2 .7__+0.1  10.9+0.7 
4 .4±0.3  3.1±0.1 1 .1±0.4 
3 .2±0.2 3.1±0.1 0.5±0.5 
4 .9±0.3 3.3±0.1 1.5±0.3 
3 .2±0.2 3.6±0.1 0 .2±0.8 
4 .5±0.2  4 .4__+0 .1  0.5±0.5 
4.2__+0.3 4.9±0.1 - 0 . 4 ± 0 . 3  

12 

15.8 ±0.7 2.9±0.1 12.9±0.7 
5 .4±0.2 3.3±0.1 2 .1±0.2 
3.9±0.3 3.3±0.1 0 .6±0.3 g 

- - 0 . 0 ± 0 . 4  g 

- - 0 . 9 ±  1 . 4  g 

- - 0 . 1 ± 1 . 4  g 

12 

7.5±0.3 3.9±0.1 
5 .0±0.2 3.5±0.1 
5.5±0.3 3.4±0.1 

3.6±0.3 
1.5±0.2 
2.1±0.3 

- 1 . 2 ± 1 . 3  g 
- 0 . 6 ± 1 . 3  g 

0 .2±1.3 g 
8 

6 .1±0.2  3.2±0.1 2 .9±0.2 
4.4±0.1 3.9±0.1 0.5±0.1 
4 .3±0.3  3.5±0.1 0 .8±0.3 
_ _ - 1 . 1 ± 1 . 4  g 
_ _ 2 .0±1.4 g 
_ _ 0 .2±1.3 g 

4 

5.0±0.2 3.7±0.1 
5.0±0.1 4.0±0.1 
4 .6±0.3  4.0±0.1 

11.5±0.4 2.7±0.1 
4 .9±0.3 3.1±0.1 
3.8±0.3 3.3±0.1 

1.3±0.2 
1.0±0.1 
0.6±0.3 
0 .5±1.4  g 
0 .1±1.4  g 

- 2 . 1 ± 1 . 4  g 
- 3 . 1 ± 1 . 4  g 

4 

8 .8±0.4 
1.8±0.3 
0 .5±0.3 g 
0 .6±1.4  g 
0 .0±1.3 g 
0.2±1.3 g 

10 
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A P P E N D I X  (cont inued)  

Dep th  Bulk  dens i ty  21o Pb a 226 Ra  ~ 21o Pb b 226 R a  c 2IO Pbxs d 

(cm) ( g d w / c m 3 ~ t  ) ( d p m / g )  

BC25~2°5Z7 '~  64°1~5 '~  57~ 
0 -1  0.78 8 . 1 ± 0 . 5  - 
1 - 2  5 . 2 ± 0 . 3  - 
2 - 3  5 . 0 ± 0 . 5  - 

6 - 7  5 . 4 ± 0 . 7  - 

10 -12  6 . 4 ± 0 . 5  - 
18 -20  5 . 4 ± 0 . 5  - 
E 2 1 ° P b x s ( d p m / c m  2) 

BC32(22°13.9'~ 63°1~5'~  5719 
0 - 1  0.78 1 2 . 9 ± 0 . 7  - 

1 - 2  7 . 6 ± 0 . 8  - 

2 - 3  7 . 3 ± 0 . 7  - 
4 - 5  5 . 7 ± 0 . 6  - 

6 - 7  5 . 6 ± 0 . 8  - 
1 0 - 1 2  6 . 9 ± 0 . 8  - 

1 8 - 2 0  7 . 1 ± 0 . 8  - 
2 8 - 3 2  6 . 9 ± 0 . 8  - 
~21°Pbxs ( d p m / c m  2) 

North A t&ntic 

KN54 BC52 ~1 °55.7"~ 17°13.2'~ 2195 m) 
0 - 1  0.6 2 0 . 5 ± 0 . 8  

1 - 2  0.6 10 .6±0 .6  
2 - 3  0.7 9 . 7 ± 0 . 6  

3 - 4  0.6 6 . 5 ± 0 . 5  
4 - 6  0.6 5 . 5 ± 0 . 6  

6 - 8  0.6 5 . 0 ± 0 . 7  
8 - 1 0  0.6 3 . 2 ± 0 . 5  

10 -12  0.6 3 . 2 ± 0 . 6  
Z 2 1 ° P b x s ( d p m / c m Z  ) 

KN54BC50(60°OZ9'~ 1 6 ° ~ . 0 ' ~  1885 
0 - 1  0.6 f 1 0 . 7 ± 0 . 9  

1 - 2  7 . 1 ± 0 . 7  

2 - 3  7 . 0 ± 1 . 1  
3 - 4  6 . 5 ± 0 . 8  

4 - 6  6 . 6 ± 0 . 8  

6 - 8  4 . 7 ± 0 . 7  
8 - 1 0  3 . 9 ± 0 . 7  

10 -12  3 . 4 ± 0 . 7  
~ 2 1 ° P b x s ( d p m / c m 2  ) 

KN54BC40(63°5~O'~ ~ ° 5 ~ 0 ' ~  2197~ 
0 - 1  0.5 - 

1 - 2  0.5 1 3 . 3 ± 0 . 7  
2 - 3  0.5 - 

3 - 4  0.5 7 . 3 ± 0 . 8  
4 - 5  0.6 - 

5 - 6  0.7 4 . 1 ± 0 . 9  
Z 2 1 ° P b x s ( d p m / c m Z  ) 

KN54Core15(45°3~5'~ 12°34.3'~ 49~ 
0 - 1  0.6 e 5 . 7 ± 0 . 9  

1 - 2  5 . 2 ± 0 . 9  
2 - 3  5 . 3 ± 0 . 9  
3 - 4  3 . 3 ± 0 . 9  

2 . 1 ± 0 . 2  

1 . 9 ± 0 . 2  
2 . 2 ± 0 . 2  

1 . 7 ± 0 . 2  
2 . 4 ± 0 . 2  

2 . 6 ± 0 . 2  

2 . 7 ± 0 . 2  

2 . 9 ± 0 . 2  

4 . 4 ± 0 . 3  
4 . 5 ± 0 . 2  

4 . 7 ± 0 . 4  
4 . 0 ± 0 . 3  

4 . 3 ± 0 . 3  

3 . 2 ± 0 . 2  
3 . 1 ± 0 . 2  

3 . 1 ± 0 . 2  

2 . 0 ± 0 . 2  

2 . 7 ± 0 . 3  

3 . 7 ± 0 . 4  

1 . 8 ± 0 . 3  

2 . 1 ± 0 . 3  
4 . 0 ± 0 . 4  
2 . 0 ± 0 . 2  

8 . 5 ± 0 . 4  3 .0±0 .1  5 . 5 ± 0 . 4  
4 . 7 ± 0 . 2  3 .0±0 .1  1 . 7 ± 0 . 2  
4 . 6 ± 0 . 3  3 .5±0 .1  1 .1±0 .3  g 

_ _ 0 . 3 ± 1 . 4  g 
_ _ 1 .3±1 .3  g 

_ _ 0 . 3 ± 1 . 3  g 

8 

1 1 . 4 ± 0 . 8  3 . 2 ± 0 . 3  9.0_+1.1 
6 . 6 + 0 . 7  3 . 7 ± 0 . 4  3 . 4 ± 0 . 8  

7 . 3 + 0 . 7  4 . 4 ± 0 . 4  2 . 9 + 0 . 8  
5 . 6 ± 0 . 8  4 . 9 ± 0 . 5  0 . 8 ± 0 . 9  

5 . 9 ± 0 . 9  5 . 8 + 0 . 6  0 .0±1 .1  

- 6 . 6 ± 0 . 7  0 .3+1 .1  
- 6 . 6 ± 0 . 7  0 .5±1 .1  

- 5 . 6 ± 0 . 6  1 . 3 ± 1 . 0  
14 

26 .1±1 .5  
12 .4±1 .2  

1 0 . 6 ± 1 . 2  
6 . 8 ± 1 . 0  

4 . 4 ± 1 . 2  

3 . 4 ± 1 . 3  

0 . 7 ± 1 . 0  

0 . 4 ± 1 . 2  
46 

10 .2±1 .8  

4.1 ± 1.5 
3 . 8 ± 2 . 3  
4 . 0 ± 1 . 8  

3 . 7 ± 1 . 8  

2 . 4 ± 1 . 6  
1 . 2 ± 1 . 6  
0 . 5 ± 1 . 5  

23 

1 6 . 0  ± 1.3 

6 . 6 ± 1 . 6  

0 . 6 ± 1 . 8  
31 

5 .2±1 .5  

4 . 0 ± 1 . 5  
1 . 7 ± 1 . 8  
1 .7±1 .5  
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KN51 ~re20(52°22 .8 '~  3 2 ° 1 Z 2 ' ~  25~  
0 - 1  0.6 e 1 7 . 0 ± 1 . 9  2 . 7 ± 0 . 5  - - 2 1 . 1 ± 3 . 6  

1 - 3  7 . 1 ± 1 . 0  3 . 0 ± 0 . 3  - - 6 . 1 ± 1 . 8  

3 - 4  8 . 0 ± 1 . 2  3 . 7 ± 0 . 4  - 6 . 4 ± 2 . 3  

4 - 5  4 . 4 ± 0 . 8  3 . 0 ± 0 . 3  - 2 . 0 ± 1 . 6  

5 - 6  4 . 4 ± 0 . 9  3 . 1 ± 0 . 4  - - 1 . 9 ± 1 . 9  

6 - 7  5 . 0 ± 0 . 7  3 . 6 ± 0 . 3  - 2 . 1 ± 1 . 4  

7 - 8  3 . 4 ± 0 . 8  2 . 3 ± 0 . 3  - 1 . 7 ± 1 . 5  

8 - 9  2 . 7 ± 0 . 8  2 . 6 ± 0 . 3  - - 0 . 0 ± 1 . 5  

9 - 1 0  3 . 0 ± 0 . 8  2 . 6 ± 0 . 2  - - 0 . 5 ± 1 . 5  

1 0 - 1 1  2 . 6 ± 0 . 8  2 . 6 ± 0 . 2  - - 0 . 0 ± 1 . 4  

Z21°Pb~s ( ~ m / c m  2) 29 

KN51 ~ r e 7 ~ 2 ° 3 9 . 5 ' ~  35°31.6 '~  3710 ~ " 
0 - 1  0.6 e 1 6 . 5 ± 0 . 9  1 . 8 ± 0 . 3  - 2 1 . 6 ± 1 . 8  

1 - 2  1 1 . 1 ± 1 . 6  3 . 3 ± 0 . 5  - 1 1 . 4 ± 3 . 1  

2 - 3  6 . 0 ± 1 . 1  3 . 0 ± 0 . 4  - 4 . 4 ± 2 . 3  

3 - 4  5 . 1 ± 0 . 5  3 . 0 ± 0 . 2  - 3 . 2 ± 1 . 1  

4 - 6  6 . 4 ± 0 . 5  2 . 4 ± 0 . 2  - - 5 . 8 ± 1 . 0  

6 - 8  6 . 7 ± 0 . 8  3 . 1 ± 0 . 3  - - 5 . 4 ± 1 . 5  

8 - 1 0  4 . 8 ± 0 . 6  2 . 1 ± 0 . 2  - - 4 . 0 ± 1 . 2  

1 0 - 1 2  4 . 6 ± 0 . 8  2 . 1 ± 0 . 2  - - 3 . 7 ± 1 . 4  

z 2 1 O p b x ~ ( d p m / c m  2) 47 

KN51Corel l~5°14.0 'M 3 6 ° ~ . 0 ' ~  4189 
0 - 1  0.6 e 9 . 3 ± 1 . 1  2 . 4 ± 0 . 3  - - 1 0 . 2 ± 2 . 0  

1 - 2  7 . 7 ± 1 . 1  2 . 3 ± 0 . 3  - - 8 . 0 ± 2 . 0  

2 - 3  3 . 9 ± 0 . 8  1 . 9 ± 0 . 2  - - 3 . 0 ± 1 . 4  

3 - 4  4 . 4 ± 0 . 6  2 . 0 ± 0 . 2  - - 3 . 5 ± 1 . 4  

4 - 6  5 . 5 ± 0 . 6  2 . 4 ± 0 . 2  - - 4 . 6 ± 1 . 1  

6 - 8  5 . 4 ± 0 . 6  2 . 5 ± 0 . 2  - - 4 . 3 ± 1 . 2  

8 - 1 0  3 . 8 ± 0 . 6  2 . 6 ± 0 . 2  - - 1 . 8 ± 1 . 1  

1 0 - 1 2  3 . 4 ± 0 . 7  3 . 2 ± 0 . 2  - - 0 . 3 ± 1 . 3  

1 2 - 1 4  3 . 3 ± 0 . 6  2 . 3 ± 0 . 2  - - 1 . 5 ± 1 . 1  

Z 2 1 ° p b ~ s ( d p m / c m  2) 30 

KN54Core15O5°365'M 12°34.3 '~ 4900 
4 - 5  6 . 5 ± 0 . 9  3 . 2 ± 0 . 3  - - 4 . 5 ± 1 . 5  

5 - 6  3 . 7 ± 0 . 7  2 . 3 ± 0 . 2  - - 1 . 8 ± 1 . 1  

6 - 7  4 . 2 ± 0 . 8  2 . 8 ± 0 . 2  - - 1 . 9 ± 1 . 3  

7 - 8  4 . 0 ± 0 . 8  2 . 8 ± 0 . 2  - - 1 . 5 ± 1 . 3  

8 - 9  3 . 8 ± 0 . 8  3 . 2 ± 0 . 2  - - 0 . 9 ± 1 . 3  

9 - 1 0  3 . 8 ± 0 . 6  2 . 8 ± 0 . 2  - - 1 . 3 ± 1 . 1  

1 0 - 1 2  2 . 9 ± 0 . 6  2 . 8 ± 0 . 2  - - 0 . 0 ± 1 . 1  

E 2 1 ° P b ~ s ( d p m / c m  2) 15 

KN51 Core 13 (56°16.2'N, 24 °24.1 'IV, 3200 m) 
0 - 1  0.6 ¢ 4 . 3 ± 0 . 5  1 . 0 ± 0 . 2  - - 4 . 7 ± 1 . 0  

1 - 2  4 . 7 ± 1 . 2  2 . 0 ± 0 . 4  - - 4 . 0 ± 2 . 3  

2 - 3  4 . 1 ± 0 . 9  1 . 1 ± 0 . 2  - - 4 . 4 ± 1 . 6  

3 - 4  2 . 8 ± 0 . 5  0 . 9 ± 0 . 2  - - 2 . 6 ± 0 . 9  

4 - 5  2 . 3 ± 0 . 5  1 . 6 ± 0 . 2  - - 1 . 0 ± 1 . 0  

5 - 6  2 . 2 ± 0 . 5  1 . 5 ± 0 . 2  - - 1 . 0 ± 1 . 0  

6 - 7  2 . 4 ± 0 . 6  1 . 5 ± 0 . 2  - - 1 . 4 ± 1 . 1  

7 - 8  1 . 8 ± 0 . 7  1 . 2 ± 0 . 2  - - 0 . 9 ± 1 . 3  

8 - 9  1 . 7 ± 0 . 6  1 . 7 ± 0 . 2  - - 0 . 3 ± 1 . 1  

9 - 1 0  2 . 3 ± 0 . 5  2 . 3 ± 0 . 2  - - 0 . 0 ± 1 . 0  

1 0 - 1 2  1 . 4 ± 0 . 6  1 . 3 ± 0 . 2  - - 0 . 2 ± 1 . 2  

z 2 1 O p b x ~ ( d p m / c ~ )  12 

D e p t h  B u l k  d e n s i t y  210pb a 226Ra a 210pb b 226Ra c 210pbxs ,l 

( cm)  ( g a r y / c m 3 e t  ) ( d p m / g )  
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APPENDIX (continued) 

Depth Bulk density 210pb a 226Ra a 210pb b 226Ra c 210pbxs d 

(cm) (g dry/cma,,,et ) ( d p m / g )  

KN51Core3(52°10.3'~ 42'07.8 '~ 4169m) 
0-1  0.6 e 6 .2±0.8 1 .7±0.2 - 
1 -2  3.9±0.8 1 .6±0.2 - 
2 -3  3.1_+0.9 2 .4±0.4  - 
3 - 4  3 .5±0.7 1 .6±0.2  - 
4 -6  3 .4±0.6 1 .8±0.2  - 
6 -8  3 .3±0.6 2 .0±0.2  - 
8-10 2.5±0.6 2 .1±0.2  - 

10-12 1.8±0.6 1 .7±0.2 - 
E21°Pbxs(dpm/cm 2) 

North Equator~lPacific 

SBC-11 (MANOP Site C: 1 °4.6'N, 138°56.1 'W, 4470 m) 
Subcore A 

0.0-0.5 0.41 

0.5-1.0 0.41 
1.0-1.5 0.41 
1.5-2.0 0 . ~  
2.0-3.0 0 . ~  
3.0-4.0 0.48 
4.0-5.0 0.51 
5.0-6.0 0.51 

6.0-7.0 0.54 
7.0-8.0 0.54 
8.0-9.0 0.57 
9.0-10.0 0.57 
10.0-11.0 0.60 
11.0-12.0 0.60 
12.0-13.0 0.63 
13.0-14.0 0.63 
18.0-20.0 0.68 
Z21°pbxs ( d p m / c m  2) 

Subcore B 
0.0-0.5 0.41 
0.5-1.0 0.41 
1.0-1.5 0.41 
1.5-2.0 0.46 
3.0-4.0 0.48 
4.0-5.0 0.51 
5.0-6.0 0.51 
7.0-8.0 0.54 
~, 210 Pbxs ( d p m / c m  2) 

Lander Deployment 1 - C h a m b e r  3 (L1-3 )  

LI-3 (MANOP Site C." 1 °3.YN, 138 o56.5, IV, 4450 m) 
0.0-0.5 0.41 
0.5-1.0 0.41 
1.0-1.5 0.41 
1.5-2.0 0.46 
2.0-3.0 0.46 
3.0-4.0 0.48 
4.0-5.0 0.51 
5.0-6.0 0.51 
7.0-8.0 0.57 
~21°Pb×s(dpm/cm2 ) 

41.7±1.6  
37.3±1.2 
21.2±1.0  
19.7±0.9 
17.4±0.6 
21.7±0.9  
18.9±0.8 
17.2±0.9 
13.6±0.9 
15.4±1.2 
15.0±1.1 
19.2±0.7 
17.4±0.6 
15.2±0.6 
15.1±1.0 
13.3_+0.8 
14.3±1.2  
13.2±0.8 
17.3±1.4  

~ . 1 ± 2 . 6  
25.2±0.9  
21.5±1.0  
20.9_+0.9 
22.3±2.0  
17.3±0.7 
17.3±1.2 
27 .1±1.4  

37.4±0.8 
27.3±0.6  
27.1_+0.5 
28.6±0.6  
22.6±0.7  
20.7±0.9  
18.0±0.8 
17.6±0.4  
11.6±0.6 

14.2 
12.1 
13.6 
13.6 
13.4 
14.9 
14.2 
14.8 

13.2 
13.8 
12.1 
12.9 
12.5 
11.7 

14.1 
10.4 
18.4 

13.1 
13.5 
14.2 
13.4 
14.2 

14.8 

13.5 
12.9 
14.4 
14.9 
15.0 
15.0 

13.6 
16.7 

6.7±1.5 
3 .5±1.4 
0 .6±2.0  
2 .8±1.4  
2.3±1.1 
2 .0±1.2 
0 .6±1.2  
0.1±1.1 

14 

27.8_+2.1 
25.5 ± 1.7 

7.8±1.8 
6 .1+1.7 
4.1± 1.5 
6 .9± 1.8 
4 .7± 1.6 
2.5 ± 1.8 

2.5±1.8 
1.4±2.1 
7 .3±1.4  
4 .7±1.5 
2.8+1.5 
3.9+1.8 

0.2_+2.1 
3.2±1.5 

-1.1_+2.6 
30 

27.6 ± 3.0 
11.9±1.7 

7 .3±1.8 
7 .7±1.6 
8.1±2.5 
3 .5+1.6 g 
2.6_+2.0 

13.6_+2.0 g 
26 

24.7±1.7 
14.9±1.5 
13.1±1.5 
14.1±1.7 

7 .8±1.7 
5.9±1.8 
3.6±1.8 c 
4.1±1.5 

- 5 . 1 ± 1 . 9  
26.6 

349 
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A P P E N D I X  ( c o n t i n u e d )  

D e p t h  B u l k  d e n s i t y  210 Pb  a 226 R a  a 210 P b  b 226 R a  c 210 Pbxs a 

(cm)  (gary/Cm3wet ) ( d p m / g )  

L2-3 (MANOP Site C: 1 °3.3'N, 138°56.5'W, 4451 m) 
0 . 0 - 0 . 5  0.41 - - 41.7-+ 1.6 14.2 27.8___ 2.1 

0 . 0 - 0 . 5  0.41 - - 35.9-+ 0.8 12.3 24.3-+ 1.5 

0 . 5 - 1 . 0  0.41 - - 28.7-+ 0.6 13.3 15.9_+ 1.5 

1 . 0 - 1 . 5  0.41 - - 26.3_+ 0.9 12.1 14.6-+ 1.5 

1 . 5 - 2 . 0  0.46 - 24.7-+ 0.9 14.4 10.6-+ 1.7 

2 . 0 - 3 . 0  0.46 - 24.0-+ 1.1 12.1 1 2 . 3 +  2.7 

3 . 0 - 4 . 0  0.46 - 21.8-+ 0.9 14.5 7.5-+ 1.8 

4 . 0 - 5 . 0  0.51 - 1 6 . 4 _  0.7 14.6 1.9-+ 1.7 

5 . 0 - 6 . 0  0.51 - - 18.0-+ 0.4 13.6 4.5-+ 1.5 

8 .0 - 9 .5  0.57 - 14.9-+ 0.7 13.5 1.4-+ 1.6 

5' 21o Pbxs ( d p m / c m  2 ) 30 

Core SBC-6 (MA NOP Site H: 6 o 35. O'N, 92 o 52.8' W) 
0 . 0 - 0 . 5  0.19 - - 110 -+11 39.0 75 .1 -+12 .4  

0 . 5 - 1 . 0  0.19 - - 116 -+ 10 37.8 82.7-+ 11.3 

1 .0 - 1 .5  0.19 - - 68.4-+ 6.2 36.5 33.7-+ 7.6 

1 . 5 - 2 . 0  0.19 - - 86.9 -+ 10.8 38.7 51.0 + 12.1 

2 . 0 - 2 . 5  0.20 - - 62.9-+ 4.8 43.6 20.5-+ 6.9 

2 . 5 - 3 . 0  0.20 - - 52.6-+ 2.0 35.8 17.9-+ 4.4 

3 .0 - 3 .5  0.20 - - 52.1-+ 2.8 34.7 18.5-+ 4.8 

3 . 5 - 4 . 0  0.20 - - 57.5-+ 4.8 37.5 21.1 + 6.5 

5 . 0 - 6 . 0  0.21 - - 49.2-+ 3.4 41.8 7.8-+ 5.7 

7 . 0 - 8 . 0  0.25 - - 33.7_+ 2.9 36.3 - 2.6-+ 4.9 

5'21°Pbxs ( d p m / c m  2) 44  

SBC-35 (MANOP Site S: 10°57.4'N, 140 °5.2'W, 4938 m) 
0 . 0 - 1 . 0  0.28 - - 57.5-+ 1.7 - - 12.7-+ 7.2 g 

1 . 0 - 2 . 0  0.28 - - 62.3-+ 2.0 - - 7.9-+ 7.3 g 

2 . 0 - 3 . 0  0.29 - - 74.6-+ 2.1 - 4.4-+ 7.3 g 

3 . 0 - 4 . 0  0.30 - 72.3-+ 2.2 - 2.1-+ 7.3 g 

4 . 0 - 5 . 0  0.30 - 96.3-+ 6.5 70.5 26.7-+ 9.6 

5 . 0 - 6 . 0  0.36 - - 81.9-+ 3.9 71.7 10.5-+ 8.3 

6 . 0 - 7 . 0  0.36 - 66.0-+ 2.3 - - 4 . 2 - +  8.5 g 

7 . 0 - 8 . 0  0.38 - 70.1-+ 4.9 - - 0 . 1 - +  8.5 g 

8 . 0 - 9 . 0  0.38 - 72.5-+ 3.8 68.4 2.4-+ 8.2 

5' 210 Pbxs ( d p m / c m  2) _< 1 5  

L3-3 (MANOP Site S: 11 °0.7'N, 140°5.7'W, 4904 m) 
0 . 0 - 0 . 5  0.28 - 135 -+ 5 45.9 91.4-+ 7.0 

0 . 5 - 1 . 0  0.28 - - 162 -+ 7 44.6 120 _+ 9 

1 .0 - 1 .5  0.28 - - 119 + 4 53.2 67.5_+ 6.8 

1 . 5 - 2 . 0  0.28 - - 112 -+ 5 56.6 57.2-+ 7.8 

2 . 0 - 3 . 0  0.28 - - 62.8-+ 2.9 46.2 1 7 . 0 +  5.6 

3 . 0 - 4 . 0  0.29 - - 55.0-+ 2.7 - 5.8-+ 5.8 g 

- - 51.0-+ 2.9 - 2.0-+ 5.8 g 

4 . 0 - 5 . 0  0.30 - - 47.2-+ 1.7 - - 2 . 1 - +  6.0 g 

5 . 0 - 6 . 0  0.36 - - 43.0-+ 2.0 - - 6 . 3 5 : 5 . 5  g 

- - 42.0-+ 2.0 - - 6.8 -+ 5.1 ~ 

6 . 0 - 7 . 0  0.36 - - 37.3-+ 1.4 - - 

7 . 0 - 8 . 0  0.38 - - 37.2 -+ 1.5 - - 

8 . 0 - 9 . 0  0.38 - - 30.4-+ 1.1 - - 

9 . 0 - 1 0 . 0  0.38 - - 25.5 -+ 0.9 - - 

ZZl°Pbxs  ( d p m / c m  z) 54 

a D e t e r m i n e d  u s i n g  g a m m a  s p e c t r o m e t r y ,  b D e t e r m i n e d  u s i n g  r a d i o c h e m i c a l  s e p a r a t i o n  a n d  a l p h a  c o u n t i n g  o f  21°Po. ~ D e t e r m i n e d  

using 222Rn e m a n a t i o n .  U n c e r t a i n t y  is  10% i f  n o t  g iven ,  d Excess  21°Pb at  co re  co l l ec t i on .  A v e r a g e  o f  g a m m a  a n d  r a d i o c h e m i c a l  

m e a s u r e m e n t s  u sed  fo r  N a r e s  cores,  e R e g i o n a l  a v e r a g e  u sed  for  core.  f A v e r a g e  b u l k  d e n s i t y  o f  K N 5 4  B C 5 2  used .  g A v e r a g e  226Ra 

used  to ca l cu l a t e  excess za°pb.  F o r  N a r e s  A b y s s a l  P la in ,  a v e r a g e  R a  fo r  a l l  s a m p l e s  > 3 c m  (5,1 + 1 . 2  d p m / g )  used.  F o r  N o r t h  

E q u a t o r i a l  Pac i f i c  ave rages  fo r  r e spec t ive  cores  are  used.  
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