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BEHAVIOROF PLUTONIUM OXIDE PARTICULATE
IN A SIMULATED FLORIDA ENVIRONMENT

by

R. C. Heaton,J. H. Patterson,and K. P. Coffelt

ABSTRACT

Thebehaviorof ‘Pu oxideparticles(20 to 74 pm in diameter)depositedon a soil
surfacewas studiedby usingan environmentaltest chamber.The soil was obtained
fromFloridaorangegroves,andthe chamberwasset upto simulatea Floridaclimate.
Aftermorethan9 monthsandmorethan60 simulatedrainfalls,the plutoniumoxide
particlesremainedontopofthesoilandshowednoevidenceofhavingmoveddowninto
the soil column.Plutoniumwas released into the soil drainagesat the rate of 18
ng/m2/L.This release,whichrepresentsa minuteportionof the source appearsto
correlatewiththevolumeofthedrainageratherthanwithtimeandprobablyconsistsof
plutoniumattachedto veryfinesoil particles.The averageconcentrationof plutonium
observedin the airwas7 fCi& which,on an absolutebasis,represents8 X 10-*2V0of
thesourcematerial.Thusthegenerationofairborneplutoniumconstitutesaninsignifi-
cantreleasepathwayin termsof the originalsource.However,the air concentration
during,andespeciallyat the begimingof, a rainfallwastypicallymuchhigher(1400
fCi/L).This concentrationdecayedrapidlyafterthe endof the rainfall.Theseresults
arecomparedwiththosefrompastexperiments,andtheirimplicationsarediscussed.

———————

INTRODUCTION

Radioisotopeheat sourcescontaining238Puoxideare
used in many space missions to provide power for
instrument operation and data transmission. The heat
sourcecontainer is designed to withstand reentry tlom
orbit and launch pad explosionsso the source will be
safelycontained until it is recovered.Althoughexisting
designshave proven to be more than adequately safe,
additional information about the heat sources and the
plutonium contained therein is continually sought so
that designscan be improved and reliable risk assess-
ment analysescan be pefiormed.

One concern that needs to be evaluated for the risk
analysis is the possibilitythat a launch accident might

disperse PU02 heat sources into the area surrounding
the Kennedy Space Center. To evaluate this concern,
qualitative information on the behavior of plutonium
and plutonium oxide particulate in a Florida-type
agricultural ecosystem is required. In addition, some
quantitative information is required. Particularly im-
portant is the vertical distribution of the plutonium in
the soilcolumn as a tlmction of time and rainfall.

The primary objectives of this experiment are
twofold:to determine the verticaldistribution of pluto-
nium in the soilcolumn,as noted above,and to evaluate
plutonium release pathways into the environment. A
secondaryobjective is to identifi parameters that may
influencethe mobilizationand transport of plutonium.
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EXPERIMENTALWORK

Equipment

This experimentwasconductedwith an environmen-
tal test chamber manufactured by Standard Environ-
mental Systems, Inc., of Totowa, New Jersey, model
SLHH/64 (see Fig. 1). The chamber allows automatic
control of daily temperature, humidity, and lighting
cycles.A spray head was added so rainfalls could be
conducted as needed. Use of this type of chamber
permits the simulation of a wide variety of climatic
conditions in the laboratory, while providing for the
containment of radioactive materials.

Several substantial modifications to this chamber
were required. The main door was modified to include
gloveports, a bagoutport, and two smallauxiliaryports.
In addition, a carriage system was placed inside the
chamber so a cutter could be manipulated through the
gloveports. These modificationswere required so that
vegetation within the chamber could be cut regularly
without having to open the chamber and risk releaseof
radioactivematerials into the laboratory.

The soil tray used in this experiment was 91 cm (36
in.) square by 30 cm (12 in.) deep. The drain from this
tray was routed to a collection vessel outside the
chamber, so the drainagescould be collectedeasilyand
analyzed periodically. We collected 25-kg (approx-
imately 55-lb) samples of soil at various locations in
orangegrovesadjacent to the Kennedy SpaceCenter. A
representative sample of this soil, obtained by using a
series of sample splitters of decreasingsizes on half of
the total sample, was sent to the National Soil Survey
Laboratory in Lincoln, Nebraska, for characterization
(seeTable A-I in the Appendix).

Climate

Temperature and humidity ranges were determined
by using meteorological data for Daytona Beach,
Florida.’ These data are shown in Figs. 2 and 3. We
decided that usingfour “seasons” alloweda reasonably
concisesimulation of the climatic data. We shall subse-
quentlyreferto theseseasonsas winter, spring,summer,
and fall,with winter being the coldest and summer the
hottest.The temperature rangesfor springand fallwere
identical. However, the humidity ranges were quite
differentbecauseFlorida has a rainy season that occurs
during the summer and early fall. Figure 4 shows the
precipitationdata from Ref. 1.We simulated these data
by using two seasons,a rainy season running from the
beginning of June to the end of October and a dry
seasoncoveringthe rest of the year. The dry seasonwas
simulated by a weekly rain of 0.610 in./rain; the wet

season was simulated by a twice weekly rain of 0.750
in./rain.

Diurnal temperature cycleswere calculated for each
season by scalingdata from Fig. 38 in Ref. 2 to match
the temperature range and average for the appropriate
seasonin Fig.2. In the caseofan actual depositionof the
sourceonto the ground, the sourcewould be situated on
orjust under the ground surface.The temperature of the
air just above the ground is controlled by the ground
temperature, which, in turn, is a strong function of the
insolation.In our environmental chambers, the insola-
tion is not a significantfactor in determining the soil
temperature. Rather, the soil temperature is controlled
entirely by the air temperature, which, in turn, is de-
termined by the climate control machinery of the
chamber. Thus, to simulate the environment that actu-
ally relates to the source at ground level, we must
artificially adjust the temperature of the chamber to
representthat at ground level,rather than that recorded
by meteorologists(typically2 m aboveground).Accord-
ingly,we extrapolated the scaled temperature data to 5
cm above ground level (as low as the data allow) to
determine the hourly temperatures to use for the
chamber. Results of these calculations are shown in
TablesA-II through A-V.

Diurnal humidity curveswereconstructedby averag-
ing the hourly data points from Ref. 1over each season
and plotting these on graphs (four points for each
season)with relative humidity on the vertical axis and
time of day on the horizontal axis. The other curves
werefilledin freehand,noting that the humidity should
changerapidly with temperature and that the humidity
should remain constant when the temperature is con-
stant. The relative humidities determined and the cor-
respondingwetbulb depressionsare shownin TablesA-
11throughA-V.

At the latitude of central Florida, 29”N, daytime is
approximately2 h longerin the summer than in spring
and fall and about 2 h shorter during the winter. Thus
the lightswereoperated 14h per day dunngthe summer
and 10 h per day during the winter. During the spring
and fallseasonsthe lightswereoperated 12h per day.

Source

Plutonium oxide fines from an impact-tested heat
sourcefhelpellet(HF-160)werecollectedfor use in this
experiment. The plutonium was nominally 83% 238Pu;
isotopiccomposition is shown in Table A-VI.The fines
werewet sieved,and the material able to pass througha
74-pm (200-mesh) screen but not through a 20-pm
electroformedsieve was used. The surface area of the
source particles was calculated by assuming spherical
particles with densities of 10.0 g/cm3 and a constant
mass-to-diameterdistribution between20 and 74 ym.
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These particles, weighing 17.53 g (surface area of
0.255m2),were mixed with 161.2g of sea sand that had
beenground to -325mesh. This mixture wasdistributed
with a flour sifter over the front half of the soil tray. In
this way the plutonium oxide fines were somewhat
uniformly scattered over the surface of the soil. We
distributedthe finesin the front of the chamber because
that wasthe onlypart accessiblethrough the gloveports.
The sourcedepositionwas done immediatelybefore the
first rainfall cycle of the experiment. The source was
deposited in the middle of the spring season of the
chamberclimatecycle.

The amount of plutonium deposited on the soil was
quite large in order to facilitatedetection of the pluto-
nium by gamma counting. The most obvious effect of
the plutonium was to kill all the plants in the front half
of the chamber where the plutonium was deposited;the
plants in the back halfwere apparently unaffected.

Samples

Percolates.The drainage from the soil tray was col-
lectedafter each rain. Measurementsof pH and specific
conductance were made on each percolate collected.

Plutonium contents of the sampleswere determined by
liquid scintillationcounting.

Condensates.Dehumidifier condensates were col-
lectedafiereach rain, and the pH wasmeasured in every
case. The plutonium contents of the samples were de-
termined by liquid scintillationcounting.

Air Samples. Air samples were collectedby drawing
known volumes of air through filters and determining
the plutonium collected on the filters. A number of
sampleserieswereobtained during the experiment, one
very shortlyafter introduction of the sourceand several
later in the experimentafter 50 rain cycles.The 0.4-~m
Nuclepore filters were dissolved with commercially
available tissue solubilizer, and their plutonium con-
tents weredeterniined by liquid scintillationcounting.

Core Samples. Core samples were obtained by
pushing short lengths of Plexiglastubing (3/4-in. o.d.
with a l/16-in. wall)into the soil to the fill depth of the
soiltray and then withdrawingthe tube and the soil.The
remaining hole was filled with molten paraffin wax to
prevent the passageof rainwater through the hole to the
bottom of the soil tray. Plutonium distributions within
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the cores were determined by gamma counting. A so-
dium iodide detector was placed underneath a l/8-in.-
thick lead sheetwith a l/8-in. slotcut in it. The core was
placed on top of the sheet, and the count rate was
recordedas a functionof the positionof the core relative
to the slot. In this way the gamma activities at various
depthswithin the soilwerereadilydetermined.Three of
the coreswerecut into six sectionseach. These sections
were dissolved in acids and their plutonium contents
weredetermined by liquid scintillationcounting.

DepthProjiles. In addition to the core samples, an-
otherattempt to determinethe plutoniumdepth profiles
was made by measuringgamma activities insitu. Three
plasticwellswere placed in the soil before introducing
the PU02source.These were made of Plexiglastubing,
l-1/4-in.o.d. with l/16-in. walls,and designedto accept
insertion of a sodium iodide detector (Geoline model
.75MT1/.75L,equipped with an aluminum can instead
of the usual stainless steel).Several layers of lead tape
were wrapped around the barrel of the detector so only
gammarayscomingfrom beneath the detectorwouldbe
seen. Count rates as functions of depth were then ob-
tained by loweringthe detector to various depths in the
samplingwellsand measuringthe count rates.

RESULTSAND DISCUSSION

Depth Profiles ,

Plutonium distribution in the soil column is best
revealedby the soilcores.The gamma activitiesover the
lengths of the cores are shown in Figs. 5 to 14. The
resolution of the detector used was plus or minus 2.1
mm, whichwasdetermined by obtainingcount rates on
a thin americium source as a function of position rela-
tive to the entranceslit of the detector.Two conclusions

are readily apparent. Virtually all the gamma activity
resides within the top centimeter of soil and the dis-
tribution remains unchanged over the course of the
experiment. If one makes the reasonable assumption
that the plutonium is located in the same place as the
gamma activity, then plutonium particleswere not ob-
served to move down into the soil with rainfall in this
experiment.

One of the cores was cut into six equal sections and
the sectionsweredissolvedand analyzedforplutonium.
Results of these determinations (core number 6) are
shown in Table I. More than 99%of the plutonium was
found in the topmost section of the core, in agreement
with the gamma counting results. However, the pluto-
nium contentsof the lowersectionsof the core were not
zero, but ranged in the tens to hundreds of microcuries.
With these data alone, it was not clear whether this
activitywas in theselowersectionsof the soilbeforethe
core was taken or if the lower parts of the core were
contaminated during the act of pushing the coring tube
into the soil.To resolvethis issue, two cores were taken
during the final coring operation; one was taken the
normal way. However, before the other was taken, the
top half-inchof soil was removed. Thus the coring tube
was not pushed through the top, highly contaminated
layer of soil before reaching the lower sections. These
two cores were cut into six sections each and analyzed
together.The resultsare shown in Table I (cores 10and
10A).Core 10 is a virtual repeat of core 6, confirming
those results. However, the plutonium concentrations
in all sections of core 10A are drastically lower than
either of the other two cores. Clearly the plutonium
found in the lower sections of the earlier cores was
deposited there during the coring operation. We may
concludethat virtuallyall the plutonium resided in the
top 1 to 2 cm (core sections were nominally 2 cm in
length)of soil and that the PU02did not migrate down
into the soilas a result of simulated rainfall.

TABLE 1. SoilCoreAnalyses

Core6 Core 10 Core IOA

Pu Pu Pu
Section (pCi) Section (pCi) Section (pCi)

1Top 85400 1Top 73300 1Top 1.37
2 561 2 110 2 0.295
3 168 3 53.2 3 0.0389
4 31.3 4 34.7 4 0.0208
5 32.3 5 59.2 5 0.0218
6 Bottom 59.1 6 Bottom 126 6 Bottom 0.0350

Total 86200 Total 73700 Total 1.78
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the soil surface.

An additional attempt was made to determine the
plutonium depth distributionby gamma counting.This
involved lowering a sodium iodide detector into a
plastic-walledwell in the soil tray and measuringcount
rates as a function of depth. The detector was wrapped
with lead tape in an attempt to restrict the detector
response to activity located below the plane of the
bottom of the detector. Results of several of the count-
ing profiles are shown in Fig. 15. These exponential
decay curves are highly suggestive of absorption
processes.We suspectthat the softgamma rays emitted
by the plutonium located on top of the soil are simply
being scattered and absorbed by the soil, which is all
around the detector. Thus we observe an exponential
decayin count rate as the detector is moved deeper into
the well and farther from the source of activity. This
interpretation is consistent with the results discussed
above, but these measurements do not add a great deal
to our understandingof the plutoniumbehavior. Conse-
quently,thesemeasurementswerediscontinuedearly in
the experiment.

Soil Percolates

Drainagesfrom the soil tray were collectedafter each
simuIated rain and their pH and plutonium contents
were determined. Results are summarized in Table A-
VII. The pH averaged 8.01 and ranged from 7.70 to
8.63.There wasno apparent trend in the pH values;they
varied randomly about the mean and were clearlycon-
trolled by the soil. The pH did not vary enough during
the experiment to cause any changes in plutonium
mobility.
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The cumulativeplutonium contents of the percolates
are shown versus t~mein Fig. 16.This curve showstwo
distinct inflections,one at 152daysand the other at 189
days.Until the first inflectionpoint, there wasno signif-
icant release of plutonium. We interpret this as an
induction period, during which the soil beeomes
saturatedwith the plutonium that is releasedthereafter.
We are not certain which form of plutonium this is.
Whatever the form, it is a very minor constituent be-
causethe vast majorityof the plutonium remainson the
top of the soil.After the induction period but beforethe
second inflection point, plutonium is released into the
soil drainage at a constant rate of 5.3 X 10+ ng/m2/s.
After the second inflection point, the release rate
changesto 4.6 X 10–4ng/m2/s.The only other environ-
mental chamber experiment for which the surfacearea
of the sourcewas known was the four-soilexperiment.3
In this experiment,plutonium was releasedinto the soil
percolatesat the rate of 6.2X 10-4to 7.3 X 104ng/m2/s.
In viewof all the uncertainties involved, the agreement
between these two experiments is remarkable. The
percolatesfrom the four-soilexperimentdo not include
the plutonium washed directly off the source because
the sourcewasplacedon a pedestaland the direct wash-
offwascollectedseparately.The agreementbetween the
percolate release rates for these two experiments sug-
geststhat the plutonium washeddirectlyoff the PUOZis
not the primary sourceof the plutonium that appears in
the soilpercolates.

The second inflectionpoint in Fig. 16coincideswith
the end of the rainy seasonin the chamber climatecycle.
This findingsuggeststhat the change in slope is simply
due to a changein the flowrate of water through the soil.
To test this hypothesis, the data were replotted versus
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the cumulative percolate volume (Fig. 17). When the
data are plotted in this way, the inflection point van-
ishes, indicating that our hypothesis is correct. The
slope of the latter part of the curve is 17.6 ng/m2/L.
When the data from the four-soil experiment were
recalculatedin this way,the resultsrangedfrom 25to 29
ng/m2/L.

The idea that the release of plutonium into the soil
percolatesmay depend on the eluentvolumeand not on
time has some interestingramifications.For plutonium
to emergefrom the bottom of the soil, it must either be
physically transported through the soil, as through
cracks or channels, or the soil must be saturated with
respect to the material emergingfrom the bottom. Be-
cause we did not attempt to determine the form of the
plutonium in the effluent, these alternatives cannot be
distinguished directly, but we can make some in-
ferences.If the soil were at equilibrium with the pluto-
nium emerging from the soil, the rate at which the
plutonium emerges from the soil must equal the rate
that it is being deposited in the soil. If we assume that
this rate is constant, the soil loading for this form of
plutonium can be calculated by multiplyingthe length
of the induction period (in liters) times the release rate
(in grams per liter) after the inflection point in Fig. 17.
This givesa soil loadingof 0.01 rig/g,which is orders of
magnitudelower than the soil loadingsobserved in soil
column experiments’ performed with soils similar to
that used in this experiment.This alonesuggeststhat the
soil is not at equilibrium. We can also calculate a
distribution coefficientby dividing the soil loading by
the average concentration of the plutonium in the
eluent, giving a value of 2.2 mL/g. This value is also

orders of magnitude lower than accepted values for
natural watersand sediments.

These arguments suggestthat the soil is not at equi-
libriumwithany form ofplutonium. Becausethe release
rate depends on the volume of the eluent and not on
time, the releaseprocess is not rate limited, at least on
the time scale of this experiment. We think that the
likeliest mode of transport is with the plutonium at-
tached to very small soil particles and that the release
rate is determined by how quickly these particles mi-
grate through the soil column and are washed out into
the soil drainage. If true, this supposition has some
importantconsequences.First, a modelof such a system
must include particle migration processesand fracture
flowcalculations.Second,becausethe typesand sizesof
particlesthat can easilymove through soil columns are
severely limited, the plutonium transport through the
soil is also limited. Finally,the releasedplutonium may
not be in a readilysolubleform and mightnot be readily
assimilatedby an organismthat ingestsit.

Air Samples

Data from the air samples are summarized in Table
II. When studyingthis table, it is important to note not
only the plutonium concentrations in the air, but also
the duration of the sample. Samples collected during
and immediately after a simulated rainfall typically
covered only 15 rein, whereas samples collected be-
tweenrainfallsoflen encompasseda day or more. Table
II showsthat the plutoniumconcentrationsin the air are
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TABLEII. AirSample Results

Average
Time fromRain Duration Concentration

Sample”’b (days) (h) (fCi/L)

1-1
1-2
1-3
1-4
1-5
1-6

2-1
2-2
2-3
2-4
2-5
2-6
2-7
2-8

3-9
3-1o
3-11
3-12
3-13
3-14
3-15

4-16
4-17
4-18

-4-19
4-20

-6.926
–5.997
-0.112

0.000
0.012
4.040

-5.027
–4.740
–1.037

0.000
0.010
0.021
0.167
1.186

–2.065
-0.911

0.000
0.010
0.978
2.020
2.239

–2.051
0.000
0.010
0.303
2.181

22.28
91.60
2.683
0.283

18.95
91.98

24.33
6.57

24.88
0.258
0.250
3.508

24.46
21.04

27.69
21.86
0.247
0.250

23.24
24.99
5.267

49.22
0.250
0.250
6.783

45.07

196
18.4
13.6

4580
237

16.2

1.84
34.0
2.55

1420
541

15.6
0.645
0.403

0.548
3.98

1390
352

2.75
0.960
7.01

0.532
1190
558

5.59
0.917

Rain 2

Rain 54

Rain 55

Rain 56

%unples2-1through4-20 represent a continuousseries.
~he time between Rains 54 and S5 was 7.008 days.
The time between Rains 55 and 56 was 6.988 davs.

dramaticallyhigherduring the simulated rainfalls than
at any other time. Samplescollected immediately after
the rainfall were substantially reduced in plutonium
content, and those taken between rains contained the
lowestconcentrationsof all.

In a previous environmental chamber experiment, a
similar pattern was observed for airborne plutonium.s
In that experiment, which involved large fragments of
PuOZfuelpellets,the concentration of plutonium in the
air increasedby severalorders of magnitudeduring the
first 5 min of the simulated rainfall and then decreased
exponentially,with a half-timeof lessthan 10min until
the end of the rainfall.After the rain ended, the concen-
tration returned to its prerain value within 3 h. The
rapid increase in concentration at the beginningof the

rainfall was attributed to spalling of the hot source
fragments from thermal shock when struck by cold
rainwater. The decay was attributed to washout of the
airborne particles by the rain. When the same experi-
ment wascarried out with fines,the dramatic increasein
plutonium concentration during rainfall was not ob-
served, and the concentration after the rainfall was
substantiallylower.than before the rainfall. The results
of the present experiment resemble more closelythose
from the largesource fragmentsin the past experiment;
there is the largeincrease in airborne plutonium during
the rainfall. However, the mechanism is clearly not
spallation (becausethe source consisted of fines)but is
probably a resuspension process. We should note that
the rainfallused in the present experiment lasted for 15



rein, whereas that in the older experiment lasted more
than 1 h. If resuspension is the predominating mecha-
nism for generating airborne plutonium when source
fines are used, we would expect a more pronounced
effkctin the presentexperimentin whicha shorter, more
vigorousrainfallwas used.

Over 13daysthat includedthree rainfalls,the average
air concentration was 7 t12i/L.More than 45% of the
totalactivityobservedin the air wascollectedduring the
rainfall periods, which constituted less than 1 h out of
the 13 days. This average might represent a typical
releasefrom source finesdeposited on Florida soil, but
only to the extent that the frequencyand intensityof the
rainfall are typical of a Florida environment. The vol-
ume of air in the test chamber is approximately2400L.
Thus the total amount of plutonium suspended in the
air, on average,is 17pCi.This amounts to 8X 10-’2%of
the originalsource;in terms of plutonium deposited on
the soil, the quantity in the air is completely insignifi-
cant.The maximum plutonium concentrationobserved
over this sametime was 1420~i/L, during rain number
54.This represents 15min during which approximately
3.4 nCi of plutonium was suspended in the air. This
value, amounting to 1.6X 10+% of the source, is also
insignificantcompared with the source, but does rep-
resent a significantlyincreased air concentration. For
airborne exposure, the period during and especiallyat
the beginningof a rainfall is the time of maximum risk.
Of course this discussion does not apply to airborne
plutonium during and immediately after deposition of

the source, at which time the airborne plutonium con-
centrationsare very much higher.

Dehumidifier Condensates

Condensates from the refrigeration-type de-
humidifierwerecollectedafter each simulated rain, and
their pH and plutonium contents were determined.
Results are summarized in Table A-VIII. The pH
averaged6.2and rangedfrom 5.4to 7.0.Thesesolutions
were unbuffered, and precise pH measurements were
difilcuh to obtain. There were no observable trends in
the pH values.

The plutonium released into the dehumidifier con-
densatesversustime is shown in Fig. 18.As the volume
of condensatereleasedover time was virtuallyconstant
at 2 L/day, the same curve results if the data are plotted
versus cumulative volume. Figure 18 shows three dis-
tinct regions:an induction period lasting for 30 days, a
linear increase from 30 to 160days, and another linear
region lasting until the end of the experiment. The
induction period probably representsthe time required
for all the pipingin the test chamber to equilibratewith
the contaminated eflluents. The first linear region
reflects a constant plutonium release rate of 0.23
pg/m2/s(O.12pg/m2/L),and the secondlinearportion of
the curve reflectsa constant plutonium release rate of
0.03 pg/m2/s(0.015pg/m2/L).The inflection point be-
tween these two slopes does not correspond with any

,,,,,t ,,11
,, ,, 11

,(.IU Ilu u
##$f@

$:8
0

d+
0°

8-

/00
(20 cd

1 5+.0 !m.0 162.0 216.0 270.0 1 .0

T.me (Dogs I

Fig. 18. Cumulative plutonium released into the dehumidifier con-
densatesversus time. The summer seasonand the rainy seasonbegan
at 51days.The summer seasonended and the fallseasonbeganat 123
days.The rainyseasonended at 187days,and the winterseasonbegan
at 235days.The inflectionin the curveoccursat 160days.
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known event in the experiment or the chamber climate
cycle. Thus the reason for the change in slope is un-
known. There appear to be no seasonal effects on the
plutoniumreleasedinto the dehumidifiercondensates.

Comparingthe observedplutonium releaserates with
those from previous environmental chamber experi-
ments yields some interesting results. In the four-soil
experiment,3the plutonium released into condensate
samples that did not contain direct wash-offfrom the
sourceamounted to 0.072ng/m2/s,more than 300times
that in the presentexperiment.The releasesinto the soil
percolates,discussedabove, were comparable.The dif-
ference in condensate behaviors derives from the
natures of the sources themselves. .The source in the
four-soilexperiment was a single large piece of pluto-
nium oxide that was subject to spalling when cold
rainwatercontacted the hot fuelpellet.This mechanism
was not operative in the present expenmen~ which
contained fines as the source. Similar behavior was
observed in earlier experiments in which large frag-
ments from impact-tested sources were placed in one
environmental test chamber while the fines from the
same sourcewereplaced in a seconds

The dehumidifier condensate data probably reflect
trends in the airborne plutonium concentration, al-
though they are not a quantitative measure of this.
Quantitativedata may be obtained from the air samples
described above. However, Fig. 18 suggests that the
airborne plutonium concentration was probably lower
at the end of the experiment,after the inflectionpoint at
160days, than it was earlier. The air samplesdiscussed
earlierwere mostlycollectedafter this inflection,so the
concentrationsobserved earlier may have been higher.
In fact, the one set of data taken very early in the
experiment does suggest a value 5 times higher, but
these data are complicated by their proximity to the
sourceintroduction. Althoughof academic interest, the
observed airborne plutonium levels would have to be
many orders of magnitude higher for this to become a
significantreleasepathway.

CONCLUSIONS

This experimentclearlydemonstratesthat plutonium
oxide particulate (20 to 74 ~m in diameter), when
deposited on Florida soil in a simulated Florida en-
vironment, remain in the top 1to 2cm of the soiland do
not migratedown into the soil,at leaston the time scale
of this experiment(1 yr).

Plutonium releasesinto the soil drainagesamounted
to 17.6 ng/m2/L and appeared to correlate with the
volume of the drainage rather than with time. This
release compares well with those observed in similar
past experiments.Plutonium releasedin this way repre-
sents a very minor constituent of the source. The
evidence suggestsbut does not prove that plutonium
released into the soil drainages is associated with soil
particlesand that the rate of releasemay depend on the
rate at whichsuch particlescan migratethrough the soil
column and be washed out of the bottom. Thus soil
particle migration may be important in modeling this
releasepathway.

The plutonium concentrationobserved in the air was
much higher during simulated rainfalls than at any
other time. Air samples collected immediately after a
rainfallcontained substantiallyloweramounts of pluto-
nium, whereas those collected between rainfalls con-
tained the lowestamount of all.The averageair concen-
tration observed over 13 days near the end of the
experimentwas7 Ki/L. The total amount of plutonium
in the air during this time amounted to 8 X 10’2%of the
source. In terms of the source, the release of airborne
plutonium is insignificant.However, during the brief
periodat the beginningof a rainfallthe airborne concen-
tration reached 1400Ci/L. Thus, although the overall
airborne plutonium release was small, it occurred as a
seriesof sharp spikesduring simulated rainfalls.

Plutonium was released into the dehumidifier con-
densatesat a rate 300 times lessthan that observed in a
previous experiment involving a single large piece of
plutonium oxide as the source, even though the perco-
late release rates for the two experiments agree. This
differenceis attributed to the differencein the sources.
The single large piece of plutonium oxide may have
been subject to spallingof particles off the surface by
cold water contacting the hot fuel surface, whereas the
plutonium oxidefineswere not subjectto such spalling.
Similar diilerences in behavior have been observed in
the past. Condensate data suggest that air concentra-
tions of plutonium were lower at the end of the experi-
ment.

Allthe releasepathwaysexamined in this experiment
(releaseinto the soil drainages,releaseinto the air, and
migrationof the plutonium oxideparticlesinto the soil),
wereshownto be insignificantin relation to the particles
themselves.Thus the major transport pathway for the
plutonium must be movement of the particles them-
selves, probably by the actions of surface waters and
erosionprocesses.
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APPENDIX. EXPERIMENTAL DATA TABLES

TABLEA-1. FloridaSoil Data”rb

Total sand 92
Totalsilt 4.9
Totalclay 3.1
Totalorganiccarimn 2.41
Particlesizeanalysis

>2 mm 2
>0.1 mm 88
1 mm< sand<2 mm 0.3
0.5 mm< sand<1.0 mm 4.9
0.25mm< sand<0.5 mm 16.8
0.1 mm< sand<0.25 mm 65.4
0.05mm< sand<0.1 mm 4.6
0.02mm< silt <0.05 mm 1.7
0.002< silt< 0.02 3.2
clay<0.0002 mm 2.4

Freeiron(dith-citextractable) 0.2
Aluminum(dith-citextractable) 0.1
NI&OAc extractableMg (meq/100g) 1.5
~OAc extractableNa .
WOAC extractableK(meq/100g) 0.4
Cationexchangecapacity(pH 7)(meq/100g) 8.1
Calciumcarbonateequivalent 2
pH (1:2O.OIMCaC12) 6.7
pH(1:1HZO) 6.9
Surfacearea(EGME)(mZ/g) 35
Moisturecontentat 15 bar 6.2

‘Allvalues are in weight percent unless otherwise noted.
bAn~yses wereperfo~edby the US Department of A@cdtie so~ Consewation
Service Laboratory,Lincolk NE 68508.
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TABLEA-IL DiurnalTemperatureand HumidityData for SpringSeason

Hour
Temperature

(“n

Relative
Humidity

(%)

00
01
02
03
04

05
06
07
08
09

10
11
12
13
14

15
16
17
18
19

20
21
22
23
24

67.1
65.1
63.9
62.8
61.9

61.6
62.2
64.4
68.5
71.5

74.8
77.9
79.2
80.1
80.6

80.6
80.6
80.4
78.5
75.0

72.1
70.0
68.7
68.1
67.1

84.2
84.7
85.1
85.5
85.7

85.8
85.8
85.3
84.0
79.6

69.9
60.8
56.5
55.7
55.7

55.7
55.7
55.9
58.8
71.0

78.7
81.2
82.7
83.6
84.2

Temperature Wet Bulb
at 5 cm Depression

(“F) (“F)

62.9
61.0
59.1
58.0
58.0

58.6
59.9
64.7
71.5
75.7

80.5
83.4
84.7
84.5
83.8

82.9
82.0
79.6
75.2
71.4

68.4
66.4
65.2
64.1
62.9

3.2
3.0
3.0
2.8
2.7

2.8
2.8
3.2
3.8
5.1

8.0
11.1
12.8
13.0
12.8

12.8
12.8
12.2
10.8
7.0

5.2
4.2
3.7
3.4
3.2

I
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TABLEA-111.DiurnalTemperatureand HumidityData for SummerSeason

Relative Temperature Wet Bulb
Temperature Humidity at 5 cm Depression

Hour (°F) (%) (°F) (°F)

00
01
02
03
04

05
06
07
08
09

10
11
12
13
14

15
16
17
18
19

20
21
22
23
24

76.8
75.0
73.9
72.9
72.0

71.8
72.3
74.4
78.1
80.8

83.8
86.6
87.8
88.6
89.1

89.1
89.1
88.9
87.2
84.0

81.3
79.4
78.3
77.8
76.8

89.5
89.7
90.0
90.2
90.2

90.0
89.7
88.7
86.8
82.8

75.3
69.0
66.7
65.4
65.0

65.0
65.1
66.0
71.3
78.9

83.8
86.3
87.8
88.8
89.5

73.0
71.2
69.6
68.5
68.5

69.0
70.2
74.6
80.8
84.6

89.0
91.6
92.8
92.6
92.0

91.2
90.4
88.1
84.2
80.8

78.0
76.1
75.1
74.0
73.0

2.4
2.3
2.2
2.2
2.2

2.2
2.3
2.6
3.3
4.6

7.1
9.3

10.1
10.6
10.8

10.5
10.3
10.0
7.9
5.5

4.0
3.4
2.8
2.6
2.4

19



TABLEA-IV. DiurnalTemperatureand HumidityData for Fall Season

Relative Temperature Wet Bulb
Temperature Humidity at 5 cm Depression

Hour (“m (%) (“n (“F)

00
01
02
03
04

05
06
07
08
09

10
11
12
13
14

15
16
17
18
19

20
21
22
23
24

67.1
65.1
63.9
62.8
61.9

61.6
62.2
64.4
68.5
71.5

74.8
77.9
79.2
80.1
80.6

80.6
80.6
80.4
78.5
75.0

72.1
70.0
68.7
68.1
67.1

85.8
86.3
86.8
87.3
87.7

88.0
88.1
88.0
87.0
83.3

72.7
66.3
64.2
63.7
63.7

63.6
63.6
64.1
68.3
79.0

82.0
83.5
84.5
85.2
85.8

62.9
61.0
59.1
58.0
58.0

58.6
59.9
64.7
71.5
75.7

80.5
83.4
84.7
84.5
83.8

82.9
82.0
79.6
75.2
71.4

68.4
66.4
65.2
64.1
62.9

2.9
2.8
2.6
2.4
2.3

2.3
2.3
2.5
3.0
4.1

7.2
9.5

10.2
10.3
10.3

10.2
10.1
9.7
8.0
5.0

4.0
3.6
3.4
3.1
2.9



TABLEA-V. DiurnalTemperatureand HumidityData for WinterSeason

Relative Temperature Wet Bulb
Temperature Humidity at 5 cm Depression

Hour (°F) (%) (°F) (“F)

00
01
02
03
04

05
06
07
08
09

10
11
12
13
14

15
16
17
18
19

20
21
22
23
24

54.6
52.4
51.0
49.8
48.7

48.4
49.0
51.6
56.2
59.6

63.4
66.8
68.3
69.3
69.9

69.9
69.9
69.7
67.5
63.5

60.3
57.8
56.4
55.8
54.6

84.8
85.6
86.2
86.8
87.2

87.6
87.8
88.0
87.1
84.2

78.5
68.8
61.3
59.3
58.8

58.7
58.8
59.2
65.5
77.0

80.3
82.0
83.2
84.2
84.8

49.9
47.7
45.6
44.3
44.3

45.0
46.4
51.9
59.6
64.4

69.7
73.1
74.5
74.3
73.5

72.5
71.5
68.7
63.8
59.5

56.1
53.8
52.5
51.2
49.9

2.0
2.4
2.1
2.0
2.0

1.9
1.9
2.2
3.0
3.3

4.9
7.8
9.9

10.5
10.6

10.4
10.2
9.7
7.6
4.6

3.7
3.4
3.0
2.8
2.5

TABLE A-Vi. SourceisotopicCompositiona

Pu Percent Percent
Isotope (01-07-81) (04-07-84)

238 83.13 82.81
239 14.22 14.53
240 2.08 2.13
241 0.41 0.35
242 0.17 0.17.

%3peciticactivity (04-07-84)= 14.19 Ci/g.
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