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PLUTONIUM IN THE GULF OF MEXICO 
Martha R. Scott and Patricia F. Salter 

Background 
As part of our study of the geochemical behavior of plutonium in the Gulf 

of Mexico system, we have collected a series of sediment cores in a traverse 
from the deep Gulf of Mexico to the Mississippi Delta. (Fig. 1). The sediment 
samples thus represent a wide ranqe of sedimentary and qeochemical environments. 
The cores were taken with a box corer, then sub-cored with a 20 cm diameter 
stainless steel core barrel. The sub-cores were extruded and sliced into 1cm 
intervals for analysis. The analytical techniques we have used to analyze for 
Pu are summarized in prooress report ? 0R0-3852-26. Basically, we are foT'ow-
ing the procedures cf Chu (1971), de Bortoli (1967), Talvitie (1971) and Wonq 
(1971). 

A map of the physiographic provinces of the Gulf of Mexico (Fig. 2) shows 
that its sediments are dominated by the Mississippi cone, a large mass of 
detrital material delivered by the Mississippi River. This feature has been 
formed largely by bottom transport mechanisms such as turbidity currents. 
Sediments on the tops of the Sigsbee 'Knolls represent some of the only examples 
in the Gulf of Mexico of particle-by particle deposition of detrital debris. 
The Knolls were elevated above surrounding depths by intrusion of salt domes. 

Sediments in the area from the deep sea floor adjacent to the Sigsbee 
Knolls have been deposited by a combination of turbidity current transport and 
pelagic deposition, with increasing dominance by the detrital material as the 
Mississippi River is approached. Sediments in the delta itself have been 
shown by Trefry and Presley (1976) to be reducing, more as a result of the 
very rapid sediment accumulation rates than the organic matter content, which 
is not particularly high (0.5%). 
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FIGURE 1. Location map of marine sediment cores analyzed In this study. i\> 



Figure 2. Physiographic provinces of the Gulf of 
Mexico. (El-Sayed et a l . , 1972) 
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The delta sediments have been divided into several d is t inct geochemical 

environments by Shokes (1976), partly on the basis of sediment accumulation 

rates determined by 2I0Pb analysis. (Fin. 3) . Near-river mouth sediments are 

deposited at the mouths of the major dis t r ibutar ies of the river at rates 

that exceed the u t i l i t y of the 210Pb method of measurement. The sediments in 

these areas tend to be sandier that the res t of the del ta , and 2 l 0Pb contents 

are nearly constant with depth, fluctuating to some degree as a function of 

grain size. 

Mid-delta front sediments are deposited at very high ra tes , marginally 

within the aopropriate range for the 210Pb method. These sediments are depos-

ited at rates greater than 1 cm/yr, and as a consequence are minimally inf lu-

enced by bioturbation. Burrowing organisms are cercainly present, but they are 

not s t le to thoroughly mix the large amounts of sediment being deposited annually. 

Outer delta front sediments are deposited at 0.5-1 cm/yr in water deDths 

of roughly 100 m. These sediments show sporadic evidence of redistribution 

of materials by bioturbation. 

Delta front perimenter sediments have considerably lower sediment accu-

mulation rates ( .1- .4 cm/yr). The Pb profiles in these cores show well-

defined bioturbation effects and evidence of slumping events. Water depths 

range from 150-500 m. Sediments in this area also show hioher specific 2 l 9Pb 

ac t iv i t ies per gram, suggesting shoreward transport of 2 l 0Pb from the open 

Gulf of Mexico waters {Shokes, 1976). 

Sulfate reduction occurs in the delta sediments to an extent which is 

controlled by the sediment accumulation rates . In the more rapidly accumu-

lating sediments of the delta (>1 cm/yr), Mn in the sediment has been reduced 

and has diffused into the overlying water. These sediments show a Mn loss of 

45% compared to the river sediment delivered to the area (Trefry and Presley, 

1976). 
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Figure 3. Mississippi Delta F^ont regions, af ter Shokes, 1976. 
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Much less remobilization of Fe occurs in these sediments, as shown by Trefry 

and Presley (1976) and by analyses in this work, discussed la te r . The reduction 

of Mn must take place essential ly at the sediment-water interface because no 

Mn-rich oxidized layer is observed in the inner part of the delta. In areas 

with lower sedimentation rf»tes, a Mn-rich layer is observed a t the top of 

the core, and in deep Gulf of Mexico water, the sediments are enriched with 

Mn compared to river sediment input. According to Trefry and Presley (1976) 

this enrichment occurs by adsorption of the dissolved Mn from nearshore sed-

iments onto particles which are then deposited in deep water sediments. I t 

is on th is pattern of sedimentary and geochemical processes that deposition 

of fa l lout plutonium is superimposed. 

Plutonium in Gulf of Mexico Sediments 

Table 1 is a compilation of the plutonium analyses completed on Gulf of 

Mexico sediments. Figures 4 through 12 show the distribution of Pu versus 

depth in the Gulf of Mexico cores analyzed so f a r . Cores 1, 2, 4 and 6 reorc-

sent deep water cores, with water depth ranging from 3649 m to 1701 m. Core 7 

represents an "intermediate" depth range of 786 m, and cores 8, 9 and 10 

represent delta cores with depths ranging from 320 m to 106 m. Figure 13 shows 

the Fe/Al and Mn/Al ratios versus depth for most of these cores. 

The deep water cores (1, 2, 4 and 6) show an abrupt decrease with depth 

in 239~2Uo Pu content typical for open ocean sediments. The sediment accumu-

lation ra te for core 1 was estimated by Ewing et a ! . , (1958) for the same 

Sigsbee Knoll to be 3 cm/103y. This sediment is largely derived from par t i -

cle by part ic le set t l ing through the water column. Core 2, taken at the base 

of that Knoll is in an area estimated to have an accumulation rate of 10 cm/103y 

(Ewing et a ! . , 1958). The sediment in the second s i te i s derived to a 
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Sample & Location Water Depth Simple n r n »CaC03
: ---'-Tu i • ' " ( ' I , / ' " Sample & Location 

meters Interval 
cr: 

u|un/l.g dpr/ky 

7C-G-8, Station 1 3102 0 - 1 92. ti* 48.8 U . U ; 1.4 3.i • .7 • U.J 
Bex Core 1 
23° 43.9'fi, 92" 28.0'W 1 - 2 61.7 47.2 3.2 i .3 

Sigsbee Knolls 2 - 3 61.4 43.9 1.2 i .2 

3 - 4 57.C ?.7 i .2 0.31 i .06 o . n i .02 

4 - S 57.0 42.0 1.7 i .1 

5 - 6 54.1 2.0 i .13 0.30 ± .05 0.15 * .02 

6 - 7 55.3 42.6 1.4 • .1 

8 - 9 53.3 42.7 0.5 i .1 0.8 .1 1.6 • .4 

13 - 14 51.0 42.1 0.20 r .04 

16 - 17 49.7 40.1 0.33 ± .00 0.3 .1 6 ± 3 

21 - 22 49.C 39.9 0.02 t .01 0.03 1 .01 2 1 

78-G-fi. Station 2 3649 0 - 1 89.3* 34.5 6.3 - .5 2.0 i .3 0.31 .05 
Bo* Core 1 
23" 57.I'll. 92° 19.9'W 2 - 3a 56.6 — 2.9 i .4 0.4 i .2 0.14 .06 

Abyssal Plain 2 - 3b 61.1 41.1 4.e i .3 0.9 s .3 0.20 i .03 
4 . Sa 58.8 - - 1.5 - .2 1.0 ± .2 0.7 * .2 
4 - 5b 56.4 41.9 1.1 • .1 * 0.30 f .06 0.25 < .06 

6 • 7 57.0 41.3 0.4/ i .03 0.10 •. .01 0.22 .04 

8 - 9 55.4 37.4 0.63 ' v . 0 5 0.12 ; .02 0.70 i .04 

12 - 13 54.2 39.4 1.3 i .2 0.2t - .06 0.22 ! .06 

16 - 17 52.0 33.5 0.03 ; .02 0.03 i .02 1.0 ! .4 

78-G-H. S U t i o n 4 2 M 4 0 - 1 8ft. b* 13 • 3 4 ? 2 0.3 .1 
Box Core I 

03.1 26" 34.0'H, 89" H.3'VI 1 - 2 03.1 34.0 K1.3 ; .3 1.7 •> .1 0.019 • .001 
3 - 4 58.0 3.1 .2 0.41 i .05 0.13 1 .02 

4 - 5 57.0 33.1 0.9': • .09 n.46 i .06 0.48 • .08 
S - C 56.3 1.8 ± .2 0.44 i .03 0.25 4 .1.5 

& - 9 54.3 31.2 .04 o.3a ; .04 1.1 • .2 
«J - 11 54.0 0.1C •. .03 0.02 i .01 0.13 i .06 
14 - 16 51.7 0.03 • .02 n.d . 
21 - 22 -SI -1 28.6 n.rl. n.d -

73-0-8. Station C 1701 0 - 1 84.1* 20.9 8.9 •- .4 1.2 s .1 0.13 .02 
Bo* Core 1 
27° 57.5'tl, SB" 47.7'VI 2 - 3 63.5 20.9 2.30 i .OS 0.29 .03 0.12 i .01 

4 . 5 63.0 18.6 3.1 i .1 O..16 • .04 0.15 ; .02 
6 - 7 59.9 16.4 1.16 - .07 0.16 i .02 0.14 i .02 
8 - 9 58.4 22.4 0.07 ± .06 0.07 i .02 0.11 ; .04 

12 - 13 59.4 26.0 0.10 ^ .02 0.06 i .01 O.S • .2 
16 - 17 59.7 30.0 0.10 ? .02 0.09 ' .02 0.9 .3 
21 - 22 Wi.l 24.1 0.0J ! .01 O.&t .01 3 2 

78-G-S, Station 7 786 0 - 1 65.7 5.4 17.7 ^ .8 1.1 i .2 0.06 • .01 
Box Core 1 2 . 3 68.9 5.2 C.2 ; .4 0.64 t .09 0.03 i .01 
28°21.6*11, 89 09.0'W 

4 - 5 60.0 4.8 8.4 ± .2 0.71 > .06 0.08 i .01 

6 - 7 57.1 4.6 2.6 i .1 0.20 i .03 0.08 .01 

8 - 9 58.0 4.3 2.0 ; .2 0.14 i .04 0.07 1 .02 

14 - 16 58.7 4.7 0.33 i .05 0.C4 i .02 0.12 i .05 

22 - 2 4 58.4 6.6 0.16 i .02 0.01 : .01 0.08 : .04 

30 - 32 55.7 6.7 n.d. n.d. 

• Includes the top f e w centimeters of overlyln.j water. 
t Concentrations liave been corrected for salt content. 

A H errors reported are I ' countim; errors. 
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(contii.'joJ) 

| Sample & location Uatr.r CK^pth Savr.pl e •.XaC03
! 231-2..-,,ut t 23SPu/233 - • ^ V u 

ratter:,' Interval 
cm 

dpm/kg dpm/*g 
23SPu/233 

7S-G-8. Station 6 320 0 - 1 76.4* 6.5 89 i 2 3.7 .3 0.041 i .004 
Box Core 1 
Sub-Core B 2 - 3 63.9 4.4 90 ± 1 4.4 .2 0.049 • .002 
Z B ^ . l ' N , 89'17.7'H 4 - 5 64.2 4.5 88 ± 2 4.3 .2 0.049 r .002 

6 - 7 65.0 4.7 108 ± I 4.9 .2 0.045 i .002 

9 - 1 0 59.5 5.2 ioe»± 2 5.6 .2 0.052 • .002 

14 - 16 59.7 . * 41.6 i 1.0 2.3 .1 0.055 i .003 

20 - 22 59.3 4.0 12.0 • .3 0.84 .06 0.070 ± .006 

26 - 28.5 58.2 4.0 2.0 i .1 0.16 .02 0.08 ± .01 

78-G-8, Station 9 106 0 - la 75.1* <1 90 ± 2 4.5 .2 3.049 i .002 
Box Core 1 0 - lb 62.6* <1 101 i 4 5.8 .6 0.057 t .006 
Sub-Cores A & B 
2!i"44.o'M, 89c25.9ni 2 - 3a 64.6 <1 104 ± 2 4.8 .2 0.046 i .002 
Mississippi Delta 2 - 3b 65.b <1 9G i 3 5.3 .3 0.055 i .004 

4 - 5a 58.3 <1 107 ± 2 4.8 .2 0.048 i .003 

4 - 5b 58.8 <1 100 i 3 5.3 .4 0.051 s .004 

6 - 7a 60.5 <1 101 i 2 4.9 .2 0.049 t .002 

6 - 7b 58.4 <1 99 i 2 5.0 .2 0.0S0 ± .002 

8 - 9b 60.5 111 t 3 5.2 .3 0.047 * .003 

9 - 10a 61.1 <1 1.4 t 2 5.5 .2 0.048 ± .002 

12 - 14b 57.1 <1 105 4 4.5 .3 0.043 i .003 

14 - 16a 56.6 •=1 ' 112 • 4 4.4 .2 0.040 ± .003 

18 - 20b 54.1 <1 68 ; 1 2.9 .1 0.042 t .002 

20 - 22a 53.7 <1 52.2 • .8 2.35 .08 0.045 i .002 

26 - 28.5b 57.3 -.1 10.8 i .3 P 59 .04 0.055 » .004 

28 • 30.5a 53.5 <1 8.1 > .2 0.37 .03 0.045 • .004 

7C-G-11, Station 10 110 0 - la 73.3 13.G 24.* t .9 2.4 l .2 0.10 .01 
Box Core 1, Subcorci A t 
2»" 37.2'M, 89' 33.'SU 

Et 0 - lb 74.8 14.2 27 ; 2 1.2 i .2 0.04 ! .01 
Miss'sslppi Delta 2 - 3a „ 73.1 13.3 22.6 .9 1.4 - .1 O.OG i .01 

2 - 3b 73.6 11.8 22 - 1 o : t .1 0.04 i .01 
4 - 5a 73.8 12.3 21.0 i .7 0 ) i . J 0.04 .01 
4 - 5b 73.4 12.4 19 i 1 0.7 t .1 0.04 i .01 
6 - 7b 66.5 8.9 16 ! 1 0.6 i .1 0.04 • .01 

S - 9a 66.8 12.2 13.9 i .5 0.9 i .1 0.0C 1 .01 
8 - 9b 69.5 11.7 12.0 • .9 0.5 : .1 0.05 t .01 

11 - 13b 73.9 9.0 4.7 « .2 0.20 ± .04 0.04 t .01 

15 - 17b 70.4 11.3 1.3 i .1 — — 

19 - 22.5b 73.6 11.4 0.76 t .04 0.07 t .01 0.09 i .01 

79-L-316, Station 3 42 0 - la 81.66* -1 25.3 t .9 1.1 ; .1 0.044* .005 
Box Core A & B 2 - 3b 64.17 . I 27.7 t .8 1.5 ± .1 0.0S6± .006 
28"51.5'N, 89"27.9'U 2 - 3b 

1.3 t 0.058± .008 Mississippi Delta 4 - 5b 61.37 <1 22.9 ± .8 1.3 t .2 0.058± .008 
SW Pass 6 - 7a 

6 - 7b 
8 - 9b 

57.22 
56.60 
54.94 

<1 
•1 
<1 

10 - lib 50.03 Tl 13.0 t .5 3.3 t .3 0.25 ± .02 

* Includes the top few centimeters of overlying water. 

t Concentrations have been corrected for salt contcnt. 
All errors reported are lo counting errors. 
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Figure 8. D i s t r i b u t i o n of Pu, Fe/Al r a t i o s , Mn/Al r a t i o s and 
1 3 7Cs versus depth in co re . 
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significant degree *rom t j rb id i ty current transport from the Mississippi cone 

sediments. The Pu profi les in these two cores ^o not di f fer markedly; both 

show evidence that the fal lout Pu has been mixed downward by bioturbation 

processes. Cores from stations 4 and 6 show similar Pu profiles with depth 

indicating biological mixina of fal lout Pu downward into older sediments. 

Note that none of the deep water cores show obvious remobi1ization of Fe and 

Mn (Fit, 13, Table 2). Comparison of core top values in Fiqures 4 and 5 

with the river sediment data in Table 3 show that sediment from stations 1 

and 2 are both enriched in Mn and Fe comoared to Mississippi River sediments 

as predicted by Trefry and Presley (1976). Cores 4 and 6 are slightly de-

pleted in these metals comoared to river sediment; this observation is consis-

tent with the fact that a majority of the detr i ta l sediment in intermediate 

depths is delivered by turbidity flows from parts of the upper Mississippi 

cone sediments depleted in Fe and Mn (Trefry and Presley, 1976). High metal 

to A1 ratios at depth in these cores suggest possible differences in the 

geochemistry of the Gulf at earl ier times. 

The core from station 7 (Figure 8) has a Pu versus depth distribution 

quite similar to that from station 6 (Figure 7). However, the Fe/Al and Mn/ 

A1 profi les for the upper pari of the core indicates remobilization of both 

of those metals. The similarity of the Pu profiles shows essentially no 

interdependence of the geochemical behavior of Pu and Fe as suggested by 

Livingston and Bowen (1979) or of Pn and Mn as suggested by Means et al_ (1978). 

The delta sediments show markedly different Pu concentrations (as dis-

cussed below) as well as depth distributions different from deep water sedi-

ments. Figure 9 shows distribution versus depth for 239~2U0 pu in the core 

from station 78-G-8 station 8. The top 8 cm of the core appear to have been 

essentially homogenized by bioturbation, with some mixing of Pu to deeper 
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Trace Motal Analysis of liul f of Mexico ScJ1.n«:n;s 

Sample i Location 
78-G-8, S U t i o n 1 
Bo, C o r e 1 23-JJ 
Sl^stcc Knolls 
3 4 0 : m, depth 

Simple 
Interval 

78-G-8, Station 2 
Box Cure 1 
23"5;.rfi, 9?°14.9'W 
Abyssal Plain 
3649 m, depth 

78-G-B, Station 3 
Bor Core 1 
25"45.7 , N , 90"12.9'H 
3246 m. depth 

78-C-fl, ! ..itinn 4 
Box Cnri- I 
26°34.ll'rj. 89'11.3'W 
2744 ra, depth 

78-G-8, Station 5 
Box Core 1 
27' 21,9'N, e« 0 1 2.7 U 
2286 m, depth 

78-G-8. Station 6 
Box Core 1 
2 7 " S 7 . S 8 8 ° 4 7 . 7 ' W 
1701 is, depth 

78-G-8, Station 7 
Box Core 1 
28°21.6'H. 8i)°09.0'W 
786 n , depth 

cm a » 2 o ICaCQ, ire iXn =A1 Fe/AI Mn/Al 

0-1 92 6* 41.8 2.20 0.152 3.96 0.556 0.03S 
1-2 61.7 47. ? 

61.4 9 
3-4 57.6 — 

4 - 5 57.8 42.0 2.59 0.120 4 . 6 0 0.563 0.039 
5-6 54.1 — 

6 - 7 55.3 42.6 2.72 0 161 4 . 5 2 0.602 0.040 
8 - 9 53.3 •2.7 2.70 0 1 ij? 4 . 9 2 0.549 0.037 

13-14 51.0 42.1 2.71 n.iui 5.02 0.540 0.037 
16-17 49.7 40.1 2 82 0.122 5.23 0.539 0.03b 
21-22 49.8 59.9 2.73 0.224 4.92 0.555 0.G4C 

0-1 89.3* 34 5 1.99 0.112 3.62 0.550 0.039 
2-3 s».e 41.1 2.41 0 176 4.19 0.575 0.042 
4-5 57.6 41 9 2 56 0.176 4.32 0.558 0.041 
6-7 57.0 41.9 2.53 0.177 4.72 0.547 0.038 
8-9 55.4 37. 4 2 68 0.1B1 4.93 0.544 0.034 

12-13 51.2 39.4 2.77 0.179 4 . 8 8 0.S68 0.037 
16-17 52.0 33.5 2.ce 0 1/7 5.10 0.565 0.035 

0-1 80.6* 32.4 
2-3 53.1 47.6 2.24 0 121 5.29 0.423 0.023 
4-5 52.3 45.1 2.28 0.123 5.27 0.433 0.023 
6-7 50 6 44.0 2.3C 0.125 5.17 0.456 0.024 
8-9 51.3 45.9 2.20 0.121 5.18 0.425 0.023 

10-11 49.4 3T.. 7 2.60 0.132 5.81 0.448 0.023 
12-13 49 2 4'J 5 2.52 0.1J3 5.51 0.457 0.024 
14-15 4.1.5 37.3 2.53 0 5.69 0.445 0.022 
16-17 48.5 38.0 2.50 0.121 5.4H 0.456 0.022 
18-19 48.9 if).? 2.55 0 119 5.75 0.443 0.021 
20-21 48.9 33.9 2.75 0.093 6.73 0.441 0.015 

0-1 B6.5* „ 
1-2 63.1 34. (i 2.39 0.165 1.13 0.579 0.040 
3-4 5ft. 0 

0.040 

4 - 5 57.0 33.1 2.60 0 158 4.71 0.552 0.034 
5-6 5C.3 

0.034 

R-9 54.3 31.2 2.60 0.327 4.65 0.576 0.070 
9-11 54.6 

0.070 

14-16 51.7 
21-22 51.1 28.6 2.89 0.1C8 4.98 0.580 0.031 

0-1 77.9* " 17.7 3.00 0.075 6.49 0.462 0.012 
2-3 62.5 2.7 3.49 0.CU9 8 . 2 0 0.476 0.011 
4 - 5 56.1 1.9 3.57 0.071 8.07 0.442 0.009 
6 - 7 49.7 2.8 3.58 0.052 8.77 0.408 0.007 
8 - 9 47.4 2.9 3.63 0.064 8.46 0.429 0.008 

10-1) 49.0 3.1 3.58 O.QftC 8.32 0.«30 0.008 
12-13 47.2 3.2 3.72 0.072 8.46 0.440 0.008 
14-15 51.6 3.0 3.68 0.073 8.53 0.431 0.009 

0-1 e4.i* 20.1 2.80 0.231 5.74 0.490 0.040 
2-3 63.5 20.9 3.43 0.2C5 6.61 0.519 0.040 
4 - 5 63 0 18.6 3.48 0.T73 6 - 9 8 0.499 0.039 
6 - 7 59.9 IB.4 3.61 0.£r,l 7.18 0.463 0.123 
8 - 9 5a. 4 22.4 3.47 1.39 6 . 8 8 0.504 0.202 

12-13 59.4 26.0 3.14 0.362 6.35 0.494 0.057 
16-17 59.7 30.0 3.03 0.335 6.14 0.493 0.055 
21-22 50.1 24.1 3.34 0.324 6.62 0.505 0.049 

0-1 70.1* 5.4 3.87 0.126 8.33 0.4S2 0.015 
2 - 3 60.6 5.2 3.81 0.086 8 . 6 0 0.443 0.010 
4 - 5 62.3 4.8 3.86 0.071 8.73 0.442 0.008 
6 - 7 57.3 4.6 3.87 0.041 8.96 0.432 0.005 
8 - 9 58.8 4.8 3.81 0.C41 8.90 0.428 0.005 

10-11 56.4 4.5 3.87 0.040 8.99 0.430 0.004 
12-13 58.2 5.3 3.93 0.036 8 . 7 0 0.452 0.004 
14-15 57.3 4.7 3.83 0.033 9.03 0.430 0.004 
16-17 57.8 5.8 3.65 0.037 8.92 0.409 0.004 
20-22 56.2 5.8 3.63 0.038 8.97 0.405 0.004 
24-26 57.8 7.5 3.52 0.043 8.54 0.412 C.005 
28-30 59.1 6.7 3.63 0.041 8.82 0.412 0.005 

•Includes top f e w centimeters of overlying water 



Table 2 
Trace "etal Analysis of Culf Of Mexico Sediments 

(continued) 

Sairple Interval 
Sirrple 1 Location cai iH 2 0 ICaCCj tFe ZMn •̂ Al Fe/.M Hn/Al 

73-G-3. Station 8 0-1 76.4 6.c 

Bo/ Core 1, Subc"-* 8 2-3 63.9 4.4 
38 3 2 . 1 3 9 |7.7'V! 4-5 64.2 4.5 
320 m, depth 6-7 65.0 4.4 

9-10 59.5 5.2 
14-16 59.7 4.4 
20-22 59.3 4.0 
26-23.5 53.2 4.0 

7R-5-8. Station 9 0-1 75.1* <1 4.CO 0.226 8.62 0.464 0.G26 
B»j- Care 1. Subcore A 2-3 64.6 <1 4. IS 0.093 9.03 0.461 0.010 
2:3 H.Q'li 89'25.9'N 4-5 5P.3 <1 4.2 i O.OSO 9.18 0.460 0.009 
106 -t. depth 6-7 60.5 • 1 4.02 0.069 9.05 0.444 o.ooa 
Hiiiissippi Delta 9-10 61.1 '1 4.00 0.063 8.58 0.415 0.007 Hiiiissippi Delta 

15-16 56.6 <1 4.11 0.056 9.-7 0.453 0.006 
20-22 53.7 •1 — — — — 

28-30.5 53.5 3.91 0.051 n.99 0.437 0.006 

77-G-13. S U t i o n 21 0-1 66.4 3.4 4.08 0.144 7.20 0.523 0.018 
So> Cjre 1 2-3 58.4 2.3 4.4<: 0.092 9.05 0.480 0.010 
28^5./'N, 89°36.5".l 4-5 53.9 2.1 4.35 0.075 a. co 0.544 0.009 
210 m, depth 6-7 51.5 2.1 4.26 0.067 9.63 0.442 0.007 
Mississippi Delta 8-9 01.6 1.6 4.04 0.061 a.45 0.473 0.007 

10-11 52.3 1.7 4.17 0.060 9.74 0.428 0.006 
12-13 53.9 1.7 4.27 0.059 9.74 0.138 0.006 
14-15 53.6 1.9 * 4.17 0.057 9.53 0.418 0.006 
16-17 54.9 1./ 4.76 0.056 9.;:1 0.433 0.006 
18-19 52.9 1.7 4.20 0.055 9.67 0.414 0.006 
20-21 51.2 1.7 4.12 0.054 1.6) 0.426 0.0C6 
22-21 51.1 1.6 4.0/ O.Gb4 9.62 0.423 0.005 
24-25 44.9 1.5 3.'Ji 0.056 9.40 0.420 0.006 

76-G-11, S U t i o n 10 0-1 74.8 14.7 9.14 0.10:1 1.62 5.64 0.C67 
Uux Core 1, Suiirnri' 8 2-3 73.6 11.a 20.40 0.1P2 1.71 5.50 0.049 
7!137.2'N. 39"33.5'W 4-5 73.4 17.1 7.C5 0.U70 1.C7 2.08 0.019 
110 -i, depth 6-7 G6.5 i?.;> 10. no 0.090 3.94 0.033 
Mississippi Oiilta 13-9 03.5 u..' 7..-1 0.063 J. 71 2.01 0.017 

11-13 73.3 9.10 0.070 ?.M4 3.24 0.025 
15-17 70.4 11.3 3.00 0.C58 7.62 3.41 0.022 
19-22.5 73.5 11.4 9.CO 0.062 2.76 3.48 0.022 

'Includes top few centimeters of overlying water 



Table 3. Representative Sediment Chemistry for the Mississippi 
Distributive Province. 

Kg, rcq/q Fe, t'n/Al xlD -4 Fe/Al 

Mississippi River 
Suspended Sediment 1300 

Trefry and Presley 

4.61 150 .533 

Mearshore Sediment 710 4.18 84 .495 

Deep Gulf of Mexico 
Sediment 2200 4.33 240 .478 

Mississippi River 
Suspended Sediment 1350 

This Work 

3.93 168 .489 

Delta Core 78-G-8-9 
0-1 cm 
9-10 cm 

2260 
630 

4.00 
4.00 

260 70 .464 
.445 

Deep Gulf Core 78-G-8-I 
0-1 cm 
8-9 cm 

(carbonate-rich) 

1520 
1820 

2.20 
2.70 

380 
370 

.556 

.549 
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depths by the same process. 137Cs analyses have been done by R'liald ' . Pflaum 

for some of the delta sediments using a GeLi detector ar,d ? 4000 channel anal-

yzer. Pu/Cs ratios derived from those data are shown in Figure 10, also sug-

gesting mixing of the upper part of the core although the data are more 

scattered. This core l ies jus t outside the Delta Front Perimeter zone of 

Smoke's (1976) designation (Fig. 3) where 210Pb profi les show abundant evi-

dence of both bioturbation and slumping events. 

Data from the cores from 78-G-8 station 9 and 76-G-ll station 10 are 

i l lustrated in Figures 11 and 12, respectively. Both of these cores l i e 

within the outer delta f ront sediments (Shokes, 1976) described as showing 

sporadic evidence of bioturbation, and sedimentation rates of . 5 - 1 cm/yr. 

We have no obvious explanation for why the Pu profi le of core 10 is so d i f -

ferent from the other two. That core was taken near the Mississippi trough, 

a feature of the shelf formed during the las t glacial epoch that is known 

to funnel river sediment to the deep Gulf. The 210Pb data in Figure 12 have 

not been corrected for 226Ra parent, and Pb data on the other samples are now 

being collected. If the 226Ra is assumed to constant with depth, a sedimen-

tation rate of .8 cm/y is derived for the upper part of the core. Slumping 

is suggested by the abrupt change in 210Pb values at 10 cm. We will direct 

part of our ef for ts during the next year toward a more detailed explanation 

of the individual prof i les . Note that the Fe/Al and Mn/Al profiles fa i l to 

parallel the Pu versus depth profiles in these cores also. 

The total inventories of Pu in the Gulf of Mexico cores is given in 

Table 4. The average predicted fallout of Pu for different parts of the Gulf 

is also l i s ted . The cores from the deep and intermediate depths of the Gulf 

of Mexico al l contain considerably less than 100% of the predicted amount 

(Cores 1, 2, 3, 4, 6, and 7, Table 4). The cores of delta sediments analyzed 

so far contain 48 to 745% of the predicted fal lout inventory. Clearly 



Table 4 

Plutonium Inventory for the Gulf of Mexico 

Measured Predicted 

Station & Location 

Water 
Depth 

m 

Core 
Length 

cm 

Sediment 
Inventory 
dpm/cnr 

Fallout 
Inventory 
dpm/cnr 

% Fallout Pu 
Accounted For 

78-G-8, Station 1 
23°43.9'N, 92°28.0'W 
Sigsbee Knolls 

3402 22 0.027 0.17 16 

78-G-8," Station 2 
23°57.1N, 92319.9'W 
Abyssal Plain 

3649 17 0.030 0.17 18 

78-G-8, Station 4 
26°34.0'N, 89°11.3'W 

2744 22 0.041 0.25 15 

78-G-8, Station 6 
27°57.5'N, 88°47.7'W 

1701 22 0.030 0.31 10 

78-G-8, Station 7 
28°21-6N, 89°09.0'W 

786 32 0.080 0.33 24 

76-G-ll, Station 10 
28°37.2'N, 89°33S'W 
Mississippi Delta • 

110 22.5 0.16 0.33 48 

78-6-8, Station 8 
28°32.1'N, 89°17.7'W 
Mississippi Delta 

320 28 1.39 0.33 421 

78-G-8, Station 9 
28°44.0lN, 89°25.9'U 
Mississippi Delta 

106 30 2.46 0.33 745 
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sedimentary and/or geochemical processes are affectinq the distribution of 

fal lout Pu in the Gulf of Mexico. 

There are several possible reasons for the non-deposition of fal lout 

Pu in deep Gulf of Mexico sediments. Inventories low compared to predicted 

values are common (eg: Livingston and Bowen, 1979). They are ordinarily 

interpreted to mean that much of the Pu remains in solution in the ocean, 

or is associated with particles so small that the residence time in the water 

column is quite long. 

The deep Gulf of Mexico cores analyzed in this study l ie within the part 

of the Gulf commonly traversed by the Loop Current (El-Sayed et al_, 1972), a 

part of the Gulf Stream which completely dominates the oceanography of the 

eastern Gulf of Mexico. The volume of water flowing through the Gulf in this 

current amounts to 800 times the amount added by annual rurfoff. The current 

which enters the Gulv at the Yucatan Strai ts arrives from low lat i tude regions 

characterized by minimal Pu fallout (Hardy, 1974). If the residence time of 

the Loop Current water in the Gulf of Mexico is short with respect to the 

deposition rates for par t ic les , the Pu fal lout arriving on the surface of the 

ocean in the Gulf of Mexico will quickly be removed from the area in the cur-

rent. This process, operating over the entire time of fal lout delivery of Pu 

could contribute to the low inventories observed in the deep Gulf of Mexico 

sediments. If th is is the case, sediments from the western Gulf of Mexico may 

show higher average inventories of Pu,as the residence time of water in the 

western Gulf is thought to be about 100 years (El-Sayed et al_, 19/2). 

The low Pu inventories in deep water sediments is in striking contrast 

to the inventories of the Mississippi Delta sediment (cores 8, 9, and 10, 

Table 4). The shallow water cores contain from 48 to 745% of the predicted 

fallout inventories. However, i t should be noted that the sedimentary process 
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in rivers and estuaries commonly cause patchy distribution of fal lout Pu 

inventories in bottom sediments. SimDson et̂  al_., (1976) have found evidence 

of this type of scour and f i l l phenomenon in the Hudson River estuary. By 

far the majority of Mississippi River sediment is being deposited in i t s 

delta, so that sedimentary processes may in part explain the differences in 

the observed inventories. 

The really anomalous feature of the delta sediments i s the observed nigh 

concentrations of Pu in cores 8 and 9 and to some degree 10. (Table 1). Pre-

vious work done on this contract has established the average content pf 2 3 9~21,0Pu 

in Mississippi River sediments to be 14 dpm/kg (Scott and Salter, 1978 and ORO-

3852-30). Values higher than 14.9 were never observed in any bottom or sus-

pended sediments from the Mississippi River or any of i t s t r ibutaries sampled 

for this project. The core top values for cores 8 and 9 are 90 to 100 dpm/kg, 

e factor of 6 to 7 higher than the average content of river suspended sedi-

ments. The core top values for core 10 is also high with respect to river 

sediments, having a value of 24-25 dpm/kg 239-2<*°Pu. The 0-1 cm interval 

from 79-L-316 station 3 has been analyzed and has 27 dpm/kg 2 3 9 - 2 t ( 0pu . 

It i s c r i t ica l ly important to our understanding of the geochemical be-

havior of Pu to explain the high concentrations found in the nearshore sedi-

ments. Several explanations can be hypothesized: 1. Plutonium in solution 

in river water precipitates in the estuarine mixing zone and increases the 

content of Pu in the particulate phase. This suggestion can be tested by 

means of data collected las t year on this project (0R0-3852-30). Analyses 

of Pu in Mississippi River suspended sediment for station 24 was 4.0±.l dpm/ 
3 10 £ and on suspended sediment plus water was 5.4± 0.2 dpm/10 The d i f -

3 
ference, 1.4± 0.2 dpm/10 I can be taken as an estimate of the amount of 

dissolved Pu delivered by the r iver . The error in this number is probably 

considerably larger than the la counting s t a t i s t i c s value l i s ted . Nevertheless 
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i t yields a Kg for Pu on river sediment (.295 g/l) of about 104 which is s l i ah t -
c 3 

ly lower than the expected value of 10 . Using the value of 1.4± 0.2 dpm/10 £ 

one can quickly estimate that the sediment load of Pu in the river is accom-

panied by about 25% mora Pu in the dissolved s ta te . Precipitation of dissolved 

Pu in river water therefore could not account for delta sediment concentrations 

of 100 dpm/kg. 

2. Plutonium is being scavenged from the open Gulf water, either in dis-

solved form or on part icles , and is being preferent ia l ly deposited in the delta 

sediments. This suggestion is most a t t ract ive because i t could easily provide 

enough fal lout Pu to the delta sediments. The matter of transferring the mate-

rial horizontally to the nearshore area is not part icular ly Droblematic. Hori-

zonatal eddy diffusion coefficients for ocean water are 10^ - 10^ cm^/sec 

(Lerma/i, 1979). 

In order for dissolved Pu to be scavenged by delta sedi.nents, i t would 

probably be necessary to have a change in i t s oxidation state to a more re-

duced form, which is consistent with the description of reducing conditions in 

these sediments by Trefry and Presley (1976). Reviews of the environmental 

chemistry of Pu have recently been published by Cleveland (1S79) and by Aston 

(1980). Pu can occur in nature in several different oxidation s tates: +3, +4, 

+5, +6. The more reduced forms, +3 and +4, are generally believed to be least 

soluble in the environment, so that reduction of Pu to those states would tend 

to immobilize i t in the sediment phase. Nelson and Lovett (1978) have pub-

lished evidence that the stable oxidation states of Pu in sea water are +5 and 

+6. Cleveland (1979) points out that the least hydrjlyzed form of Pu is +5, 

and i t seems likely that i t would tend to be more stable in solution than would 

the more hydrolyzed species. Bondietti and Trabalka (1980) have recently 

described evidence suggesting that Pu +5 is the dominant oxidized state in an 

alkaline lake. Aston has suggested the Pu species present in sea water is 
.6 

likely to be PuO2C030H. I t seems possible, by analogy with U and U 
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chemistry that reduction of dissolved ?u in sea water might cause i t s removal 

to the reduced sediments. (The removal of sea water U to delta sediments is 

described in another section of this report) . Alternatively the precipitation 

of Fe and Mn oxyhydroxides and organic matter that occur when river water 

nixes with the ocean (Sholkovitz, 1976) might serve to scavenge significant 

amount of Pu from sea water. 

The chemistry of 210Pb and 230Th in Mississippi delte sediments also show 

unexplained "excess" concentrations. Similar observations for 210Pb in coastal 

sediments have been made by Bruland (1974) and Shokes (1976) and were a t t r i -

buted to shoreward transport of particles that had scavenged the highly reac-

tive Pb from the water. The amounts present in delta sediments are in excess 

of the theoretical amounts for the ambient water depth for 2 3 0Th and for water 

plus atmosphere for 210Pb. The high KQ (MO^) commonly observed for Pu in the 

environment suggests that i t too may be transported shoreward by part icles . 

There is no upwelling in this portion of the Gulf of Mexico, prevailing wester-

ly winds during part of the year create a shoreward geostrophic flow. 

3. A third suggestion that might be made to explain the high Pu concen-

trat ions in Mississippi River Delta sediments is that river-borne Pu is dis-

solved in the delta sediments and diffuses upwards to be reprecipitated at 

higher concentrations in the top part of the sediment. There i s no consensus 

among scient is ts studying Pu in the environment concerning the extent to which 

the element can undergo dissolution and chemical diffusion once i t is in the 

sediments. Livingston and Bowen (1975), Bowen et a l . (1976) and Livingston 

and Bowen (1979) have described evidence for Pu migration in sediments,. The 

migration was linked by Livingston and Bowen (1979) to sediments in which Fe 

is being remobilized as i t is to a degree in the Mississippi Delta sediments. 

But the element commonly suggested as a chemical analogue of the Pu associated 
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with the solid phases is Th+l* (eg Bondietti e t a l . 1976), an element that is 

notoriously insoluble, and not readily mobilized in the environment. This 

factor was brought up in discussion following the presentation of Livingston 

and Bowen (1975) and was mentioned by Bondietti et a l . (1976). 

In order for Pu deposited in a ma rine sediment to be remobilized i t would 

be necessary to have a change in i t s oxidation state to a more soluble form, 

and/or the presence of a significant amount of a liqand caoable of complexinq 

Pu in a soluble form. A number of environmentally important liaands are 
-2 -3 

known to complex Pu, including COg , PÔ  , and some organic compounds 

(Cleveland, 1979; Aston, 1980). However, there is considerable uncertainty 

about the correct values of the s tabi l i ty constants for these complexes, 

making i t quite d i f f i cu l t to predict the behavior of Pu in a geochemically 

complex system such as the Mississippi River delta. 

The association of Pu with soil organic matter has been investigated by 

several workers, including Bondietti et al_, (1976), Cleveland (1979), and 

Nishita and Haug (1979). Both fulvic and humic substances appear to be able 

to complex Pu to a significant degree, and Nishita and Hauq s ta te that the 

complexes may mobilize Pu in the environment. But Cleveland (1979) discounts 

complexing by these substances as being an important means of solubilizing Pu. 

He ci tes evidence from his own work and that of Bondietti et al_ (1976) sug-

gesting that Pu can actually be fixed in the soil by association with solid 

organic matter which is i t se l f insoluble under most circumstances. It should 

be noted that Nishita and Haug worked with Pu which they added to the samples 

in the laboratory in soluble form shortly before the experiments. Cleveland's 

studies involved environmental samples contaminated accidentally years before 

the experiment, ana thus might be more representative of the behavior of Pu 

now found in soil and sediment samples. 



3U 

Several studies have indicated an association of Pu with solid hydrous 

oxide phases in the environment. Edgington et al̂  (1976 a; b) have shown that 

much of the Pu in Lake Michigan sediment is extractable with c i t ra te-di thioni te 

leach, which removes Fe and Mn oxides. Means et_ al_ (1979) have concluded that 

the Mn oxides are more important the Fe oxyhydroxides in controlling Pu dis-

tribution in the solid phases. Previous work on river sediments for this con-

tract (Scott and Salter, OR0-3852-30) has shown an association of Pu in river 

suspended sediments with Mn and Fe (Figs. 14 and 15)- However, in the delta 

sediments analyzed for this report, remobi1ization of Fe and Mn was not accom-

panied by a parallel remobilization and diffusion of Plutonium, as discussed 

above. 

The effects of adsorpf'" i on the diffusion of dissolved material in 

sediment pore water has been studied by Schink and Guinasso (1978). An ele-
c 

ment l ike Pu with a Kg of 10 ( am Pu/gm sediment * gm Pu/gm water) would have 
- 1 0 2 

an effect ive diffusion coefficient of about D = 10 cm /sec. The flux of 

Pu in the sediment would be determined by the diffusion coefficient and the 

chemical potential gradient in the pore water. In Irish Sea sediments with 

extremely high Pu, Heatherington (1978) has found the KQ of Pu on the sedi-

ment to be about 10®,as in most other natural environments. At least in that 

instance no unusual mobility of Pu was noted. Consequently we expect the 

available chemical potential gradient for Pu in Mississippi Delta sediments 

to be quite small. The amount of migration that could have taken place in - 1 0 2 

the l as t 30 years at a D of 10 cm /sec would be minimal. For this reason 

we favor explanation number 2, namely that the high concentrations of Pu in 

these sediments are being derived from open Gulf of Mexico waters. 

In order to understand the distribution of Pu in Gulf cf Mexico sediments 

we have undertaken a series of leaching studies of river sediment, delta 
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sediments and marine sed iments t o de termine t h e phases in each sediment type 

with which most of t h e Pu seems t o be a s s o c i a t e d . The leache^ w i l l s e p a r a t e 

exchangeable i o n s , o r g a n i c m a t t e r , Mn o x i d e s , amorphous Fe hydrox ides , c r y s t -

a l l i n e Fe ox ides and s i l i c a t e r e s i d u e . This work i s no t y e t comple te , and i s 

de sc r i bed in ano the r s e c t i o n of t h i s p r o g r e s s r e p o r t . 

As po in ted out by T r e f r y and P r e s l e y (1976) , e x t e n s i v e l o s s of Mn from 

r i v e r i n e sediment occurs i n t h e reducing environment of t h e M i s s i s s i p p i D e l t a . 

The Mn d i f f u s e s out of d e l t a sediments i n t o the o v e r l y i n g wate r t o be d e p o s i t e d 

u l t i m a t e l y in t h e deep Gulf sed iment s . Sediments in t h e nea r sho re p a r t s of 

t he d e l t a e x h i b i t t h i s Mn l o s s s t a r t i n g a t t h e very top of t h e sediment c o l -

umn, wi th no Mn-rich o x i d i z i n g l a y e r a t t he s u r f a c e . Because of t he appa ren t 

a s s o c i a t i o n of Pu wi th Mn ox ides in s o i l s and sed imen t s , t h i s area seemed an 

i n t e r e s t i n g one f o r s t udy ing geochemical behav ior of Pu. I t should be noted 

t h a t t h e r e m o b i l i z a t i o n of Fe from t h e s e sediments i s minimal compared t o 

t h a t of Mn. Table 3 shows a comparison of t h e Fe, Mn, and Al da t a in t h i s 

s tudy wi th t h a t of T r e f r y and P re s l ey (1976) . C l e a r l y t h e da ta a r e in good 

agreement . None of our c o r e s analyzed t o d a t e a r e in the Inner Del ta a r ea 

where the Mn-rich s u r f a c e l a y e r i s a b s e n t . Samples taken on c r u i s e 79-L-316 

r e p r e s e n t t h i s a rea and a r e p r e s e n t l y beinr. ana lyzed . Much of t h e work 

proposed f o r nex t yea r w i l l i n c l u d e d e t a i l e d a n a l y s e s of sediment samples 

from t h e i n n e r p a r t of t he M i s s i s s i p p i D e l t a . 
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