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ABSTRACT 

The majority of plutonium presently in the biosphere has come 
I 

from the testing of nuclear_devices. In the early 1950s, the Pu-

238/239+240 activity ratio of fallout debris was > 0.04; in the more 

extensive test series of 1961-1962, the Pu-238/239+240 activity ratios 

were quite consistent at 0.02-0.03 and maximum fallout delivery occurred 

in mid-1963. A significant perturbation in Pu isotope activity ratios 

occurred in mid-1966 with the deposition of Pu-238 from the SNAP-9A 
I 

reentry and burn-up. Recently deposited sediments have recorded these 

events and where accumulation rates are rapid(> 1 cm/yr), changes in 

Pu isotope activity ratios can be used as a geochronological tool. 

.. 
'. 

' 
j. ; . 

'· 

.. ; 

• ··t 

.... .' i 



-3-

INTRODUCTION 

The use of radioactivity., both natural and artificial, in sediment 

dating is well known. Goldberg and Bruland (1974) have reviewed the 

methodology involved in isotope activity chronologies as well as its 

limitations and have indicated which radionuclides are appropriate for 

dating different sedimentary regimes. Where sediments are accumulatirg 

rapidly (0.1-1 .0 cm/yr), radioisotope dating techniques have centered 

principaily on the use of naturally· occurring 210 Pb and, to a lesser 

degree, the appearance at depth of isotopes produced by nuclear device 

testing. Nittrouer et ~- (1979) have recently presented an extensive 

review on the subject of 210 Pb geochronology including the circumstances 

under which the methodology is not applicable. For example, 210 Pq 

geochronologies cannot be applied where complex stratigraphy results due to 

grain size and compositional changes in the sedimenting material or where 

low initial 210 Pb activities make distinction between 'excess' 216 Pb and 

'supported' 210 Pb difficult. Not specifically cited by Nittrouer·et·al ., 
,J --

' I 

but evident in the data of Von Damm·~t Al· (1979) is the fact that when· 

sedimentation rates approach 1 cm/yr, the change in the 210 Pb activity with 

depth become£ slight makina estimates of the sedimentation rate difficult. 

In addition, Megumi (1978) has shown that the Mn content of particulate 

material can strongly influence the amounts of 210 Pb associated wit~ the 

particles thereby producing a complex depth distribution of 2lOPb activity. 

The· testing of nuclear devices has resulted in the global dis

sern·ination of Pu whose isotopic composition has been well characterized. 

(Krey·et ~- 1976). Superimposed on-this isotopic Pu signature of fallout 

debris was an additional contribution of 238 Pu from a SNAP-9A generator 

reentry and burn-up, whose radioactivity was first detected at ground 
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level at middle latitudes in the northern hemisphere in mid-1966 

(deBortoli and Gaglione, 1969; Perkins and Thomas, 1980). These events 

serve as unique markers in time and since Pu has been shown by a number of 

investigators to readily associate with particulate matter in aquatic 

environments (Noshkin and Bowen, 1973; IAEA, 1976), it seems reasonable 

t th t h . 238/239+24op t· .t I t.. ld b f 1 · o suppose a c ang1ng u ac 1v1 y ra 10s wou e use u 

as a dating technique in areas of rapi9 sediment accumulation. 

In this report I discuss the use of Pu activity ratio changes in 

estimating sedimentation rates in Ice Harbor Reservoir on the Snake 

River and in McNary Reservoir on the Columbia River. The chronologies 

determined from the Pu measurements are supported, in the case of Ice 

Harbor Reservoir, by the construction date of the dam (1961) which forms 

the reservoir; chronologies in McNary Reservoir are supported by other 

radioisotope measurementso 

MATERIALS AND METHODS 

The cores discussed here were raised from the Columbia and Snike 

rivers in August, 1977. The Snake River sediment was taken from Ice 

Harbor Reservoir some 15 kilometers above the river•s confluence with 

the Columbia. The Columbia River sediment was taken from McNary Reservoir 

approximately 50 km downstream from the Snake River mouth (Fig. 1). The 

cores were collected by a large diameter, weighted gravity corer 

(Johnson, 1979); upon retrieval, the cores were extruded, and sectioned 

on deck with each section being trimmed to remove down-trained material. 

The trimmed sections were then placed in plastic bags and frozen before 

return to the home laboratory. Prior to aliquoting and analysis, the 

sediment was air-dried to constant weight (7-10 days), blended in a 

commercial food processor and finally mixed in 8 oz polyethylene jars
1
on 

a rotating, lapidary rock tumbler. 

. ' 
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Participation in intercalibration exercises have demonstrated the 

reliability of the chemical purification and measurement techniques used 

for quantifying Pu and other· radi onucl ides in en vi ronmenta l samples 

(Volchok and Feiner, 1979); a more descriptive discussion 6f sample 

di sso l uti on, purification and counting procedures used in this l abora~ory 

have been reported elsewhe~e (Carpenter and Beasley, 1981). 
' 

The errors shown for .the radiometric measurements represent standard 

de vi a tion·s ( l a) about the mean activity concentrations measured and have 

been propagated from sample, standard and background count rat~ measurements 

by standard statistical techniques. 

In any sedimentary column the depth at which a sediment-associated 

label such as Pu is found will be a function of the linear sedimentation 

rate (cm/yr)., sediment compaction and the degree to which the sediments 

become d·isturbed (mixed) followJng their deposition. In the absence of 

mixing, sediment porosities, cp (fractional water content b:y volume~ can 

be used to correct sediment cores for the effects of compaction. This has 

been done in the case of the cores discussed here. 

In sediments where the textural qualities are invariant, the porosity 

at any depth 7 (em) r.nn bP. calculated by the expression (Athy, 1930); 
I 

[l J cp ~{ cp
0 

- cp~} exp (-az) + c~>~ 

where cp 0 and cp~are the porosities of the sediment at the sediment/water 

interface (z=o) and constant compaction (z=~). The depth of any sediment 

horizon without compaction, z', can be calculated by the expression 

(Matsumoto and Wong, 1977): 

[2] z' = z + dz 

0 

I·· .. ··. 

I, 
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In order to estimate cj>
0 

and a., the ln of the measured porosi.ty is 

plotted vs z and a nonlinear least squares fit made to the data. Having 

established •best fit• values for cj> 0 and a., values of cj> can then be 

calculat~d for any depth and expression [2] used to correct that sediment 

depth for compaction. 

SEDIMENTATION RATES 

Set out in Table 1 are the data from the Ice Harbor and McNary 

Reservoir cores for which 2381239+240Pu activity ratios have been used 

to estimate surface sedimentation rates. Figure 2 shows the variations in 

absolute Pu activities and 2381239 +240 Pu ratios with compaction-corrected 

depth (z•) in these sediments. While there are similarities evident between 

cores, they are better discussed individually. 

McNary Reservoir (Columbia River) 

Unlike Ice Harbor Reservoir, McNary Reservoir has received additions 

of artificially-produced radionuclides from the plutonium production reactors 

situated~ 55km upstream on the Hanford Reservation (Foster, 1972). Since 

1971, only one reactor has maintained operation. Mass spectrometry measurements 

on Pu fractions isolated from several McNary Reservoir cores at selected 

rlPpth~ rln shnw n rP.uctor contribution to the total 239+240 Pu activity; this 

contribution was essentially confined to 239 Pu due to the decay of 239 Np 

produced in the reactor coolant water.(Beasley.et ~· 198l).·· The magnitude 

of the 239 Pu addition (20-25%) has not altered the fallout 2381~39 +240 Pu 

ratios to the extent of precluding their used in sediment dating. As seen in 
I 
Figure 2, there is a tran~ition in the. 238!239 +240 Pu r~tio neat 60 em 

indicating the arrival of SNAP-9A 238Pu. Assigning a date of mid-1966 to the 

60 em horizon and a time interval of 11 .2 years between deposition and sample. 

: ,1' 
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colle.ction, the calculated surface sedimentation rate for this core becomes 

~ 5.4 em/yr. Further assuming that the sedimentati~n ~ate has been 
l 239+240 . 
~onstant, the subsurface Pu max1mum between 80-100 em corresponds 

·approximately to the period of maximum fallout delivery, i.e. the 1961~1963 

period. Unfortunately, the lack of smoothness of the 239+240Pu activity 

profile in thi:s core complicates using the subsurface maximum itself in'! 

estimating the sedimentation rate at this.site. However, the depressions 

do correlate reasonably well with the known annual spring river flow 

measured at McNary Reservoir (Fig.3). For example, the depressions at 114, 

90 and 74 em correspond very nearly to the years 1956, 1961 and 1964, 

periods when unusually high run-off in the drainage basin would have mobilized 

more subsurface soil to which Pu would not have been attached. 
l 54 l 52 . Both Eu and Eu were produced by the reactors at Hanford by 

the irradiation of stable Eu in the coolant waters,. and the variation in 

the activi.ty ratios of these isotopes as a function of depth in the core 

can be used to estimate sedimentation rates (Johnson, 1979). IThe basif 

equation for calculating the sedimentation rates using 1541152Eu activity 

ratios is: 

[3] R - 0.030 ( z) · 
Ro 

= e s 
. I 

Where R is the 1541152Eu activity ratio at depth z, R
0 

is the l54/l52Eu 

ratio at the surface, z equals the depth in the sediment (em) and s is the 

linear sedimentation rate (cm/yr). The constant 0.030 represents the 

difference in the decay 152 constant of . Eu (T~ = 13.2 yr) and the decay 

154 constant of Eu (Tk = 8.6 yr). 
2 

I , 

Figure 4 shows shows the variation in 

the 154/ 152 Eu activity ratios with compaction-corrected depth; the line 

\ 
I 
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through the data represents a least square fit to the points. The 

sedimentation rate as determined from the slope of this regression line 

is ~ 6 cm/yr as compared to an estimate of 5.4 cm/yr using Pu isotope activity 

ratios. I~ seems most reasonable to assign a surface sediment~iion rate 

of between 5~5 - 6 cm/yr as the best estimate for this site. That the two 

estimates agree within 12% argues for the essenti~l correctness of the estimate. 

It is interesting to note that in this core, the earliest nuclear devices 

tested (1951 1952) d d 238/239+240p t" h" h 0 "f" tl . - pro uce u ra 10s w 1c were s1gn1 1can y 

' higher than those evidenced in the 1961-1962 test series confirming the 

results of Koide et al. (1979) for s.amples collected in Antarctica. Thus 

these higher ratios at depth serve as another time marker for estimating 

both the sedimentation rate and its constancy. 

Ice Harbor Reserv6ir·(snak~ River) 

Inspection of the 2381239+240 Pu activity ratio curve in. Fig.2 
I 

shows a change in this ratio near 40 ,em; assigning this horizon a time 

of mid-1966 and· an 11.2 year interval between sampling and deposition 

gives a calculated sedimentation rate of~ 3.6 em/yr. The subsurface 

maximum in the absolute 239+240 Pu activities centered at 52 em would 

correspond to early 1963, and therefore both the position of this maximum 

and the isotope activity ratios give concordant sedimentation rates. At 

the corrected depth of 61 em, a sharp change in the textural qualities of 

the sediment were observed. The composition changed from silt to sand at 

this horizon, indicative of the first date of fine sediment accumulation. 

iif this horizon is assigned a date of 1961, the year o'f the dam completion 

and reservoir filling, a mean sedimentation rate of ~ 3. 7 cm/yr would· 

be predicted for this coring site. 

It should be noted that attempts to estimate sedimentation rates at 

. "• ~ 

\:'.'~\~ .. ~·:?''' 0 ', • " 0 ~~A~) ' ~ /!':.~-~~ ~ :.:--:~:..,-.{~j~:> ~· .: .:, .:{..~'~::,: 
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this coring site using excess 210 Pb were not successful. The range of 

activities encountered over the entire core length were 2.0 - l .4 dpm/g 

dry weight. As the supported 210 Pb vall,.le at depth was very near the 

,•total' 210 Pb activity in the surface layers of the core, subtraction of1· 

these numbers with their associated errors led to unacceptable estimates 
I 

of the activity in any horizon and no discernible decrease of excess 
210 Pb with depth. 

The apparent maximum in the absolute 239+240 Pu activities at 

the 25 em horizon in this core corresponds to 1971, and most probably arises 

not because of increased Pu input at this time, but rather as a consequence 

of low-activity sediments accumulating at the 40 em horizon which corresponds 

to the 1967 spring freshet. 

DISCUSS ION 

No single radiometric technique which is used for determ~ning 
I . I 

sedimentation rates is without its limitations. The case of 210 Ptl ha~ 

already been mentioned. Thorium isotope ratios (2 281232Th) have been. 

used for geochronology (Koide ·~·~. 1973) where sedimentation rates of 

l cm/yr or less occur, yet uncertainties in this technique can develop 
I 

1if 228 Ra (the parent isotope of 228Th) undergoes significant diffusion within 
I 

the sediments or where cores have been stored for time periods of a decade 

allowing unsupported 228Th (T~ = 1.9 yr) to significantly decay. 

There are two primary constraints which affect the use of Pu isotopes 

as dati.ng tools. The most serious of these relates to sediment mixi.ng either 

by physical or biological means. As the utility of the technique rests with 

being able to detect a sharp demarcation in the 2381239+240Pu ratios at a 

. given depth interval, processes which operate to obscure this change 

reduces the applicability of the technique. The second constraint rests 

with the radiochemical purity of the isolated Pu fraction •. The alpha particle 

·' 
. :. . .... ..... ·.:_·=-·:,. · . 



-1 a-

energies of 238Pu (5.50, 5.46 MeV) are very close to those of 228Th 

(5.43, 5.34 MeV) and care must be taken to ensure that the techniques used 

to isolate the Pu isotopes adequately discriminate against thorium. 
i 

For completeness, it should be noted that for the Pu isotope technique 

to be applicable, post-depositional mobility of the Pu isotopes should not 

occur. The concordance between the sedimentatjon rdte estimates for the 

cores presented here and Pu input events whose time history is known argues 

that in these freshwater systems, no significant loss of Pu isotopes has 

occurred. The same conclusions have been reached for a number of marine 

sedimentary regimes recently investigated (Carpenter and Beasley, 1981). 

In areas of rapid sediment accumulation, it is unlikely that deposition 
I 

is constant over time. For the reser~oirs discussed here, seasonal changes 

in the amount of run-off carried to the rivers certainly leads to variability 

in the sedimentation rates. It does appear possible, however, to estimate 

mean sedimentation rates over periods of decades using the Pu isotope activity 

ratios. In the absence of direct sediment gauging to determine accumulation, 

Pu activity ratios may present the only acceptable r.adiometric technique for 

dating rapidly accumulating strata. 
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Table 1. Observed 239+240-Pu; 238/239+240 Pu rati_9s, and calculated porosities for sediment 

cores from the Snake River (S.R.) and Columbia River (C.R.). 

Depth, z Corrected depth, z• Total 239+240 Pu 238/239+240 Pt,J "Calculated porosity 

(em) (em) (dpm/kg dry) (%) (cp) 

S.R. C.R. S.R. C. R. S. R. C.R. S.R. C.R. S.R. C.R. 

1 1.2 1.3 27±2 27~1 4.9±1.6 4. 7±0.8 0.784 0.805 

3 3 4. 1 4.6 26±2 29±2 6.4±1.7 3. 9± 1 • 1 0.730 0.737 

5 5 7.4 8.6 27±2 27±2 5. 5± 1 . 5 2.5±0.9 0.694 0.692 

6.5 7.5 11 .6 14.2 26±2 26±2 6.7±1.6 4. 6± 1 .o 0.675 0.656 

9.5 9.5 15.8 18.9 27±2 31 ± 1 6.2±1.9 6. 8± 1 • 1 0.650 0.637 

12.5 12.5 21.8 26.4 47±3 31±2 7 .2±1.5 6 .3± 1 • 2 0.636 0.621 

14.5 ·~ 15.5 -25.9 24.4 59±3 44±2 4.9±0.6 7.7±1.1 0. 631 0.611 

15.5 18.5 2B.4 42.2 47±3 69±3 4.4±1.2 6.9±0.8 0.629 0.606 

18.5 21.5 34.:. 50'. 22±2 93±3 4.0±1.2 4.8±0.6 0.625 0.603 

22.0 24.5 41.. 58.-_ 17±2 98±4 3.6±1 .o 2. 9±0. 5 0.622 0.602 

25.0 27.5 48 •. __. 66.- 106±5 101 ±4 3.4±0.7 3 .9±0. 5 _0. 621 0. 601 

28.0 30.5 54.·. 74 .. 119±6 93±3 3.6±0.7 3.1±0.5 0.620 0.600 

31.0 33.5 60 .. _ 82 64±4 124±4 3.4±0.8 3.7±0.4 0.620 0.600 



:r ab 1 e 1 • Cant 'd. 

36.5 90 1 09±4 3.1 ±0 .4 0.600 

39.5 98 122±4 3.1±0.4 0.600 

42.5 106 108±4 3.4±0.4 0.600 

45.5 114 54±3 2.9±0.6 0.600 

48.5 1 22 75±3 3.4±0,6 0.600 

51.5 1:30 39±3 2.9±1 .o 0.600 

54.5 1:38 41±2 2.6±0.8 0.600 

57.5 146 35±2 4.1±0.9 0.600 

60.5 154 58±3 5,7-±0.9 0.600 

63.5 162 9± 1 n.m. 0.600 

65.5 168 n.m. n.m. 0,600 

* the parameters used to calculate the porosities for each core were as follows: 

Snake Rjver: • 0 ~ 0.820; a = 0.20; •~ = 0.620; Columbia River: •0 = 0.850; a = 0.20; •oo = 0.600 

n.m. = not measurable 



F.IGURE CAPTIONS 

Figure 1 ·~ Sampling sites for sediment cores raised from Ice Harbor Reservoir 

and McNary Reservoir. I 

·' Figure 2. ·Absolute 239+240 Pu concentrations and 238/239+240 Pu ratios 1n 

Columbia (A,a) and Snake River (B,b) sediments as a function of 

compaction-corrected depth. Surface sedimentation rate for 
I 

(A,a) = 5.5-6.0 cm/yr; for (B,b), = 3.6 em/yr. Both cores raised 

i n August; 1 9 77. 

Figure 3. Peak spring flow (thousands of cubic feet/second) in the Columbia 

River as measured at McNary Reservoir. (From monthly reports of 

the Pacific Northwest Water Resources Summary, U.S. Department 

of the Interior, Geological Survey). 

Figure 4. Variations in the 154/152 Eu activity r~tio in McNary Reservoir 

core as a function of compaction-corrected sediment depth. Line 

represents 'best-fit' regression analysis plot through the data. 

points. Slope = -0.00473. 
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