
Distribution of Plutonium in Soil Particle Size Fra~iot:ts of Liquid ~f_fluent-Receiving 
Areas at Los Alamos 1 . · · 

J J. W. Nyhan, F. R .. Miera, Jr., and R. J. Peters~ 

ABSTRACT 

The alluvial 10ils of thrH liquid .tfluent-receiwlng ar•s at Los 
Alar=!·. New ~xico ware ampMd to datannina the distribution 
of --ru and 39' 240pg in 1011 II• fr..:tions as a function of 1011 
depth, distance from the wasta outfall, and 1011 phylical-chamical 
propartias. Although the plutonium IDNIIIIbadcml in the <53""" 
1011 llza frac:tion wara 10 timu,....... than plutonium Ients in tha 
2-23 mm fraclion, the ..,... pordon of the plutonium lnnntory 
in tha awaraga soil ample was found in siza fractions > 105 """ 
Plutonium atneantrations d.,... cunilina.rly with dista~ 
from the wute outfall and with 1011 depth in tha 10ils of discharge 
.,... currently niCiiwing trated liquid wastes. Tha <53 """ •• 
fractions IDiltfinad 7-fald largar surfaoa ... and 3-folcl 1a,.., 

·cation · axchll!'le capecltia thM the 243 mm liD frac:dons; 
plutonium IIOM8ilbaducts in the liD frllc:donswara aorralatad with 
surface ... in aU thnadischarta.,.... 

Significant dlffarancas in the distribution of 231pg and 239,240pg 
were found in the 101111• frllc:dons tr.n Monalidad canyon. Most 
soil ~- from this canyon ahlbttad an approJiclmab doubling 
of the 239.:Z40pg,Zllpg ratio with incrauad 1011 depth and within 
40 m from the wute outfaU. Tha <53""" 1011 liD fnction had a 
2-fold higher ..,... 239•24CipuJ231pg ratio for •ch sampling Ita
lion than the 2-23 nn liD fraction. 

The distrlbutiDn of plutonium in the 1011 liD frac:dons is dis
cu.-1 a a funcdon of changing IIOtopic .mpolltion of the liquid 
wesc.s addad to the canyans, mowamant of 1011 and plutonium in 
thasa intermittent streams. and potential iiOtopic dlffaranca In the 
bahawi'Jr of 2llpy and 2J9,"24CipU_ 

. '---~dll'!rf. 1"13~. w~1 : aquatic acosystems, intarm~t!ant 
~ms, -ru, ·ru, ·- oacdw wasta, ndionucllda distrabu-
cions, sedilnantl, wolcanic 10ils~ 

Th~ production rates of plutonium have been projected 
to mcrease to 20,000 kg per year by 1980 (International 
Atomic Energy Agency, 1965). The growing use of 
plutonium by the nuclear power industry may increase 
the probability of environmental contamination over that 
wh~ch has already occurred as a result of weapon tests, 
a~cadents, and the activities of fuel reprocessing, fabrica
tion, and production facilities (Mays et al., 1970). 

Treated low-level radioactive wastes generated by fuel 
reprocessing and fabrication facilities are commonly dis
charged to rivers or streams, where alluvial soils are con
sidered as an integral part of the total waste treatment 
and handling system. In spite of the fact that many of 
the radionuclides in these liquid wastes become concen
tr.ucd in specific particle size fractions of the alluvium 
little is known about the distribution of plutonium in thi~ 
type of an environment, most of the res:arch having been 
performed in terrestrial ecosystems (Tamura, 1974). The 
distribution of plutonium in soil size fractions is an im
portant consideration in setting meaningful radiation 
health standards for plutonium in soils since certain re
suspended soil particles ·arc respirabl~ by man, and in 
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waste management, because plutonium can be differentia1-
Jy transported downstream on soil particles of various 
SIZeS. 

The objective of this research was to determine the 
distribution of 23'Pu and 239•240pu in size fractions of soil 
collected in three canyons used as liquid radioactive waste 
discharge areas for varying lengths of time. Plutonium 
concentrations in the soil separates were determined as 
functions of distance from the waste outfall, soil depth, 
and physical-chemical properties of the soil size fractions . 

MATERIALS AND METHODS 

Site Dacripdons and U• Historias 

T'.1.: three study areu which haft received treated radioactive 
liquid wastes are located in. MorWidad, DP·Los Alamos, and Add
Pueblo canyons in Los Alamos and Santa Fe counties, New Mexico 
(Fig. 1 ). The alluvium of the intermittent streams in Mortandad, 
DP and Acid canyons was formed from the rhyolitic volcanic rocks 
of the Bandelier Tuff. The alluvial soils in Pueblo and Los Alamos 
canyons were derived from the latite and quartz latite rocks of the 
TICbicoma Formation and from tuff particles from Acid and DP 
canyons. The lower reaches of Pueblo canyon also contain basaltic 
rocks in the stream channel matrix. When:u the upper reaches of 
the canyons are characterized by stream channel widths of < 1 m 
and alluvium depths of <o.15 m, the stream channels in the lower 
canyon areu are about !I m wide md the alluvium is 0.15-!10 m 
deep at the sampling locatioas. Althoup the hydrology and geolo
gy of these areu was characterized (Grigs, 1964), little is ltnown 
about the properties of the 10ib of the areL 

The canyons have been used u disposal areas for plutonium· 
containing liquid wutes for vuying lengths of time. Add-Pueblo 
canyon received untreated liquid wutes from 1944 to 1951, and 
treated wute producu from 1951-196!1 (2.1 :!: 1.8 standard devia
tion (SD) millicurics (mCi) plutonium/year). Treated wastes have 
been discharged into Mortandad canyon Iince 1963 (4.2 :!: 2.3 [ SD J 
mCi plutonium/year) and into DP-Los Alamos canyon since 1953 
(1.6 :!: 1.2 (SD) mCi plutonium/year). The aging effects on the 
distribution of plutonium in the alluvium of these intermittent 
streams have not been characterized. 

Sampling and Analytical Methods 

Five 30-cm soil cores were collected along the center of the 
stream channel at 60-c~ intc:rvals at each of !13 permanent sampling 
stations located in e_ach canyon during May-june 197!1 (Fig. 1). 

o.Waste outfall locotion 
••SamplinG station 

0 I 2 3 

Fig. 1-l.oc:ltion of sampling stations in canyon study areas. 
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Samples were taken 100m above the waste outfall and at distances 
of 0, 20, 40, 80, 160, 320,640, 1,280, 2,560, 5,120, and 10,240 m 
below the outfall along a sampling network described by Hakanson 
et al. (1973, 1974). Each soil core was taken with a polyvinyl
chloride coring tube (2.4 em inside diameter [ID), schedule 89 
pipt' with a sharpt>ned end), which was placed in a plastic bag, 
frozen, and cut into KIIJDenU corresponding to 0-2.5, 2.5-7.5, 
7.5-12.5, and 12.5-30 cm soil depths. When the alluvium was< 
12.5 or 30 cm deep a partW core section was obtained and iu 
length also measured. lndividual soil samples were mechanically 
separated into six size fractions using a Model UP sonic lifter 
(ATM Corp., Milwaukee, Wis.): <53 pm, 5.5-105 pm, 105-500 
pm, 500-1,000 ,_, 1-2 mm, and 2-23 mm. Small soil particles 
wen: blown off of the larp soil separates with an air hose during 
the soil separations to minimize contamination of iarF soil particles 
with smaller particles. A < 2 11m particle size fraction of soil was 
obtained from 20 1 aliquou of soil from each of three sampling 
locations (320 m and 2.56 km from the Mortandad waste outfall; 
160 m from the DP outfall) for clay mineralogical analysis using x
ray dif'fraction tecluliques (U.S. Department of Apic:ulcure, 1972). 

·The cation exchanF capacities of the particle size fractions ob
tained at these three locations wen: also determined (U.S. Depart •. 
ment of Apiculcure, 1972). 

S6il from the 0-2.5 em depths of the five cores coUected at each 
samplinc locatio:. was composited uul particle size fractions from 
these composites wen: assayed for their 23'Pu aDd 239.Z4Cipu con· 
tent (the term tot.I plutonium nsed herein designates the sum of 
these three isotopa) as previously described (Hakonson et al., 
197.5). Soil coUected from the other depths was composited, frac. 
tioaated, and analyzed aimilarly. For plutonium analysis, 20., soli 
samples wen: diaoiYed in HN03 and HF, and the plutonium was 
isolated on an anion exchanF column, electrodeposited on a stain
lea steel disc and determined ~ p_pha-particle spectrOmetry. Ab
solute unounu of 231pu and 239•2-ru were obtained by correcting 
the counting data for chemical recovery, which was determined 
from the level of 242ru initiaUy added to the sample. 

RESULTS AND DISCUSSION 

Plutonium In Soil Size Fractions 

Maximum total plutonium concentrations were general
ly associated with small soil particles in Mortandad (Table 
1), DP-Los Alamos (Table 2), and Acid-Pueblo (Table 3) 
canyon soils. The <53 pm soil size fractions had an aver
age of 10-fold higher total plutonium concentrations than 
the 2-23 mm size fractions from all three discharge areas 
(0-2.56 km from the waste outfalls). 

The distn'bution of plutonium concentrations within 
the soil size fractions varied significantly from discharge 
area to discharge area. The ratio (X) of the total plutoni· 
um concentrations in the <53 p.m size fraction to those in 
the 2-23 mm fraction was significantly higher (P <0.01) 
for soils collected 0-2.56 km from the Mortandad waste 
outfall (X = 20) than for similar samples from the other 
two canyons (X= 6-9). This distribution pattern suggests 
a correlation between the length of use of these discharge 
areas and the plutonium concentrations found in the soil 
size fractions, i.e., these alluvial soils contained increasing· 
ly lower plutonium concentrations in <53 p.m fractions 
relative to plutonium levels in the 2-23 mm size fractions 
as time of usage increased. The gross alpha radiation 
measurements made on soil size fractions in Mortandad 
canyon in late 1964 by Purtymun (1966) also support 
this temporal relationship. 

Although maximum total plutonium concentrations 
were generally found in size fractions < 105 p.m, the 
largest percentage of the plutonium in the whole soil sam

. pies was ustWly found in coarser size fractions due to 

larger amounts of material in size fractions with diameters 
> 105 fJm (Table 4). Almost 80% of the plutonium in 
samples from Mortandad canyon was associated with soil 
particles > 105 pm, which composed 96% of the Mor· 
tandad alluvium by weight. The soils .of Acid-Pueblo 
canyon and most of DP-Los Alamos canyon followed the 
same pattern as the post-outfall soils from Mortandad 
canyon. The distribution of total plutonium in the size 
fractions of samples collected 40 and 80 m from the DP
Los Alamos outfall did not fit this pattern, i.e., 45% of 
the alluvium consisted of particles with diameters < 1 05 
p.m and accounted for 50% of the plutonium in these 
soils (Table 4). 

The dry sieving technique used to produce the size frac
tions for plutonium analyses may have resulted in con· 
tamination of large soil particles with small particles, ac
counting for a portion of the plutonium inventory associ
ated with large particles. This problem was minimized for 
most of the samples because (i) there were small amounts 
of fme particles in most of the soil samples (Table 4), and 
(ii) small soil particles were blown off of the larger soil 
size fractions with the air hose during the soil separations. 
In spite of these precautions, the large size fractions of 
fmer-textured soils (such as the soils collected 40 and 80 
m from the DP-Los Alamos outfall) were probably con
taminated · with small soil particles resulting in an over
estimation of the plutonium inventory in the large soil 
size fractions. 

The plutonium concentrations of the soil separates 
were compared with the surface area of the size fractions 
collected in each waste disposal area. The surface area of 
each particle size fraction was calculated from the frac
tion's mean effective particle diameter, a procedure shown 
to underestimate the surface area of particles < 0.2 p.m 
(Kohnke, 1968). The surface area of the size fractions 
ranged from 1.7 to 12.5 cm2/g as the mean effective par
ticle diameter varied from 12.5 mm (2-23 mm size frac
tion) to 26.5 p.m (<53 p.m size fraction). Plutonium levels 
were expressed as a percentage of plutonium concentra· 
tions in the 2-23 mm size fraction in these comparisons 
to minimize the effect of the horizontal and vertical 
plutonium concentration gradients. Thus, the log of the 
relative 238pu (Mortandad canyon) or 239

•
240fu (DP-Los 

Alamos and Acid-Pueblo canyons) concentrations was 
significantly ~rrelated (P <0.05) with the log of the sur
face area of. soil size fractions from Mortandad (r [cor
relation coefficient] = 0.82, n = 198), DP-Los Alamos 
(r = 0.46, n = 186), and portions of Acid-Pueblo canyon 
(80--2,560 m from the outfall; r • 0.57, n • 132). No 
significant plutonium-surface area correlations were found 
for soils in portions of Acid-Pueblo canyon, probably due 
to dilution of radioactive sediments with noncontaminated 
soil and translocation of plutonium-contaminated soils 
since the cessation of waste additions to this canyon in 
1963. 

Mineralogical and chemical reactivity differences in the 
soil size fractions were also considered as influencing the 
dutribution of plutonium in the soil separates. Whereas 
the 2-23 mm particles in soils formed in Bandelier Tuff 
(Mortandad, DP and Acid canyons) were composed of 
relatively unweathered tuff fragments, this size fraction 
contained mainly latitel and quartz latites in Los Alamos 
and Pueblo canyon (Fig. 1 ). Quartz and sanidine crystals 
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-~ Table 1-Total plutonium concentrations in soil separates from Mortandad canyon 
~ 
Soil depth Total phnonium concnnralian in me frac&ion !pCiiCI • 

Clll <5s,.,. U-IOS ,_ 1 os-soo ,.,. SOG-1,000 ,_ 1-2mm 2-2Smm 

I 00 m preoutfall 

0 - 2.5 1.5 1.9 5..S 0.66 :!.S 2.6 
2.1- 7.1 1.1 1.2 1.0 0.17 0.15 0.29 
7.S-12.S O.S2 0.26 o.u 0.69 0.046 0.047 

D-40 m from outfall 

0 - 2.1 1,500 (250)t J.SOO (360) 610 (140) SJO(UO) 17 (57) 69 (39) 
2.$- 7.5 1,400(610) 1,200 (S50) 540 (ISO) 2SO (10) :!10 (61) 91 (39) 
7.$-12.5 1,100 (720) 710(410) 420(160) S20 (160) 90 (17) 68 (65) 

IG-1.210 m from oud'all 

il - 2.1 110(120) 190 (190) 140 (I 10) 62(40) 45 (29) 27 (IS) 
2.$- 7.5 240(140) 140 (75) 76 (47) 41 (25) 27 (25) 29 Ill) 
7.S..J2.5 120(46) 94(46) "(17) 20 (IS) 1:! (5.5) II (6.1) 

I:!.!J-22.1 "(17) II (II) 16 (2.1) 7.4 (.1&) 4.5 (.71) 1.6 (1.1) 

2.56 11m from oud'all 

0 -:u 14 16 7.6 1.4 1.5 -* 
2.$- 7.1 41 S2 II 6.4 u 6.2 
75.-12.5 J7 20 1.1 7.1 2.!1 . 2.9 

12.5-24 IS 7.1 2.5 1.5 1.4 1.0 

5.12 11m from oud'all 

0 2.5 1.1 1.0 0.11 0.010 0.045 O.OIS 
t.s- 7.5 0.25 0.65 0.011 0.079 0.021 0.0061 
7.$-12.5 0.10 0.11 0.11 0.062 O.OS4 0.0061 

Jt.S..tt.4 0.41 0.19 0.17 0.056 0.047 0.017 

• Eadl ftlue ~u the tolal plvtolliual concanralioa ill a compolitc of fwe ooil core ..-u. 
t Numllcn ill.......,_.~~ the ltUidard dniaU. of the- total plu-a&m COIICCIIV&U.... 

*Miaiacdara. 

) 
Table 2-Total plutonium concentrations in soil separates from DP·Los Alamos canyon 

Soil depth Total pluconium coaccntratioa in me fractioa lpCi/c)• 

Clll <5s,.,. 55-105,.,. I 05-500 ,_ 500-1.000 ,.,. 1-:!mm 2-:!3 mm 

I 00 m preoutfall 

0 - 1.5 9.1 0.61 0.050 0.021 0.0:!2 0.015 
2.S.. 7.S 1.7 0.91 0.041 0.021 0.022 0.0091 
7.5-12.5 0.21 0.16 0.055 0.021 0.011 0.0094 

I:!.!J-22.4 0.12 0.11 0.047 0.059 0.012 0.0068 

0 m from oulfall 

0 - 2.5 650 720 1.000 1,000 1.000 930 
2.1- 7.5 2.000 4.100 2,600 80 :!,000 1.500 
i.S-12.1 7SO 420 -t 1.100 :!20 53 

20-10 111 fro111 outfall 

0 - :!.5 51(211* 31 (15) 50 (6.4) 26 Ill) 9.4 (4.7) 19 (6.8) 
:!.S.. 7.5 22 (II) 24 (10) 39 (21) 19 (19) 8.515.7) 4.916.5) 
7.5-12.1 5.0 (5.2) IS liS) 7.1 19.S) 2.8 (3.3) 2.41:!.8) 4.316.7) 

12.5-22.4 0.90(0.16) 0.11(0.24) 0.69(0.20) 0.27 (0.07) 0.21 IU.IS) 0.1210.26) 

160-1,210 111 fro111 outfall 

II -2.1 1.1 (0.45) 1.4 (0.77) 0.110(0.45) 0.47(0.S4) 0.2410.20) 0.41 10.40) 

2.5- 7.5 2.0 (0.10) 1.7 (0.10) 1.1 (0.59) 0.47 (0.2S) O.SI (0.16) 2.6(4.0) 

7.5-12.5 1.9 (0.29) 1.1(0.62) 1.1 (0.45) 0.50 (O.IS) 0.24 (0.01) 0.5610.17) 
.. 

12.S..22.6 S.6 (2.7) 1.4 (S.O) 2.1 (1.7) :!.2 (1.0) 0.67 (0.40) 0.43 10.27) 

2.56 11m from outfall 

0 - 2.5 0.61 1.1 0.21 0.2S 0.21 0.060 
2.5- 7.5 0.46 0.49 0.21 0.075 0.055 O.o41 
7.$-11.6 0.77 0.16 0.21 0.099 0.069 0.049 

5.12 11m from outlall 

0 - 2.5 0.05 0.41 0.76 0.051 0.052 0.15 

.) 2.5- 7.5 0.14 0.71 0.46 0.14 0.15 0.014 
,. 

• £Kio w1w ......-u doc tolal plu&.,._ ~traliaala ac....,._;ac 01 fnc Mil CGn ..-.u. 
tM ..... dala. · 
t Jloi..tMn in,....._....,...., the IUIIdanl dniacion oldie- &ohlphi..U.• -vatioao. 
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were the major components of the 500-2,000 IUD size 
fractions, whereas the smaller fractions contained the 
weathered volcanic ash component of the tuff. The x-ray 
diffraction analysis of the soils from Monandad (320 m 
and 2.56 km from the waste outfall) and DP (160m from 
waste outfall) canyons demonstrated that amorphous 
clays (allophane) made up most of the< 21lm ponion of 
the < 531lm soil size fraction. with trace amounts of clay 
mica and smectite also present. The average cation ex
change capacities of the 1-2 mm and< 53 llm size frac
tions collected at these three locations were 0.060 and 
0.21 eq/kg, respectively. Thus, the smailer soil size frac
tions not only contained 7 times more surface area than 
the largest soil particles, but also about 3 times greater 
cation exchange capacities. Although the surface area and 
cation exchange capacity of a panicle size fraction are im
portant in determining how plutonium reacu with a so~ 
separate, the ratio of plutonium concentrations in smU, 
vs. farge size fractions was usually larger than the ratio of 
cation exchange capacities in smaU vs. large soil separates. 
This may imply that surface area is more imponant than 
cation exchange capacity of these soils in influencing the 
distribution of plutonium in various soil size fractions. 

Concentrations of total plutonium in the six size frac
tions were also studied as a function of distance from the 

waste: outfall and soil depth. Levels ~f plutonium found 
in the soils 5.12 and 10 km from the DP-Los Alamos and 
Acid-Pueblo . outfalls and at the preoutfall station in 
Mortandad canyon were greater than worldwide 'fallout 
levels of up to 0.1 picocuries [pCi) Pu/g found rn New 
Mexico soils (Herceg, 1972 and 1973; Kennedy and 
Purtymun, 1971; Schiager and Apt, 1974). "Although the 

. latter case represented a small source of. contamination 
above the .Mortandad waste outfall, the radionuclide 
levels observed in the other two canyons represented 
ttanspon of small amounu of laboratory wastes as far as 
10 km away from their point of discharge. Plutonium 
concentrations in the soil samples collected in Monandad 
canyon decreased exponentially with distance from the 
waste outfall whereas levels of plutonium were significant
ly correlated with the inverse of distance from the outfall 
In DP-Los Alamos and Acid-Pueblo canyon soils, reflect
ing a mirtion of plutonium into Los Alamos and Pueblo 
canyons. "Plutonium concentrations ·decreased expo
nentially with soil depth in Monandad canyon soils, 
whereas ihe plutonium concentrations in Acid-Pueblo 

3j. W. Nyhm, F. R.. Micra,jr.,md R..j. Peten. 1976. The cia
tribution of plutonium and c:aium in alluvial soils of the Los 
Alamos mYirons. Submitted to Proc. of the Fourth Nat. Symp. 
on Radioecology. 

Table 3-Total plutonium concentrations in soil separates from Acid-Pueblo canyon 

Soildcpdl Total plutoni11m ,_canraciotu iali&c fraction CpCi/J)0 

CID <ss,.. SS-'105 ,_. 105-500,. 500-1,000,. 1·2- 2-2s .... 

I 00 111 preoutfall 

0 • :(.5 2.7 2~ 0.50 0.18 0.099 O.OS5 
2..5- 7.5 1.7 2.1 0.58 0.2S 0.16 0.024 

0-40 m from outfall 

0 • 2.5 85 174)t 60 125) 2519.11 8.8 13.7) 7.914.!!) !!5 (Sll 
!!.5- 7.5 90 (78) 45 (26) 41 (48) 13 (II) 14 (II) 19126) 
7..5-12.5 ss S9 21 8.7 6.1 5.6 

12.5-21 110 70 S9 21 16 5.8 

80 m from outfall 

0 - 2.5 42 56 17 4.S 4.9 3.5 
2.5- 7.5 26 25 15 5.4 s.s S.l 
7.5-)2.5 20 60 S9 16 II 24 

12.5-22 1.700 1.500 900 340 190 110 

I 60-640 111 from outfall 

0 - 2.5 50 CSBl 5S C28l IOC9.6) II".!! 11.6) 6.7 C!!.Sl 5.5 (2.S) 
2.5- 7.5 4602) 4616.0) 20 I 1.5) 9.5 (!!.7) 6.1 C0.95) 8.9 (6.2) 
7.5-12.5 42 (4.2) 67 (16) :?5 (3.51 7.9 10.571 6.6CU) I!! (4.6) 

12.5-21 57 (12) 58 (9.6) 35 C6.8l 1313.7) 10 C0.58J 1:? C6.3) 

2.56 lun from outfall 

0 - 2.5 97 110 110 .... 21 6.7 
2.5- 7.5 140 110 1.000 160 S50 195 
7..5-12.5 2.300 2.000 2.000 S.IOO s.:roo 1.600 

5.1:! km from outfall 

0 • 2.5 77 sa S.l 0.84 0.46 0.54 
2.5- 7.5 14 4.5 2.1 O.S4 0.0:!8 -* 
7.5-12.5 4.8 S.6 I.S 0.14 0.49 0.50 

12.5-22 S.5 S.5 1.8 0.48 O.S5 S.7 

I 0.:! lun from outfall 

0 - 2.5 2.7 1.6 1.1 <o.0025 o.so 0.44 
U- 7.5 S.l 2.9 1.1 0.65 O.SI <o.0025 
7.5-12.5 S.2 2.4 0.54 0.24 0.42 0.47 

IU-Z2 4.1 u 1.1 O.S9 0.4S 

e Eadt ..... ..,._ .. lllc total plu.-.. C-lftlioa ill a computiH o( r- IOil COI'C ICJIIIUU • 

. t N..aten ill,_.._ NJINMal die atMdard deviation ol the-~~~~ total plut-i11m cooocmuali-• . ...... , .... 
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roils occurred as residual pockets of contamination deep . 
in the soil profde3. 

Differe.W.I Distribution of Plumnium lscnopea in Soils 

The horizontal and vertical distributions of 238pu and 
2l 9•240pu were compared with one another for the soil 
size fractions from each canyon. Differences in the 
2J9,240pu-2lBpu activity ratios in these soil samples could 
result due to: (i) a change in the isotopic ratios or chemi
cal forms of plutonium in the liquid wastes which were 
added to the canyons, (ii) relocation of plutonium
containing soil particles with soil movement in the stream 
channel, and (iii) differential solubility, adsorption, and 
physical mixing of plutonium isotopes in the soils of. 
these intermittent streams. Thus, there are physical prop
enies o( 2lBpu that might account for its enhanced solu
bility ansi mobility in soils compared to 239,24Gpu (Hanson, 
1975). . 

Since the fn-st appreciable amounts of 231pu appeared 
in Ia6oratory liquid wastes in 1968, the nt.240fu/231pu 
ratios can be used to indicate horizontal-vertical mixing
migration rates of plutonium in these soil separates (Fig. 
2. S, and 4L as a function of canyon use history. Partial 
mixing of llpu into the alluvium had occurred in < 5 
years (1968-1978), since no signiiJCaDt differences (P < 
0.05) were found between the nt.240puJ2lBpu ratios of 
soil samples collected as far as 2.56 km from the waste 
outfalls and the ratios currently found in the waste treat- · 

ment plant effluents (Schiager and Apt; 1974). Since the 
DP-Los Alamos effluent discharge pathway was redirected 
in 1972 to the 40- and 80-m sampling stations, the migra
tion of 2lllpu into these soils occurred in< 1 year. These 
observations probably reflect a fast reaction be.Ween 
plutonium in the liquid wastes and the aiJuvial sOOS, as 
well as downstream movement of plutonium and soil 
during snowmelt and summer runoff. . 

The horizontal and vcnical variations in the 239•240pu/ 
231pu ratios of each particle size fraction were studied in 
each waste discharge area. Two-way analysis of variance 
of the plutonium soil size fraction data from each dis
charge area was used to detect differences between the 
horizontal and venical distributions of 239•240pu and 
2llpu in these alluvial soils. 

Statistically significant differences (P < 0.01) in the 
distribution of 239~u and 2lllpu were found in Monan
dad and DP-Los Alamos canyon soils as a function of 
distance from the waste outfall. The .239•240puf23lpu 
ratios of the < 58 llJD, 58-105 llJD, 105-500 #llll, and 
2-28 mm size fractions in Monandad canyon were 
generally higher in the separates collected 40 m from the 
waste outfall than elsewhere in the upper 2.56 km of this 
canyon (Fig. 2). Similarly, the plutonium ratios in DP
Los Alamos canyon size fractions were higher (Fig. 3) for 
samples collected at the waste outfall and at 2.56 and 
5.12 km from the waste outfall than in the remainder of 
this canyon. Since the soils of Monandad and DP-Los 
Alamos canyons received most of their 2llpu after 1968, 

Tlble 4-Pmiele size distribution data end total plutonium inventories of soil freetions 
(average of values from eeeh soil depth per sampling loeetion) 

DillaKe from waste oatrall Siufrac:lion 

•d ..-acr ••aclied <ss,.. 5S-105,_ 105-500,.. 500.1,000,.. 1-2- 2-2S IDID 

Mortaadad canyon 

I 00 m preoutf.U 
Wn,ht"IOil 25 9.5 24 17 17 9.7 
hrcalt plutonium in frxtioa 28 12 S9 8.8 7.4 4.8 

0-2.561ua 
Weipt"lllil u 1.1 14 21 26 S5 •-au plutoniUJD in fractioe 14 6.0 27 21 16 16 

S.l2kiD 
Weipt " IOil 2.9 1.0 2S S5 ss 5.1 
Per<_ I plutonium in fractiotl 16 7.4 S4 21 14 0.61 

DP ·Lot Alattaoo canyon 

I 00 m preoutf.U 
Weitht" ICiil 2.0 2.0 24 54 27 II 
Prrcmt plutonium in frxtion 60 9.5 II II 7.S 1.1 

0-20"' and 160-5,120 m 
Wnlht"ICiil 1.9 1.1 IS 26 32 26 
hrcalt plutcmitull in fractioa 5.7 7.S 24 22 20 21 

40-IOID 

"" ncftt "" oo11 so 15 26 12 12 5.0 
Perunt plutoniu• •·• frxtian so 20 S6 7.0 5.0 2.0 

Acid-Pueblo c•yon 

100m ~outf.all 
Wnl!flt "ICiil 0.72 0.85 8.4 II 26 46 
Percmt plutonium in frxti011 7.0 6.0 26 2% 27 12 

O.S.I2lua 
Weacht'll.lllil s.o 3.0 16 26 28 24 

Perrmt plutoaium in franian 7.0 7.0 .,. •• 17 19 

J0.21LID 
25 Wril!flt'l.eall 0.60 1.4 16 Sl 26 

Pert"ftlt ..... _.. Ia fraction 4.4- 5.6 S5 19 22 14 
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soil samples from these canyons with relatively high 
ratios may represent: (i) ~~ re~ains _of soil present in 

) the canyons prior to I96h8, pi) so~shwh1ch havdedaddsorbthed 
onlv small amounts of t e liPu-nc wastes a e to e 
canyons after 1968, or (iii) soils which have received re~
tively more radioactive wastes before 1968 than after this 
time due to relocation of the waste discharge pathway. 
The soil samples collected at the Mortandad 40-m loca
tions may represent remnants of severely eroded portions 
of the channel alluvium. The soils located at the DP out
fall also contained higher plutonium ratios than the rest 
of the post-outfall soils, probably due to a relocation of 
the waste discharge pathway at this location after.1968. 
The relatively high plutonium ratios found 2.56 and 5.12 
km from the waste outfall in DP canyon probably reflect 

. migration of plutonium into these locations from upper 

-7 Los Alamos canyon, an area known to contain alluvium 
·with UV.24Cipuf23lipu ratios as high as 18 (Punymun, 1971). 
· Statistically sipificani (P < 0.05) differences in the· 
239·~u/231pu ratios of soil separates collected at various · 
depths were found only in Mortandad canyon, the young-
est of the three waste disposal areas. Higher Ut,,_.,u/ 
2liJ»u ratios were found in the< 5S pm, 53-105 pm, 105-
500 pm, and 2-2S mm panicle size fractions with increas
ing depth (Fig. 5). Although only part of the plutonium 
ratio data for this canyon are presented in Fig. 5, most of 
the soil separates exhibited an approximate doubling of 
the Ut,24Gfiuf2ll}»u ratio proceeding from the top to the 
bottom of the soil profde, due to larger concentrations of 
2llpu than 23'•24Gpu in the surface layers of the soil. Thus, 
the large amounts of 2llpu added to this canyon from 

) 1968 to 1973 have not completely mixed with the alluvial 
soil separates deep in the soil profde, as they have in the 
the soilS of the other waste disposal areas. This could be 
due to: (i) the fact that Monandad canyon is a smaller 
watershed than the DP-Los Alamos or Acid-Pueblo drain
age areas, resulting in less mixing and migration of soil 
and recently added plutonium during runoff events in 
Monandad canyon than in the other study areas, and (ii) 
f:otential isotopic differences in behavior of 239•240J»u and 
3lftu discussed previously. 

Fig. 2-Rtlatlonlhip of 239•24Cip.,t23'Pu activity ratios of soil size 
fractions to distance from the waste outfall in Morundad 
canyon. 

rl 
C\1 
...... 
J 10 

:; 
,; .., 
C\1 

I L-~~~~~ .. ~~~~.u~~~~~ 
I 10 100 1000 JQPOO 

Distance From Waste Outfal ( m) 

Fig. 3-Relationlhip. of 239,24Gput2Hru activity ratios of soil size 
fnlctions to distance from the waste outfall In DP-Los Al-..os 
canyon. 

The Ut,240pu/231ftu ratios of each particle size fraction 
from each· canyon were compared to determine poaible 
fractionation of plutonium isotopes on specifiC soil 
separates. Statistically significant differences in plutoni
um ratios between size &actions were detected only in 
Mortandad canyon soils (P < 0.10); relatively high and 
statistically similar 239•:MCipuf23lpu ratios were found in the 
coarser size fractions (0.5-1.0 mm, 1-2 mm, and 2-2S 
mm) of Mortandad canyon soils, with progressively lower, 
statistically different (P < 0.05) plutonium ratios found 
in progressively smaller soil separates (Fig. 2). Thus, a 
larger ponion of the more recently added uapu was as
sociated with smaller soil particles than larger particles in 
Mortandad canyon soils during the ~ring months. AI· 
though isotopic differences between 31pu and 239•24Gpu 
could result in a distn"bution pattern such as found in 
Monandad canyon size fractions, a more comprehensive 
explanation would take into account the mean residence 
times of soil particles within each of the discharge areas. 
The distribution Qf plutonium isotopes ob~erved in 
Monandad canyon soils could also have occurred if large 
tuff fragments moved through this discharge area more 

c !53-,.m fraction 

Fig. 4-Relationship of 239•24Gput23'Pu activity ratios of soli size 
fr•ctions to disunce from the wate outfall in Acid-Pueblo 
c.nyon. 
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· Fig; 5-RII.Uomhlp af 239,24Gpwlllttu .:tlvity m1o of particle 
size frctions 10 soil depth for IMIPies col~ 40 Mel 640 m 
from the wme outf .. l in Mortand.t canyon. 

slowly than smaD soil particles, which would then more 
nearly reflect the 239•24GJ'ufUifu ratios in the current 
effluents. In contrast, all the ,oil particles in the other 
discharge areas may have had similar residence times. 
This pattern may vary seasonaDy u the plutonium ad
sorbed to Jarge and small soil particles is redistributed 
in turbulent late iummer runoff events in these intermit
tent streams (Purtymun, 1974). 

SUMMARY AND IMPUCATIONS 

) The Ulpu and 239•240fu content of soil size fractions 
&om three liquid effluent-receiving areas at Los Alamos 
was determined as a function of soil depth, distance &om 
the waste outfall, and soil physical and chemical proper
ties. Although the largest plutonium concentrations were 
found in size fractions < 105 pm, larger amounts of 
plutonium in whole soil samples were found in larger size 
fractions due to greater amounts of material in > 105 pm 
size fractions. Soil plutonium c:Oncentrations in the size 
fractions were correlated with sudace area of soil particles 
and decreased with distance &om the waste outfall and 
with soil depth in canyons currently receiving treated 
liquid wastes. 

Soil size fractions were examined for differences in 
239•24Cipuj2!lpu activity ratios as a function of distance 
from the waste outfall and soil depth. The differential 
distribution of plutonium isotopes was considered to be 
the result of the changing isotopic composition of the 

-~liquid wastes added to the canyons, subseqUent movement 
of soil and plutonium within these intermittent streams, 

· and potential isotopic and chemical differences in the be-
havior of 231pu and 239o24Gpu. • 

Although some physical-chemical properties of the soil 
separates have been correlated with plutonium distribu
tions, much additional research is. needed in many eco
systems before the distribution of plutonium in soils is 
thoroughly understood. Although plutonium concentra-

) 
tions in the size fractions demonstrated specific horizontal 

::. . and vertical distributional relationships, additional work 
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is needed to determine seasonal changes in these patterns 
and in the movement of plutonium-containing soil parti
cles. Changes in plutonium inventories at a specific loca
tion may occur due to the late summer runoff events, 
changes in . environmental conditions and nature of the 
radioactive liquid wastes, biological activity · in the sedi
ments, and man's activities. Comparisons of the distribu
tion of plutonium wiD have to be made across_ different 
ecosystems and chemical species present in the environ
merit pathways to man can be knowledgeably interpreted 
and predicted. 
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