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RADIONUCLIDES IN THE MARINE 
ENVIRONMENT NEAR THE 

FARALLON ISLANDS 

ABSTRACT 

Isolated sediment areas containing plutonium and cesium radionuclide concentrations 
exceeding Pacific Ocean global radionuclide fallout levels have been reported in the 
Farallon Islands radioactive waste disposal area, west of San Francisco. We find the total 
239+240^ a n c j i37cs inventory of Farallon water columns to be within global fallout levels. 
The quantity of these radionuclides from nonfallout sources contaminating the sedimentary 
environment is unknown, but their contribution to the total water column inventory is in
significant compared with present fallout levels. Fish and invertebrates from the disposal 
region contain body burdens of »9+M<>PU and , 3 7 Cs no greater than similar species exposed 
to global fallout. Within deep (2000 m) Farallon sediments, we do find that 2 3 8 Pu concen
trations exceeding anticipated fallout levels are being remobilized to bottom waters. Fallout 
plutonium appears to be displaced laterally from the continental shelf down the slope into 
deeper offshore waters. Remobilized waste from the disposal site probably is displaced in 
the same manner. 

INTRODUCTION 

During January 1977, we sampled water, sedi
ments, and benthic biota from the Pacific Ocean 
near the oldest offshore radioactive waste disposal 
site, in the open ocean southwest of the Farallon 
Islands, west of San Francisco Bay (Fig. 1). Also 
sampled were specimens of Rockfish caught near 
the Farallons in April 1977. All samples were 
analyzed for 239+240p,j a n ( j s o m e a i s o f o r MQS, to 
assess the concentrations of these radionuclides in 
different components of the marine environment 
near the waste site. 

Three primary considerations prompted the 
study. First, it could yield data relating to the 

According to Joseph et al. ' and Waldichuk,2 

some 47,500 55-gallon drums, concrete blocks, and 
other containers of radioactive waste were dumped 
between 1946 and 1965 near the Farallon Islands, at 

mobility and cycling of transuranics at this 
historical site. These data could be used for compar
ing the aquatic behavior of transuranic elements 
from different source terms: global fallout, reactor 
effluents, and early nuclear weapon testing residues 
at Bikini and Enewetak Atolls. Second, the tran
suranics and other radionuclides could be used as 
tracers for elucidating the movement of other pollu
tants within the region's offshore waters and sedi
ments. Finally, the concentration data could aid us 
directly or indirectly in assessing any potential 
danger to public health through human consump
tion of seafoods from the Farallon area. 

approximately 37°39'N, 123°26'W. Excluding 
tritium, an estimated 14,500 Ci of thorium, 
uranium, transuranic and other activation-product 
radionuclides, and mixed fission products ' , 2 were 

SITE DESCRIPTION, SAMPLING, AND METHODS 
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deposited in the disposal area. We do not know the 
exact amount of any specific radionuclide in the 
total waste. 

Joseph 3 has shown that the disposal area is an 
irregular polygon bounded by the coordinates 
37°26'N to 37,,43'N and l2Z'4m/ to 123°25'W 
(Fig. 1). Within this area, three locations (A,B,C) 
were designated as dumping sites. In 1946, at site A 
[35.4 km (22 mi) west of San Fransisco], three 
tugboats of waste were dumped in 91 m (SO 
fathoms) of water. Later that same year, the dump 
site was changed to a point 61.2 km west of San 
Fransisco in 1,829 m (1,000 fathoms) of water 
(site B). This location was used until 1951, when the 
dump site was again changed to a site 48 km west of 
San Fransisco in 914 m of water (site C). In January 
1954, dumping was resumed at site B at the 1,829-m 
depth. Since then, radioactive waste has been 
deposited at this site. However, Joseph3 states 
"...because of such uncontrollable factors as sudden 
inclement weather and malfunctioning equipment, 
some (few) packages of waste have been deposited 
in alternative areas...." These areas are within the 
boundaries of the polygon shown in Fig. 1. From 
Refs. 1-3, it has been estimated that 150 containers 
were dumped near site A, 44,000 were dumped at 
site B, and 3,600 were dumped at site C. 

In 1957, in the first preliminary survey of the 
Farallon waste disposal sites, Faugh et al. 4 con
cluded that there was no detectable radioactivity in 
the area. Three years later, a second survey of the 
region5 again indicated that, within experimental 
error, there was no detectible radioactivity ex
ceeding background levels in the biological 
specimens, sediments, or water collected near site B. 
However, photographs taken of the bottom during 
four camera lowerings near this site revealed a 
damaged drum between 37°38.9'N, 123°20.3'W and 
37^37.82'N, 123°19.63'W in 2,550 m of water. The 
drum could not be identified as a radioactive waste 
container because oil drums containing nonradioac
tive wastes had also been dumped in this area. 

In 1974, a study sponsored by the Environmental 
Protection Agency (EPA) was made of siteC. 
Photographic and sonar scans were taken of the 
area from the submersible vessel CURV III. 6' 7 Two 
clusters of drums were located at 37°37'57.2"N, 
123<>08'00.8"W, in 913 m of water. One cluster con
tained 28 drums in a 30- X 60-m area; a second con
tained drums in a 130- X 250-m area. Some of these 
drums had imploded. A third cluster was located at 
839m depth ENE"of siteC, at 37°38'02.4"N, 
I23,07'32.9"W. Dyer's 1974 analysis* of 0-to 5-cm 
sediment sections from these and nearby sites in
dicated radioactivity levels to be 2 to 25 times higher 

than fallout background levels. One core Dyer 
collected south of the drum locations contained 

1 3 7 Cs concentrations above expected fallout con
centrations. A year later, Dyer 6 located radioactive 
drums in 1,700 m of water at 37°38'N, 123°18'W. 
Using bottom current meters, he found that water 
movement near site B from August through Sep
tember 1975 was northward at 1.33 cm/s, with a 
mean direction of 004°. Of 899 drift cards released 
on the surface waters near site B in 1960,5 20 were 
located on the south shore of Point Reyes, one was 
recovered south of Bodega Bay, and one was 
located 18 km south of Point Reyes. These location* 
are north of the release point, near site B. Thus, 
during these periods, surface and bottom wate.s 
were flowing northward from the disposal area. 

During January 1977, we collected water and 
sediment samples from station 1, near site B, where 
waste drums were sighted in 1960 and 1975. Some 
samples were obtained north and south of the iden
tified 914-m site and east of the disposal perimeter. 
The ten locations we sampled for water, sediment, 
or benthic biota are shown in Fig. 1 (stations 1-10). 
We took samples at station 2, near the coordinates 
Dyer reported finding sediments with elevated 
plutonium in 1974.6 Large-volume water samples 
were collected at station 3, where higher l 3 7 Cs and 
239+240pu were detected in the sediments collected 
in 1974. 6 Station 4 is where the second cluster of 
drums was found during the 1974 survey. Water 
samples were taken from station 5, north or sta
tions 2 and 4, to determine if transport of radioac
tive materials was northward in this area. We also 
took water and sediment samples from station 6, 
near the shallow site A, used only in 1946. For com
parison, we sampled surface water only from sta
tions 7, 8, and 10 to determine if 2»+M0pu was 
concentrated west to east, from the Golden Gate 
Bridge tc the disposal area. At stations 1 and 10, 
>0.5-m 3 surface water samples were filtered 
through l-itm filters and analyzed for plutonium to 
find the amount of radionuclide associated with the 
> 1-pm particulate fraction from the water. 

For our study, we chartered the Onconostota, a 
research vessel from the Moss Landing Station 
Marine Laboratory, Moss Landing, California. A 
large-volume Bodman sampler loaned from 
V. T. Bowen, Woods Hole Oceanographic Institute, 
Woods Hole, Massachusetts, was used to collect 
0.11-m3 unfiltered water samples from different 
depths. Because only a few of the waste drums were 
previously sighted at the 914- and 1829-m sites, we 
sampled water over a wider area of the region to 
check if previously unidentified sources were releas
ing radionucludes. Because we wanted to know if 
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/TIKK / . Farallon waste disposal region. Dashed line Indicates area defined by Joseph J as the Farallon waste disposal area. A, B and C a 
dumping sites; stations I-IO are locations sampled during January 1977. 

radionuclides were remobilized from the region, it 
was necessary to sample only near the locations 
where waste drums were found. Using navigational 
fixes, charts, and bottom depths, we were able to fix 
our location to within 100 m from site C, where two 
clusters of drums were located in 1974. 

Sediment cores, were taken with a 7.62-cm-diam 
gravity corer; some surface sediment samples were 
taken with Shipek grab samplers. We extruded and 
sectioned core samples on the vessel by cutting 22-
cm 2 sections from the center of each core. The 
outer annulus of sediment was discarded to 
minimize cross-contamination. A 22-cm 2 sediment 
section, 4 to 5 cm in depth, was taken from each 
Shipek grab. Several sediment samples were ob
tained with the Shipek to collect Polychaete worms 
and bivalves from station 4. The organisms were 
hand-sorted and counted on the vessel to estimate 
their population density. Worms removed from 
their tubes were saved for analysis. We returned all 
samples to the Lawrence Livermore Laboratory 
(LLL) for analysis. Unfiltered water samples from 

each depth collected in two 0.055-m3 drums were 
acidified and combine i for analysis. Plutonium and 
cesium were separated from the samples by stan
dard radiochemical methods.8'9 Fish caught by 
sport fishermen in April 1977 at 90 m deep off the 
Farallon Islands were obtained and dissected into 
muscle, viscera, heart, liver, eyes, and bone. These 
organs were pooled and analyzed for radioactivity. 

Radionuclide data from the Farallon disposal 
area (Tables 1-5) are compared with data of 
radionuclide levels in the water, sediment, and biota 
from open ocean environments. In September 1977, 
we obtained sediment samples for comparison from 
several depths at 36°29'N, west of Monterey, 
California. 234+240pu concentrations in these sedi
ments are shown in Table 6. We also used recent 
analyses of open Pacific waters and sediments (see 
below) for comparison. Our biota data were com
pared with data from earlier studies of radionuclide 
levels in invertebrates and fish (Table 7) living and 
feeding in the open oceans. 
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RESULTS AND DISCUSSION 

Radionuclide Distributions and 
Concentrations in Farallon Water 
and Sediment 
: In Fig. 2, 2»+2*>pu concentrations in waters at 
stations 1, 2, 3, 5, and 6 are plotted at sampled 
depths; data from stations 2, 3, 5, and 6 are com
bined in one plot. For comparison, we also plotted 
the concentrations of fallout plutonium above 
2000 m from three Pacific stations (GEOSECS*) 
collected in 1973 from 30° to 40°N latitude, and 
127°W to 162°E longitude. These data 1 0 are the 
most recent available for comparison with the 
Farallon water concentrations; fallout plutonium 
has not been systematically monitored in the San 
Francisco Bay coastal waters for the past two 
decades. 

In Fig. 3, Farallon 1 3 7 Cs water concentration 
data are plotted vs water depth for all Farallon sta
tions. These data fit a single vertical profile cure in
dependent of the station sampled. Figures 2 and 3 
reveal interesting features about 1 3 7 Cs and 

'Geocheuiical Ocean Section Study. 

239+240pu f a i | o u t i n the ocean.* These figures show 
distinct difference between the , 3 7Csand 239+2A0pn 

concentration profiles from the same water column. 
The two profiles are typical of the vertical distribu
tion expected for a fallout radionuclide that is (1) 
soluble in seawater (like 1 3 7Cs), and (2) insoluble, 
and moves associated primarily with particles (like 
239+240pu) 

Figure 2 illustrates that the 239+2*)p„ concentra
tions from stations 2, 3, S, and 6 are nearly identical 
at comparable depths, indicating that a single 
source of 239+240pu n a s b e e n u m f o n n i y distributed 
to the bottom in the waters east of station 2. The 
239+?';0pii concentration maximum is between 200 
and 400 m depth. At station 1, 12.8 km west of sta
tion 2, the concentration maximum is also between 
200 and 400 m, but the concentration peak is twice 
as high as the maximum found in all other Farallon 
stations. In Fig. 4, we show that the total 239+M0pu 
inventory in the water column above 1,000 m at sta
tion 1 is higher than the -vater column inventory at 
the near-shore stations 2, 3 and 5. However, when 
*A more detailed discussion of this wilt be reported later 

together with the predictive model we developed to explain the 
observed distribution patterns of fallout radionuclides in the 
Farallon water columns. 

fipmi. 

239+240pu i n pacjfjc w a t e r columns — pCi/m 3 

m*lmF* a—wtraM— !• ftt Padflc pot— water cehmn. FcatfcerW wrrkal Mrs tkvm fcottw deptti »f ttarJou Mkate*. 
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we plotted the water and sediment concentrations at 
individual stations as a fraction of the total 
239+240pu b e | „ w a g j v e n d e p t l , (pjg 5) t w e f o u n d 

nearly identical fractions at comparable depths 
from stations 1 and 2. From Fig. 5, vertical sinking 
rates of 239+240pu a r e t n e s a m e throughout the en
tire disposal area. We do not believe that the higher 
plutonium concentrations found in the water above 
600 m at station 1 are associated with a population 
of particles different in size from those at station 2. 

To consider fallout as the only source con
tributing plutonium to the offshore water column, 
either (I) the quantities in yearly deposition over the 
eight mile area separating stations 1 and 2 were dif
ferent, (2) there is strong lateral advection of 
plutonium-labeled microparticulates settling slowly 
and accumulating in the deeper offshore water 
column, or (3) the water mass at station 1 has a dif-
ferer* origin than the water mass 8 mi east of it. 
This last idea directly contrasts with the 1 3 7Cs data 
shown in Fig. 3. 

The 1 3 7 Cs water concentration profile in Fig. 3 
shows that a single l 3 7 Cs concentration-depth 
profile can be constructed through all data points at 
all stations. Subsurface , 3 7 Cs concentrations 
measured at comparable depths above 700 m at the 
Farallon area have a similar value, indicating met a 
single source has uniformly labeled the entire water 

mass with l 3 7 Cs within the disposal region. At sta
tion 1, there is no indication of a separate water 
mass labeled with different levels of l 3 7 Cs. Because 
the 239+240pu a n ( j 137£S concentration gradients 
do not increase from the bottom up, the source of 
the radionuclides found above 500 m of water must 
originate from the upper water layers. We do not 
believe that a principal fraction of the 2 3 9 + 2 * p u j s 

moving in solution (like the 1 3 7Cs) because a simple 
diffusion model adequately describes the vertical 
distribution for fallout 1 3 7Cs in the Farallon water 
column, l 0 and the vertical diffusion profiles for 

l 3 7 Cs and 2 3 9+240p u are different. Rather, 
239+240pu j n t n e w a t e r column must be associated 

with an inventory of microparticulates that we find 
to have the same settling characteristics as those 
moving 239+M°Pu vertically in the water column at 
station 2. The origin of the excess 2 3 9 + 2 40pu a t s t a . 
tion 1 is not direct from fallout, or from some other 
water mass with a high plutonium concentration. 
We suggest that the excess plutonium arises from 
tidal advective motions that gradually move a frac
tion of the buoyant plutonium-labeled micropar
ticulates laterally from the shelf and down the slope. 
Whatever these particles are that determine the ver
tical plutonium distributions, they should be small 
and have slow vertical sinking rates. To account for 
the plutonium distributions in the water column, we 
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constructed a particle-iettling model, " similar to 
the model that attempted to explain piutonium 
faUout \eM* in the Atlantic n using updated fallout 
rate dfetributfons over time. To explain the vertical 
ptetonnm distributions in the water column with 
cur model, we assumed that 30 to 35% of the total 

• 23*+M6pu fallout, moves vertically in the Farallon 
water column at 30 m/y. To relate the fraction of 
fallout piutonium betovy the indicated depth, we 

constructed the dashed curve in Fig. S by assuming 
that of the yearly fallout piutonium delivered to the 
ocean surface since 19S4, 35% sinks through the 
water column at 30 m/y, 35% at 140 m/y and 30% 
At 300 m/y. The curve shown in Fig. 5 fits well to 
the actual measurements. The slowest calculated 
moving component that best fit the Atlantic 
piutonium fallout distributions was sinking at 
70m/y. '? . . 
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Coastal and open ocean 239+2«pu concentration 
profiles compared in Pig- 2 show that the shallow 
subsurface plutonium concentration maximums are 
at similar depths. The shapes of the profiles above 
2,000 m also look remarkably alike. These 
similarities were unexpected because there are dif
ferences between the water properties, productivity, 
and the quantities and types of organic and in
organic constituents in coastal and open Pacific 
Ocean waters. Considering the obvious differences 
between coastal and open ocean environments, we 
ask: what components or properties common to 
both aquatic environments generate similar vertical 
distribution patterns of 23»+M0pu above 2,000 m. of 
water column, throughout the entire 30 to 40°N 
latitude band in the Pacific? We have insufficient 
data to explain these similarities, but a fraction of 
fallout 139+MOpu delivered to the Pacific Ocean 
seems to be suspended in a form that is too stable to 
undergo exchange reactions with the different par
ticulates of the coastal and open ocean. A fraction 

of the fallout 239+240pu j n t h e open Pacific water 
columns is probably sinking to depths above 
2,000 m at rates comparable to those computed for 
Pu in the coastal area. 

Table 1 shows that the 2 3 9 + 2 *>Pu concentrations 
in the surface water samples from the Farallon dis
posal region vary from' 80 to 320 fCi/m 3 . Surface 
water samples from stations 2, 3, and S, all within 
3.2 km of station 2, could be considered as 
replicates. The fourfold difference in the surface 
concentrations is beyond the error we expect from 
our analytical procedures or methods of collection. 
This variation-of 239+240p„ concentrations in 
coastal waters is not unique to the Pacific. Bowen, 
et al.,i3 reported finding total plutonium concen
trations to vary from 180 to 1,170 fCi/m 3 in 
replicate 1972 Atlantic coastal surface water sam
ples. They proposed iliat the plutonium near shore, 
unlike the plutonium encountered in the open 
ocean, is associated with a few large particles dis
tributed so widely that replicate samples can vary 
widely in concentration. 

Although this proposal could explain the dif
ferences in our surface concentrations, our data 
does not support this argument entirely. First, we 
found that two sequential 0.5-m 3 samples of surface 
water from station I (Table 2) passed through 1 Mm 
filters contained 140 ± 20 and 160 ± 20 fCi/m 3 

239+240pu j n t h e f u t r a t e s and 58 ± 5 and 46 ± 9 
fCi/m 3 on the filters. A separate 0.05-m 3 unfiltered 
surface water sample from station 1 contained a 
total 239+240pu concentration of 190 ± 30 
fCi/m2. At stations 10 and 2, we found 30 and 20 
fCi/m 3 on the 1/un filter samples. Therefore, 
<30% of the total 239+*«>Pu in the coastal surface 
water is associated with particles >1 ;sm. Second, 
identical plutonium concentrations were detected in 
the soluble and particulate phases of sequential sur
face samples taken from one location (station 1); 
the total plutonium in these filtered samples (filtrate 
+ filter) was equal to the total concentration in the 
unfiltered sample. This indicates that at a coastal 
station, we can obtain surface samples with similar 

2 3 9 + 2 4 0 P u concentrations. However, different 
239+240pii concentrations exist in surface samples 
taken from stations near each other. The difference 
in l-/im 2 3 9 + 2 4 0Pu-Iabeled particles at three sta
tions is too low to account for the fourfold variation 
found in total concentrations at Farallon stations. 
Therefore, we do not feel our results are consistent 
with the proposal that surface plutonium is 
associated with a few large particles in the Farallon 
waters. The concentration difference in this area 
must rather be caused by vertical removal of 
plutonium radionuclides associated with many 
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Table 1. Plutonium and 7C» concentration in Pacific water cohimnt on Januaiy 10-11, 1977. 

Date/hour 
Water 
depth, 

239+240p„ , 3 7 C 
Stetion/locatioa umpled m pCi/m3 pCi/m3 238,^239+240,^ 

1. 37*38.5™ 1-10-77 
123°18TV 0910 aurf 0.17 t 0.03 227 ± 4 <0.19 

0925 182 2M j 0.12 176 ± 5 0.065 t 0.023 
1015 456 1-77 ± 0.19 20 t 2 0.058 ± 0.038 
1110 948 038 i 0.04 5 ± 1 0.108 ± 0.038 
1203 1480 0.37 * 0.07 <4 <0.10 
1310 1960 

2020* 
0.37 i 0.11 14 ± 3 0.78 ± 0.35 

2. 3r37'57.2"N 1-10-77 
123°08'0.8"W 1600 turf 0.32 i 0.05 212 t 4 <0.08 

1605 233 1.13 * 0.10 142 ± 4 0.053 ± 0.021 
1640 465 0.89 * 0.10 13 ± 1 0.051 ± 0.023 
1717 664 0.64 ± 0.05 5 ± 1 <0.02 
1800 896 

918* 
0.46 t 0 .3 <4 0.11 ± 0.04 

3. 37°36'N 1-11-77 
123°06'W 1345 •urf 0.12 t 0.03 232 i 9 <0.08 

1330 285 1.21 ± 0.12 126 i 4 0.055 i 0.024 
1405 567 0.75 t 0.07 5 1 1 0.028 1 0.016 
1510 733 

750* 
0.46 t 0.05 <4 0.058 t 0.026 

5. 37'39'N 1-11-77 
123'08'W 0720 turf 0.08 t 0.02 213 ± 4 <0.08 

0735 380 1.23 ± 0.15 61 t 8 0.11 ± 0.04 
0810 630 

650* 
0.64 ± 0.08 4 ± 1 0.09 ± 0.05 

6. 37*38*™ 1-11-77 
122°S8.0W 1750 turf 0.09 t 0.026 227 ± 4 <0.28 

1820 90 
99* 

041 t 0.05 195 i 5 0.07 i 0.03 

7. 37°42J6'N 1-11-77 
12T44-W ?nu •urf 0.19 t 0.03 213 ± 4 

8. 37*49"12"N 1-11-77 
122*28'37"W 2340 mrf 0.25 i 0.04 168 ± 3 <0.03 

9. 3r31-N 1-10-77 
123"8J'W 0330 niif 0.38 ± 0.05 208 ± 4 0.15 ± 0.06 

i a 37*31"N 1-10-77 
123°18J'W 0700 airf 0.11 ± 0.03 211 t 4 0.26 ± 0.13 

'Bottom dtp*. 

Table 2. Plutonium concentrations in filtered turfice water. 

Station filiate filter 2 3 9 ^ 4 0 P u o n filter, % 

10 
1 

0.14 1 0.02* 
0.16 ± 0.02b 

a i 6 ± 0.02 
030 i aos 

0.058 ± 0.005 
0.046 1 0.009 
0.030 1 0.003 
0.020 ± 0.005 

29 
22 
16 
7 

^SaaelW takm on Jan. 10, 1977 at 0940 h (a) and 12SS h (b). 
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Table 3. 2 3 9 + 2 , 0 P u concentration in Fuallon station sediments. 

Sediment column 
depths cm Station 1 

2 3 9 + 2 4 0 P u concentrations. pCi/kg dry 

( 2 3 8 P u / 2 3 S + J 4 0 P u ) 
Station 2 Station 4 Station 4 Station 6 

0-4 

0-5 

4-8 

8-12 

12-16 

16-20 

20-28 

40 ± 1* 35.7 ± 0.4 
(0.68 ± 0.03) (0.16 ± 0.2) 

L4 
(0.67 

0.1 
0.08) 

0.07 ± 0.02* 

1.78 

26.3 ± 0.4C 

(0.076 ± 0.004) 

15.5 ± 0.8 
(0.70 ± 0.05) 

6.3 t 0.2 
(0.62 ± 0.03) 

3.5 > 0.2 
(0.77 ± 0.05) 

0.06 ± 0.03b 

0.06 ± 0.03b 

42 ± 4 d 

(0.072 ± 0.008) 
29.0 t 0.3 

(0.032 ± 0.001) 

Total 2 3 O + 2 4 0 p u inventory, mCi/km2 

1.14 1.13 1.96 1.78 

Below detection 
cBottom depth it 780 m. 

Bottom depth is 83s m. 

small particles. We do not yet know the physical 
characteristics of these particles. 

Total Radionuclide Inventories 

To compare total fallout at a location on the 
earth, and specifically in the marine environment, it 
is usual to compute the fallout amonnt in the 

Table 4. "'Cs concentration in Fuallon Island 
station 1 sediments. 

Sediment 
depth, cm 

'"Cs, 
pCi/kj diy* 

0-4 
4-8 
8-12 

12-16 
16-20 
20-28 
28-36 

137 ± 5 
39 i 9 
19 ± 3 
9 t 1 

19 ± 2 
1 ± 1 
3 * 2 

*Totat , 3 7 C s inventory Is 6.1 mCi/km2. 

overlying water columns and sediments. If we ex
press the results in mCi/km2, we can compare 
water column and sediment inventories within 10°-
latitude bands. Tnis is one method that allows us to 
assess if sources other than fallout are contributing 
radionuclides to the marine environment under 
study. 

We determined the total Farallon 239+M0pu 
water column inventory and compare it with open 
ocean fallout levels. In Fig. 4, we show the total 

2 3 9 + 2 4 0 P u inventory, expressed in mCi/km2, for 
the shallow coastal stations (2, 3, 5 and 6, station I 
plotted separately), and the open ocean 
(GEOSECS) stations.10 The curves are constructed 
by computing the mean plutonium concentration 
between two successive depths (pCi/m 3), and mul
tiplying this value by the depth interval (m) to ob
tain the total (pCi/m2) within the interval. Sum
ming the pCi/m 2 from each successive interval 
from the surface, and converting it to mCi/km 2 , 
gives the total average quantity in the water column 
to the depth indicated. Integrated this way, Fig. 4 
shows that the pre-1974 fallout 2 3 9 + 2 4 0 P u above 
2,000 m depth at the Pacific stations ranges from 1.1 
to 2.2 mCi/km 2 . The inventory above 1,000 m is 
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between 0.8 and 1.6 mCi/km2. The quantity of 
239+2«pu above 2,000 m at station 1 and above 
918 m a' the shallower coastal stations are within 
the range of fallout inventories expected for these 
depths. The total in 'jntory (water column + sedi
ment) at the open ocean and the Farallon stations is 
summarized in Table 8. Recent 9 0Sr fallout 
data 1 4 ~ 1 6 and conversions of "̂ Sr to 1 3 7 Cs and 
239+240py deposition have shown that 
<4.5mCi/km 2 of 1 3 7 Cs and <0.05mCi/km? of 
239+2«pu y^i deposited at 30 to 40" latitude from 
1974-76. This additional Pu and Cs is added to the 
open Pacific Ocean inventories determined during 
1973. From other measured values in deep Pacuic 
sediments, l3 the plutonium in the sediments of the 
Pacific stations is estimated as <0.3 mCi/km2. 
Similarly, the 1 3 7 Cs content in deep Pacific sedi
ments is <2% of the total delivered to these 
latitudes. 1 3 The average quantity of fallout 
plutonium deposited over 30 to 40"N latitude by the 
end of 1976 was 2 ± 0.6 mCi/km 2 1 2 - 1 7 The 
average total of l 3 7 Cs, decay corrected to the end of 
1976, was estimated from recent M Sr deposition 
date 1 6 to be 64 ± 15 mCi/km 2 . 

The total fallout of 2 39+2*>P u a t t j , e o p e n p a cif, c 

ocean stations ranges between 2.2 and 4.4 
mCi/km2. At the Farallon stations, the total 
239+2<0p„ inventory we found is between 2.2 and 
3.S mCi/km 2 . Livingston and Bowen ' 8 compiled a 
number of recent fallout , 3 7 Cs and 2 3 » + 2 < 0 P u con
centrations in Atlantic gravity core samples from 
different sedimentation areas of the U. S. northeast 
coast. They determined that Pu/Cs inventory ratios 
( 2 »t24°Pu/ 1 3 7 Cs) in sediments probably have 
same value for all areas sampled. The average in
ventory ratio"for 17 cores collected during 1973-74 
from overlying water depths from 16 to 2,080 m was 
0.24 ± 0.07. The ratio in the sediment at station 1 
ww 0.29, within the range of fallout inventory ratios 
determined in Atlantic sediments. From these com
parisons we conclude that the quantities of 
2»+240pu jmj i3?cs found in Farallon water and 
sediment samples are not significantly different 
from fallout levels in the open ocean. 

According to the 1974 resurvey 6 of the are? near 
the 900 m Farallon waste site, sediment samples 
were collected near identified waste containers, and 
239+240pu concentrations in the surface 0-5 cm sec
tion of core samples were reported to be 2 to 25 
times higher than the expected maximum concen
trations from global fallout deb;''. This assumes 
that fallout 2»+240pu j ^ s i„ t n e o-5 cm surface 
section of sediments from overlying water depths 
between 700 aid 1300 m at 35 to 40°N latitude vary 
from 4.5 to 18 pCi/kg dry weight. This concentra

tion range applies only to fallout levels measured in 
Atlantic und Mediterranean sediments. Depending 
on the sedimentation rate, the marine sediments are 
the sink for a fraction of the total fillout 239+240p„ 
deposited to the ocean surface. In shallow coastal 
waters, 2 3'+240pu enters the sediments rapidly, but 
because plutonium-labeled particles settle so slowly 
this is delayed with increasing depth. ' 8 

All surface sediments collected from 700 to 
2,000 m (Table 2) contain 239+240pu i n e x c e s s 0 f e x _ 
pected fallout concentrations if we follow Dyer's 
method of assessing concentration levels. This is un
reasonable. There are different biogeochemical 
processes regulating 239+240pu distribution and 
concentration changes in aquatic sediments we must 
consider in making valid assessments about 
radionuclide levels from different sedimentary 
regimes. In certain seas, such as the Mediterranean, 
plutonium sediment transfer rates are considerably 
less than the transfer rates to comparable depths for 
the Atlantic ocean." These slower rates result in a 
lower plutonium Mediterranean sediment inventory 
than in comparable Atlantic deposits. 1 8 , 1 9 If we use 
Mediterranean sediment plutonium levels as a 
fallout baseline, we would incorrectly conclude that 
Atlantic sediments contain plutonium above fallout 
levels. Koide, et. al.,20 reported finding 239+240p„ 
concentrations as highs as 360 f Ci/kg (dry) in the 0-
5 cm surface sections of sediment from 500 m in the 
Santa Barbara Basin (34°17N, 120°04.2'W). We 
found only 20 to 25 pCi/kg in the 0-4 cm surface 
sediment at comparable depth (450 m) off the Mon
terey coast 36°29'N, 122°02'W (Table 6). It is in
correct to conclude that the Santa Barbara sedi
ments contained 14- to 18-fold greater 239+24qpu 

than expected global fallout concentrations because 
239+240pu in the sediments from both these Califor
nia coastal regions originated from global fallout 
debris. 

Different concentrations will be encountered 
when we compare samples from different areas at 
similar depths, but the absolute inventory of 
plutonium often has a large range in sediments sam
pled from the same area. The data of Livingston 
and Bowen l 8 show that total plutonium in six cores 
taken from 16-m depths in Buzzards Bay, 
Massachusetts during 1973-74 varied from 1.1 to 
2.4 mCi/km 2 . In other near-shore sediments, the 
inventory varied from 2.9 to 4.5 mCi/km 2 and in 
six 1975 cores from 200 to 250 m depth on the 
Atlantic shelf, the inventory ranged from 0.22 to 1.1 
rnCi/km 2 . " Surface sediment concentrations also 
vary in deposits from the same area. The 239+240pu 

surface concentrations in the 0-1 cm sections in 
four of the six cores from the Atlantic shelf referen
ced above, ranged from 10 to 33 pCi/kg dry 

10 



weight.2' These concentration differences are 
necessarily the result of one or several different 
processes that regulate plutonium distribution in 
the sediments after their deposition. The behavoir 
of the radionuclide following its delivery to the sedi
ment surface will depend greatly on the sedimenatry 
regime it encounters. Abiotic, biotic with high 
sedimentation rates, and biotic with low sedimenta
tion rates are three sedimentary regimes identified 
in nearshore regions. I 3 In biotic sedimentary 
regimes, bioturbation processes that depend on the 
populations and types of benthic organisms in the 
sediment column, will affect plutonium surface and 
vertical concentrations.I3 Immobilization of the 
radionuclide from the sediments to the water 
column will vary from region to region. The rate of 
remobilization will also vary in sedimentary 
regimes. Physical translocation by currents, 
resulting in erosion of plutonium-labeled particles 
at one area and their build up in another, will 
change the inventory of the 239+240pu already 
deposited. Considerable transport of sedimentary 
material across the continental shelf redistributes 
plutoirum-labeled particulates. In the sediments off 
Monterey in water >900m deep, we found no 
239+240pu distributed in the sediments past 8 cm. 

This suggests that little biological activity reworks 
these sediments, and the deposits on the slopes in 
this region only errode. 

One important consideration often overlooked in 
making comparisons between 23*+240pu concentra
tions in dry sediments is the differences in sediment 
wet/dry weight ratio, or dry weight densities. A 
high surface sediment concentration will not 
necessarily result in a high plutonium inventory in 
the sediment section. For example, consider the 
three sediment profiles shown in Fig. 6. The concen
tration profile for the Atlantic 224-m core is nearly 
identical to the profile at Farallon station 1, Both 
profiles differ from the plutonium concentration 
profile in the Pacific sediment at 36°29'N. At first 
glance, the Atlantic core and station 1 core contain 
essentially the same amount of piutonium on a dry 
weight basis. However, the total inventory at sta
tion 1 exceeds the total plutonium in the Atlantic 
deposit by 67%. This difference results from the dif
ference in sediment wet/dry waight ratios from sec
tions we analyzed. Concentrations in the top 4-cm 
sections from the 456-m core at 36°29'N is approx
imately twofold lower than the mean concentrations 
in top 4-cm sections of the other two cores com
pared in Fig. 6. However, the actual inventory of 
the 454-m Pacific core is 3.1 mCi/km 2 , which ex
ceeds the total 239+240pu inventory in the other two 
cores. 

These examples demonstrate the considerations 
in comparing plutonium sediment concentrations. 
Often, detailed analysis of the water and sediments 
are required to meaningfully assess a region's 
radionuclide inventory. Although Dyer 6 showed 
that the levels of 239+240pu associated with high 

2 3 8 Pu concentrations are high at locations near the 
900-m disposal site, we do not feel that the level of 
contaminants he reported in 1974 is widespread. 
The extent of these isolated high-sediment inven
tories within the region is unknown, but contribu
tions from these sources to the total water column 
inventory is insignificant compared with contribu
tions from nuclear fallout. 

In Table 1, we show a high and different 
238p„/ 239+240pu r a t i o o f 0 7 g ± 0 35 j„ ^ w a t e r 

sample taken 60 m above the bottom at station 1. 
Alt other ratios determined in the water samples 
from this region average 0.08 ± 0.03. The average 
ratio in the sediment column at station 1 is 
0.69 ± 0.05, similar to the ratio detected in the 
water near the bottom. The 2 3 8 Pu sediment inven
tory at station 1 is 1.68 mCi/km 2 , which greatly ex
ceeds the estimated total inventory of 0.07 ± 0.02 
mCi/km 2 , delivered to the area of station 1 from 
global falb.it." The activity ratio in other 
shallower sediments and in some sediments repor
ted by Dyer 6 from the disposal area are also higher 
than the normal fallout ratio of 0.033 that we found 
in the Monterey sediments. 

We have sufficient data to show that some source 
(in addition to that from global fallout) has con
tributed small quantities of 2 3 8 Pu to the sediments 
of the disposal region. Small quantities of 2 3 8 Pu, 
remobilized from the sedimentary deposits, are evi
dent in the water near the bottom of deep disposal 
sites. This extraneous source deserves additional 
study. We did not detect any Cm isotopes in these 
samples to support the assumption that 2 3 8 Pu arose 
from the decay of 2 4 2 Cm that might be associated 
with the waste disposal. 

Radionuclide Concentrations 
in Marine Organisms 

Our data show that the radionuclide body bur
dens in marine organisms collected within the 
Farallon disposal region is not significantly dif
ferent than levels found in similar species living and 
feeding in marine environments contaminated from 
global nuclear fallout alone. 

U 

http://falb.it


• Station 1 
2020 m 
37°3a5'N, 123°1B'W 

• Atlantic station All 
224 m 
42°25'N, 68°56.7'W 

• Pacific station 
454 m 
36°29'N, 122°02'W 

10 20 30 

239<-240pu concentration - pCi/kg dry 

40 SO 

Htm i. v**vtpi cuKcatntlou in selected Piciflc and Atiutic sedinml column. 

"'Cf CMcertratioa in Kockfish 

Rockfuh (Sebastodes pimiger) flesh collected 
from the Farallon disposal area during April 1977, 
contained 17 pCi/kg wet weight of 1 3 7Cs. Since 
1961, Argonne National Laboratory has deter
mined the I 3 7 Ci in bulk food products from 
markets in the Chicago area as part of a Tri-City 
Diet Program. n Samples of fish collected for this 
program in April 1975, October 1975, October 

1976, and April 1977, were found to contain respec
tively 29, 21, 20, and 15 pCi/kg fresh weight of 

1 3 7Cs. The concentration found in the flesh of 
Farallon Rockfish is similar to the most recent con
centrations detected in the fish component of the 
Chicago diet. 

The 1 3 7 Cs levels in the flesh of Pacific Albacore 
have also been studied in depth at Scripps Institute 
of Oceanography.23,24 Albacore migrate to 
Southern California every July from the central 
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Pacific and then travel north along the California 
coast late in the summer. 2 4 During its migration, 
Albacore accumulate high concentrations of 
cesium; Albacore may be considered as a biological 
indicator for , 3 7 C s fallout in the 20 to 40°N latitude 
band. Hodge, el al.,23 determined that the 
biological half-life of l 3 7 C s in 3-y-old Albacore 
collected between 1965 and 1971 is about ten years. 
The mean 1 3 7 C s concentration in Albacore flesh in 
1971 was 58 pCi/kg wet we ight . 2 i If Albacore con
tinue to respond to environmental changes in 1 3 7 C s 
concentrations at this rate, levels expected in fish 
caught in 1977 would be ~38 pCi/kg wet weight. 
The l 3 7 C s in the Farallon Rockfish is less than one-
half of the computed concentration expected in 
Pacific Albacore, a popular seafood. 

23»+240ptt Concentration in Rockfish 
and Invertebrates 

The plutonium concentrations in Rockfish tissue 
and invertebrates from the Farallon area are shown 
in Table 5. For comparison, the 239+240pu c o n c e n . 
trations in other sport and commercial fishes and 
invertebrates 2 6 " 2 8 from environments contaminated 
with global fallout plutonium are shown in Table 7. 
A comparison of Tables 6 and 7 indicates that the 
239+240pu content in fish tissues is variable and 

highly dependent upon the environment from which 
the fish feed. The plutonium levels in Farallon 
Rockfish tissue are well with the levels found in 
tissues of other marine species collected from 
midlatitude oceans. 

Table 5. Radionuclide levels in invertebrates and 

No. animals 
Invertebrates* analyzed 

Polydiaetet (four species) 11 
Bivalves (whole animal) 31 
Pdychaete tubes 77 
Sediment bom tube* — 

Rockfiah (S. pinnigcr) 
Muscle" 
Bone 
Viscera 
Liver 
Eye* 
GB 
Heart 

'Collected from station 4. 
bRockfish muscle tissue also contain 17 i 2 pCl I 3 7 C s / k j 

Benthic invertebrates were collected from the 
location where waste drums were sighted in the 1974 
EPA survey. The concentrations of plutonium in 
the invertebrate are similar to levels found in inver
tebrates from . fallout-contaminated oceans in 
northern latitudes. Sediment extracted from the 
worm tubes and the surface sediments contained es
sentially the same 2 3 9 + 2 4 ° P u concentrations at the 
Farallon area. Bowen et al.,I3 suggest that benthic 
worms considerably rework surface deposits. On 
either a wet- or dry-weight basis, there is more 
plutonium associated with the Polychaete worm 
burrows than with the Polychaetes themselves. 
Bowen et al.,n proposed that plutonium could be 
translocated to the ventilation water of the worm 
burrows and absorbed on the burrow muco
polysaccharide linings. Although our data tends to 
support this, the effects of remobilization will be 
evident only after considerable time. For example, 
consider that there were 70 X 10 " 3 pCi/g dry of 
239+240pu a s s o c i a t e d with 77 worm burrows that 

weighed 6.35 g dry. Therefore, 6 X 10 ~ 3 pCi of 
239+2«p u are associated with each burrow. As 
shown in Table 5, since there were 0.06 
burrows/cm 2 of sediment, the inventory of 
239+240pu associated with the burrows per cm 2 sur
face is 36 X 10 ~ 3 pCi/cm 2 . The 0-to 5-cm sections 
at this location contained 120 to 190 X 10 " 3 

pCi /cm 2 . Plutonium remobilized and associated 
with the existing worm burrows represents ~0.2% 
of the inventory in surface sediment. The plutonium 
associated with the Polychaetes alone is 
0.29 X 10 " 3 pCi/animal and 0.026 X 10 ~'6 

pCi/cm 2 of sediment. This represents <0.02% of 

Rockfiah sampled from the Fsrallon disposal area. 

No. animals/cm2 239+240^, c o n c e I 1 t I 1 f l O I l l 

sediment pCi/kg dry pCi/kg wet 

0.009 6 ± 4 0.9 ± 0.5 
0.03 9 i 1 5 ± 1 
0.06 70 1 5 18 i 1 

— 33 ± 2 16 ± 1 

0.008 ± 0.003 
0.0(3 * 0.004 
0.014 ± 0.004 
0.063 ± 0.009 
0.011 1 0.007 
0.001 1 0.001 

•C0.001 

wet weight. 
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concentration in marine tediments at 36°29'N. 

Water depth, 
m 

Cote lection 
depth, 

cm 

Diy wt 
d entity, 
g/cm3 

239+240^ 
pCi/kg diy' 23Spu /239«40p1 1 

92 0-4 1.16 42 ± 1 0.031 t 0.002 
92 04 1.02 53 ± 1 0.031 i 0.002 

454 04 1.05 20.4 ± 0.5 0.038 ± 0.003 
04 1.05 25.3 ± 1.0 0.037 ± 0.005 
0-2' 1.67 25.5 ± 0.6 0.030 ± 0.006 
2-6 1.55 13.3 ± 03 — 
6-10 1.61 12.7 ± 0.2 0.032 ± 0.003 

10-14 1.66 8.4 i 0.2 0.035 t 0.003 
14-18 1.29 1.3 ± 0.1 0.036 ± 0.025 
18-23 1.41 0.30 t 0.05 — 

935 0-2 0.67 8.6 ± 0.9 0.030 ± 0.015 
2-6 
6-10 

0.92 0.6 ± 0.1 
<0.01 

1558 04 1.56 4.6 ± 0.4 0.036 ± 0.032 
4-8 
8-12 

12-20 

1.10 0.11 * 0.04 
<0.01 
<0.01 

Mean 0.033 ± 0.003 

*Thi» core contauu 3.1 mCi/Jun2 of H 9 + 2 4 0 p U i 

the surface sediment inventory. Redistribution of 
large quantities of plutonium deep into burrows re
quires that many sequential transfers occur over 

SUMMARY 

• Radionuclide movement. Fallout 1 3 7Cs un
iformly labels Farallon waters, but some 239+240pu 

may be associated with buoyant, small particles 
(>1 Mm) that are moved from the shelf to deeper 
waters by advective tides, accounting for higher 
plutonium levels in water columns further offshore. 
An unknown source is contributing small but 

: measurable quantities of 2 3*Pu bottom waters near 
the 2000-m disposal region. 

• total radionuclide inventory. Quantities of 
2* +24°Pu and I37c§ m Farallon rediments and 
water are not significantly difP- M from the 
amounu from nuclear debris delivered to the open 

time, which will depend on the population density 
of the worms, the depth to which the worms inhabit, 
and the transfer rates. 

oceans. Open pacific plutonium fallout was 2.2-4.4 
mCi/km 2 , compared with Farallon plutonium in
ventory of 2.2-3.5 mCi/km 2 . These data are sum
marized in Table 8. 

• Radionuclides in marine animals. Fish and 
benthic invertebrates collected from the Farallon 
region contain body burdens of 239+2+Opy n o jip. 
ferent than similar marine species living and feeding 
in open oceans. Farallon Rockfish contain 
radionuclide concentrations within the range found 
in fish from the open Atlantic. Farallon benthic in
vertebrates have plutonium concentrations similar 
to invertebrates from northern-latitude oceans. 



Table 7. Comparisons of plutonium concentrations in invertebrates and fish. 

Year 
coUected/Ref. Sample 

Whole 
organism 

239+240pUi p Q ^ m t w e ^ , t o f . 

Muscle Bone liver Viscera 

1975" 

1970' 

1968' 

1970' 
1970 i : 

19V 
f<> ••' 
197 
1974: 

1974 
1974 
1974 
1974 
1974 
1974 
1974 
1974 
1975: 

19751 

197S1 

Invertebrates' 
Porychaetes 4.1-12.6 
(LaHaque, France) 
Polychaetes 3.5 
(Cape Cod, Mass.) 
Bivalves 7.0 
(Danish Inner Waters) 

Vertebrates 
Tautog 
Flounder 
Alewives 
BlueDsh 
Ruff 
Flounder 
Cod 
Menhaden(p)b 

Menhaden(p) 
Menhaden(s)b 

Menhaden(s) 
Menhaden(i) 
Menhaden(s) 
Menh*den(p) 
Bluefith 
Bass 
Baas 

0.09 
0.04 

0.18 
0.10 
0.25 
0.08 
0.37 
0.13 

0.27 
0.001 
0.009 
0.018 

0.03 
0.03 

0.14 

036 
0.54 

0.081 0.081 2.02 
0.076 0.007 0.004 
0.002 0.076 0.009 0.018 

0.002 0.013 0.010 

*Who!e animals sampled from Atlantic waters, 
p = pooled sample; s = single fish. 

Table 8. Summary of radionuclide* inventories to 1977. 

Stations 2 3 9 + 2 4 0 P u , mCi/km2 1 3 7 Cs*. mCi/km2 

Farallon Water Sediment Total Water Sediment Total 
l b 1.70 1.78 348 75 6 81 
2° 0.68 1.4 2.08 64 _d -

Open Pacific (GEOSEC) 

201 1.9 0.3 2.2 77 <2 79 
212 3.9 0.3 4.2 101 <2 103 
225 4.0 0.3 4 3 - <2 -

Decay corracted to January 1977. 
Water column to 2000m depth, 

^ater column to 920-m depth. 
d No data. 
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