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OST Pu-239+240 contammation of the sods near M the RF was caused by leakmg drums of Pu- 
contarmnated od stored at a former storage site (Kny 
and Hardy, 1970) Surficlal sods m the area cast of the 
former storage site (locally known as the '903 pad? 
were contammated wth Pu due to wrnd d~spersal of sod 
particles dunng cleanup opcrahons (Krey and M y ,  
1970) Many studies have assessed the spatd drstnbutloa 
of actlnrdes around RF, however, only two stud~es mvcs- 
Qgatcd the vemcal dsmbuhon and rmgrahon of Pu- 
239+240 m sods at RF In the context of the present 
study, the term actulldes refers only to the most st@- 
cant transuran~c COIltamfnants III the sod of RF (1 e ,  
Pu-239+240 and Am-241) Little and Wlucker (1978) 
found that Pu-239 + 240 achvity m sods cast of the former 
storage site mcreasad with dccrcasmg particle SIZC For 
all depths, sampled m seven mcnments of 3 cm each, 
the tughest Pu-239+240 achvity was associated wth 
submmon slze sod pamcles Two-thuds of the total Pu 
was found in the top 5 cm of the sods The relattonhp 
between Pu-239 + 240 act~v~ty and sod partlcle-sa dis- 
mbuaon suggests that Pu-239+240 may be attached to 
the surface of sod pmcles Krey et al (1976) found 
that 90% of total achvity of Pu was held in the upper 
10 cm of the sod They recommended more d d e d  
studies of sod charactenst~cs and addmod measure- 
ments of Pu concentrauons with depth and hme 
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The goal of this study was to assess the nature and 
extent of acwllde distnbuuons in the sod envuonment 
as well as to provlde essentld mformauon for nsk assess- 
ment associated with these radmcuve elements m sods 
east of RF "Ius work supports the Remedd hveshga- 
uons and Feasibhty Studies (RI-FS) at RF The ObJec- 
hVeS of th~s study were to 0 assess the dstnbuhon of 
actlIlldes wth depth 111 all major sods, varylng the dis- 
tance and d m o n  from the source of contammuon, 
25 yr after the mual contamlnant release, and (n) deter- 
m e  the relatlve mportance of selected physicochemcal 
attnbutes and pedological processes that may govern the 
fate and transport of actmdes 

METHODS 
Field Sampling 

Twenty-slx sods were excavated, descnbed, and sampled 
east of the former storage site at RF (Fig 1) The sod pits 
were excavated at undrsturbed sites, whch are charactenzed 
by ~Nra l  short-grass pmne. pasture, and valley side vegeta- 
hOn  as defined by Clark et al (1980) 

Samplmg sod for acmdes C h a r a c t e W h O n  rnvolves several 
spacial considerations (1) potcanal cross-contarmnatlon of sub- 
surface honzons from the more contarmnated surface horizons. 
(n) collccbon of sufficient matenal to obtam reprtsentatlve 
a m d e  acuvihes and other sod parameters, and (u) selechon 
of a rcahsbc samplmg design that considers the bgh cost of 
actnude analyses and provides sufficient mfonnahon regardtng 
the vemcal drstnbuuon of a m d e s  m the sod profile 

In light of these considerauons, a spaclal samplmg method 
was employed "his method involved drggmg a pit, 3 to 5 m 
long, 1 m wide, and 1 to 1 3 m deep The vegetabon, at the 
surface of the pit wall selected for samplmg, was chpped close 
to the ground and discarded The surface of the s e l d  wall 
was then thoroughly scraped with a stamless steel spade to 
reduce the possibrlity of cross-contarmnauon Ten soil sampks 
were collected per pit, accordmg to the followmg depth mter- 
vals (m cm) @ to 3-, 3- to 6, 6- to 9-, 9- to 12-, 12- to 18-, 
18- to 24,  24- to 3 6 ,  36- to 48-, 48- to 72- and 72- to 96- 
A bottom-to-top sampllng sequence was adoped to reduce 
further the nsk of cross contamurahon Each sod sample was 
collected from withm a honzontal cavity dug rnto the pit face 
at a selected depth An excepuon to the above sequence was 
made for near-surface samples (0-12 cm), where the sod was 
too fnable to perrmt &screte samphg To sample the top 
m o a  of the profile, the sampllng was begun at ground level 
usmg a kmfe and spatula to cut an area -25 cm long, 20 cm 
wide, and 3 cm deep The entire sod mass rn h s  area was 
collectbd mcludmg roots and part~ally decomposed orgamc 
matend Samplmg conunued III this manner for mtervals as 
deep as 12 cm Ad&uonal samples were taken III several pits 

Abbrenatrons RF, Rocky Flats. RI-FS, remedid invcstigauons- 
feasibility studies CEC. cat~on-cxchanxe camcify. elf .  CDUK fine h u t  
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where sod ehbitcd pronouaced evidence of m a c r ~ p ~ f c  flow 
and biolop;lcal8CUVlbes (I c , rodents, ants, and caxthworms) 

Duplicate sod samples for radtochemrcal analyses were col- 

Laboratory Anaiysrs 

Actanides 
lecudevery thud pic ~n the absence of established reguiatory 
guidelines for quality control cntenon for mmde acavity in 
sod samples. the common pract~ce of *35% nlabve percent 
hfference between duplicate field samples was applied 

Sampling for selected physical and chenucal parameters was 
conducted by genetlc honmns rather than by the incremental 
depth procedures The sods were descnbed accordmg to guide- 
lines established by the Soil Survey Staff (1975, 1993), and 
classified as Cumulic Haplustoll (ht 1). Andic Arguistoll (prts 
2. 3. 4 ,  5, 7, 8, 9, 10, 14, 16. 17, 18, and 23). Pachic 
Arguistoll (Pits 11, 15, 24, 25, 26). Tommc Haplustoll (Pit 
12). Toduventlc Haplustoll (plt 13). Veruc Ustochrept (Pit 
19). Typic Ustifluvent (Rt 20). and Andic Haplustdf (Pits 21 
and 22) 

The Pu-239+240 and Am-241 activiues KI the soil samples 
were measured by alpha spectroscopy at several commercial 
laboratones The soil samples were digested KI HNO, and HF 
using a microwave &ssoluuon procedure (Lamothe et al , 
1986, Fischer. 1986). and the Pu oxldauon state was adjusted 
with NaNG The solution was then passed through an aruon 
exchange column to separate the Pu from the solutlon (Talvihe, 
1971) The Pu was eluted from the column with HCI-",I 
solutlon, was acidified with "03, and the sample was heated 
to dryness The sample was redissolved and electroplated onto 
stainless steel &scs Upon compleuon of the electroplatmg, 
NKOH was added to the solution to prevent redissoluuon of 
the deposit 
To isolate the Am-241 from the soil matnx the sample 

a- 
- 
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WBS lachad wtth HNG H Y ~ X J ~ C S  and CarbOnate-fOnnUrg 
elements (e g , Am) were precipnated out of the leachate 
wth ",OH and W h C G  respectively A h r  drymg the 
pncipitate was redrssolved with mtnc acid and passed through 
an mowexchange column to remove the nonmvalent acmdes 
Trivalent actmdes and lanthanrdes were coprccipitatcd wth 
Ca usmg oxalic acid, Ca m e r ,  and NKOH The precipitate 
was mbssolved wnh HCl and passed through a column of 
rmxed amon-hon resm to remove some of the Ca and all 
of the Fe Cesium and the rcmamdcr of  the Ca were exrractcd 
from the soluhon usmg double extrachon mto &butyl-N,N- 
diethylcarbamylphosphonate, a back extract~on mto drlute 
HNG, and then heaang to dryness The sample was redissolved 

a drlute-acid soluhon aDd passed t h ~ g h  an amonexchange 
column to remove tnvalent lanthantdcs TIus column was 
washed wth IIUX&UC of alcohol, Mute ads. and NHSCN 
for parttat scparahon of Am from Cm The sample was then 
converted to a sulfate form and heated to dryness Followmg 
&IS, the sample was redmolved and electroplated onto stam- 
less-steel ~ I S C S  Upon complmon o f  the electroplatmg, NICOH 
was added to the soluhon to prevent rcdssolutlon of the deposit 
In several cases w h m  electroplaaDg Wed for both actuudes, 
the samples were mounted for alpha spectrometric analysis 
usmg a Iltodymum fluonde coprccipnaaon technique (Hrad- 
man, 1983,1986) Slrmlar percent recovencs for Pu-239+240, 
Am-24 1,  and Am-243 have been reported for the electroplaang 
and wprecipitaaon tcch~~qucs (Sa and W k s ,  1981) 

-propvtks 
PmcJe-slze dsmbuhon was d e l e d  by the pipet method 

(Sod Conservauon Service, 1982) Sod bulk density was mea- 
sured using the clod method described by Blake and Hartge 
(1986) Specific surface area was estmmted on 1-8 samples of 
P20&ed sod by thc free-surface, ethylene glycol momethyl 
ether method (Carter et al , 1986) The sod samples were 
gtven no chemical prtaarments ( C k k  and Bremaer, 1979) 
Ca-saturated Wyommg bentomte (assumed to be 800 m' g-') 
was used to calibrate each run Cationexchange capacity 
(CEC) was detemmcd by satwanon wtth 0 4  M NaOAc- 
0 1 M NaC1, followed by washutg mth 60% ahan01 (v/v), 
and replacmg the d e x  cahon by 0 5 M MgNO, (Rboada, 
1982) Orgmc matter content was d a e d  by &chromate 
oxldauon and h m o n  with Fe"SO* (Nelson and Sommers, 
1982) The morgaruc C was d a e d  by a n~&ed pressure 
calcmetcr method described by Nelson (1982) 

In sod Rts 1 through 5, uaduaurbed clods from dl genetic 
bo- were mr dned. vmum-qregnated wth an epoxy 

h c k  (Murphy, 1986) Thro-secbon analysxs was performed 
wth a purographc rmcroscopc equtpped for vlewmg m plane- 
polanzed, cross-polanzed, and d a r l y  polanzed hght Con- 
cepts and nomenclature fdowed the Intmmonal Sod Science 
Society handbook of Bullock et al (1985) and Murphy et al 
(1985) The mane fine h u t  (C/O was set at 50 pm The clf 
refers to the division between coarse and fine parllcles used 
when classifymg related Qsmbuhon patterns 

ESUL, aDd pro~essed mto 50 by 75-IIIUI h l  sections 30 

statisticpl Annlysis 

Compawon between groups of sod pits and the 10 samplurg 
intervals was conducted usmg two-way analysis of vanaace 
(ANOVA) (SAS Inst ,1992) Multtple cornpansoas among the 
samphg mtervals were perfonned usmg Bonferrom's method, 
whch controls the samplmgrvlse enor rate The samplmgw~~~. 
error rate is defined as the raho of the number of sample 
mtervals m whch at lcast OM error was made to the total 

number of sample lntervals analyzed It is the probabbty of 
maktng at least one error m a test when there are no actual 
Merenccs between the samplrng mtcrvals The mathematlcal 
f o d s m  of Bonferr01~'s method IS p e n  by Mdhken and 
Johnson (1992) 

RESULTS AND DISCUSSION 
Spatial and Vertical Dstributron of A W d e s  
The pits were &vided among four regions of expected 

acmde amvity (Fig 1) The four regons were deter- 
rmned usmg isopleth maps of Pu-239+240 and Am-241 
(Litaor, 1993) The length of Areas A, B, and C 111 the 
east duechon is equal to the range ( = 700 m) computed 
by a semvanogram usrng 118 surficlal sod samples 
(0 64 cm) between the former storage site and Ind~ana 
Street (Litaor, 1993) 

The sod u n m h t e l y  around the former storage site 
was greatly Qsturbed by past sod removal operahons 
and spreadmg of l2l m a t e d  on top of the truncated 
sod Thus, tlvs area was stuhed separately as a specd 
case (see macrofauna and a m d e  transport below) 

sods of the four areas am depicted rn Table 1 Area A 
exiubited sigmficantly hgher aChVity of actmdes than 
sods ID Areas B, C, and D (Tables 1 and 2) Sods rn 
area B ehbited significantly hgher activity of Pu- 
239+240 than sods III Areas C and D, whereas sods rn 
Areas C and D showed s d a r  actmde actlvity (Table 
2) These results are consistent with the earher f inhgs 
of Krey et al (1976) and Litaor (1993) that h-239+240 
and Am-241 achvity decreases with rncreased &stance 
east of the former storage site 

The verhcal dlstnbuuon of achx.udes observed m Area 
A suggests that a w d e s  may be transported to greater 
depths than previously reported for the sods of RF 
For example, sod Plt 5 entubited the largest loadmg of 
a w d e s  onto the sod surface and the largest mcre!ase 
rn Pu-239 +240 with depth (Fig 2) Thu site is located 
=250 m east of the former storage site (see Fig 1) In 
a site nearby (= 100 m southwest from Plt 5), Little and 
Whlcker (1978) reported a mean aChVity of 473 Bqkg 
for Pu-239+240 at samplrng depth of 18 to 21 cm 
figher levels of Pu-239+240 were observed at depths 

twely) In the upper 48 cm, soil Rt 5 IS charactenzed 
by coarser texture than all other sods stud~ed Sod Rt 
5 also e h b m d  >80% coarse fragments (>2 mm) ID 
the Bt honzon (15-48 cm), and hydraulic condumvity 
measurements of tius honzon ranged between 18 6 cmh 
to 21 19 cm/h at a depth of 20 cm (Litaor et al , 1993, 
unpubhshed data) These hydrological condihons proba- 
bly have facditated the translocation of  actmides to 
greater depth than rn finer textured sods at comparable 
distances from the former storage site 

Approximately 90% of the Pu-239+240 achvity m 
the sods under study was observed m the upper 12 cm, 
followed by a exponenaal decrease of acwlde actlvity 
with depth (Table 1 ,  Fig 2) Of the 25 sod pits that 
were sampled and analyzed, 23 exhibited the distnbutlon 

S~mmary Statlshcs O f  Pu-239+240 and Am-241 ID 

Of 24 and 36 ~m O f  Plt 5 (1032 and 895 Bqkg, respec- 
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Tabk 1 Summyy statktics of Pu-239 + 240 and Am-241 verbad pro6la by d dmbubon across tbe sollscspe east of RF 
Pu-239 + 240 -241 

apth MUn MrdLn SD cumulatlvc M U  MCChI SD CUmufa 

4- 8 Bqkg 8 

Ara A (n = 8) 
0-3 11 655 7?70 8658 39 4 1653 l261 1135 385 I 

3-6 8 547 8584 5476 289 1098 1043 643 256 1 
6-9 5 291 3848 425s 17 9 758 s40 606 17 7 
9-12 2886 3108 2%0 9 8  595 251 677 139 1 

1332 2 7  122 37 173 2 8  12-16 814 U O S  
18-24 m 107 3 333 0 7  33 11 

14 8 2% 0 4  22 2 6  s1 0 5  
7 4  22 0 18 2 6  3 3  0 1  

111 24-36 
36-48 14 8 

1 5  11 0 01 1 1  48-72 3 7  
72-96 3 7  0 7  11 0 01 1 8  

3-6 in 74 222 268 462 18 5 584 

44 0 8  

1 5  
0 7  1 5  006 
0 4  1 8  004 

h B ( n  = 7) 
0-3 407 259 370 61 5 47 4 25 9 5 8 8  41 8 

4 0 8  

2 2  3 3  
6 9  29 37 

26 18 3 9  3 7  2 9  
1 1  1 9  

9-12 26 
5 9  1 1  1 8  1 s  

11 11  1 6  
12-16 7 4  3 1  

0 7  1.2 1 

18-24 s 9  
24-36 4 4  1 5  5 9  0 7  11 1 8  
36-48 1 1  0 4  1 1  0 3  0 7  0 7  0 6  1 0  
48-72 0 7  0 4  0 4  0 1  2 2  0 7  0 7  1 0  

14 4 s  7 4  3 7  4 8  6 5  1 

3 7  6 3  0 9  1 5  

72-96 1 8  0 4  2 2  0 2  11 0 7  0 7  0 9  
AraC(n  = 5 )  1 

0-3 629 444 444 542 2 9  2 2  2 2  21 7 
3-6 222 11 1 22.2 19 1 5 9  0 7  9 9  389 
6-9 22.2 11 1 296 19 1 3 3  0 3  4 4  21 9 , 
9-12 5 2  1 4  4 1  4 4  1 8  0 2  0 7  11 9 
12-18 2 2  1 8  1 8  1 9  0 2  OM 0 3  1 9  
1844 0 4  0 4  0 3  0 3  0 1  0 07 0 1  0 9  
24-36 0 2  0 2  0 1  0 3  0 1  OM 0 2  0 9  
36-48 0.2 0 2  0 1  0 3  0 1  OM 0 1  0 9  1 

4-72 0 3  0 2  0 3  0 2  007 OW 007 o s  
72-96 0 3  0 2  02  0 2  OM 004 1 1  o s  

0-3 444 444 222 41 5 3 7  4 0  3 7  27 1 
3-6 296 296 14 8 27 6 3 7  5 5  1 8  262 
6-9 14 8 18 5 7 4  13 8 3 3  3 7  11 236 
9- 12 7 4  11 1 3 7  6 9  1 s  1 s  0 4  109 , 
12-18 1 4  3 7  11 I 6 9  0 7  0 7  0 4  S I  
18-24 2 2  111 2 6  2 1  0 4  0 2  0 4  25 
24-36 0 7  0 19 0 7  0 7  0 2  0 1  0 2  15 
36-48 0 4  0 19 0 3  0 3  0 2  0 1  0 7  1 s  1 

4-72 0 1  0 19 0 1  0 1  0 1  0 1  0 1  0 8  
72-96 007 0 19 0 1  0 1  0 1  0 1  0 1  0 7  

A r a  D (n = 3) 

descnbed above Thls pattern was consistent regardless 

and dirccuon from the former storage site 

Tablef ~ummyrd . t i d ic ro~hr~~ym~ydp~vyhace  

The Effect of Pedogeluc Processes on Vertical 

Several pedogemc features that may control transloca 
tion and subsequent ver t id  dismbubon of acmides wert 
observed 111 most sod pits under study Abrupt textura 
and suuctural boundanes, macroporosity, lateral subsur 
face discontinumes, burrowmg ammals, earthworms 

of sod charactensucs, level of contarmn8ton, or distance DMnbutlon Of PU-239 + 240 and Am-241 I 

tbc clpssi8c.tioo o f  ~ t -  u9+240 activity (ko pu) with vep 
.nd kpth in tbe 25 mil pits simll.r mulrs were obsencd for 
Am-241 (not rborm) 

sum of M W  
s w r c c d f  *luurr F d u c  P > F  
- 3  8383 279 4 189% OOOol 

wemrm (DUM) I tedr 
A l p b  = 005caafiQoCc -095df = 19OMsE - 147 

CritialvrhwofT=266 
slmult.acau Simuluaeous 

Lower IntTacna UPP- 
Ara ColrfidclKc between confidence 
compuuon hrrm means h u t  

A-B 2510 3 (L19 3 5789 
A-C 4 123 4106 5 289. 
A-D 3 378 4 070 4 7629 
B-C 1058 I 657 2 2M* 
&D 0 31s 1 021 1 727. 
D C  -0 110 0636 1 383 

' S~un I . t tbcO(Hprob .Wi tyM 

and ant colomes, were among the more common pedo- 
gemc and geologic features observed 

Lateral Ihscontmwtles 
Lateral discontinuitles were located m Pits 2, 3 ,  and 

4 (see Fig 1) These discontinuities were clearly iden& 
fied in the field by their lateral textural and color differ- 
ences (Fig 3) One sod sample from each honzon on 
either side of the lateral discontinuity was collected to 
assess the influence of the different physicochemical 
propertles on actimde activity The BC honzon consisted 
of 75% sand and 16% clay, with low spechc surface 
area (94 m2/g), low content of CaCO:, (2 gkg), low 
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CEC (8 8 cm~lflrg), small amounts of s m i t e  (5-30Z) 
and trace amounts of clay mca (<5 76) (Thompson et al , 
1993, unpublished data) By contrast, the BCg honzon 
consisted of only 16% sand and 40% clay, with moderate 
specific surface area (168 rn'lg), hgher content of CaCa 
(23 glkg), moderate degree of CEC (29 6 cmolkg), 
dominant amounts of smccute (>60%), and small 
amounts of  clay mca (5-30%) The ongm o f  the subsur- 
face lateral disconunulty is not clear It has been hypothe- 
sued that the BCg honzon is a mncattd layer that was 
incised and later filled with sandy matenal (BC honzon) 
The overlymg honzons have developed on top of these 
two markedly different parent matcnals 

Despite these profound differences 111 physicochermcal 
and rmneralogical annbutes between the BC and the 
BCg honzons, only mmor differences were observed m 
actuude actlvity Plutomlum-239 +240 actlvity m the BC 
honzon was 3 7 Bq/kg, whereas 1 8 Bq/kg wen found 

111 the BCg honzon Amencium-241 measured 3 7 Bq/ 
kg m both honzons These relative small dfferences m 
acnrude activiaes are probably due to the depth of the 
lateral disconunuity (>51 cm) That is, most o f  the 
actuude acuvity was found m the top 12 cm o f  the sod. 
thus the preferenual l e a c h g  potentlal of the sandy BC 
honzon had little apparent lmpact on the vernal lstnbu- 
uon of actmides 

Macroporosity 

The lstnbuuon and nature of macropores are the 
most important factors g o v e m g  water and contarmnant 
transport 111 sods, accordmg to Gish and Shmnohammad 
(1991) Large macropores at vanous depths (30-100 
cm), filled with surface honzon matenals, were observed 
111 the field along decayed mot channels These filled 
macropores may serve as pnme condwts for a m d e  
translocaaon with depth To test tlw hypothesis, samples 
were taken from the filllngs of the two root channels, 
111 sod Pits 3 and 4, and analyzed for a c m d e  acuvity 
Two samples that were taken from a decayed mot channel 
at a depth of 90 cm m sod Plt 3 showed sigmficantly 
hgher acuvity o f  Pu-239+240 (7 0 B q k g  and 5 9 Bq/ 
kg) compared with the sod mamx around the macropore 
filllng (0 03 Bqkg) S d a r l y ,  a sample that was col- 
lected from the decayed root channel of sod Rt 4 at a 
depth of 70 to 92 cm showed hgher Pu-239+240 amvity 
(8 5 Bqkg) compared with the surroundmg sod matnx 
at 72 cm (1 5 Bqkg) and % cm (0 7 Bqkg) These 
results mdxate that preferend flow m macropores is 
a vtable mechamsm for moblllzmg actuudes withm the 
sod profile 

It should be noted, however, that the overall a m d e  
actlvity m the fillmg of  the decayed root channels was 
very small compared with 8325 Bq/kg and 16132 Bql 
kg of Pu-239+240 observed 111 the top 9 cm of Rt 
3 and 4 respecuvely Moreover, the large macropore 
network formed by the root system was not observed at 
depths >I20 cm Hence, the macroporosity network 
probably does not llnk the vadose zone to the aqulfer 
below it (= 2 5 m) and probably does not mcrease the 
potentlal for actmde movement to the local groundwater 

Burrowmg Actinty 

Evidence of burrowing actlvity was observed m SLX sod 
pits across the study area For example, two krotovrnas 
(filled-m anlmals burrows or tunnels) were sampled 111 
Pit 18 at 96 cm and R t  23 at 87 cm (see Fig 1 for pit 
locauons) Honzon BkIV m Pit 22, at a depth o f  38 to 
55 cm, contamed pockets o f  clay and orgmc matter 
These pockets resulted from megafaunal biopedoturba- 
tlon that translocated surface-honzon matenal to subsur- 
face honzons Actinide activities in the krotovinas 
(3.7 l3qIkg) and translocated orgamc matter (0 18 Bq/ 
kg) were not sigruficantly greater than the sod matnx 
(ranged between 0 37 and 0 18 Bq/kg) around the krotov- 
mas The sampled krotovmas and orgaruc matter were 
probably older than indusulal acuvihes at RF (>40 yr) 
If SO, they do not reflect current rodent acuvity, nor the 
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HORIZON DEPTH (cm) 
Surface 

A 18 

A0 35 

0 w  51 

2 5 YR M) (grey) 
16 Parcant Sand 

BC 
10 YR 6h  (Brownish Yellow) 
7s Pwcont sand 

correspondmg potcntml for mhtnbuaon of a m d e s  
with depth 

Macrofauna and Actinhk “mwport 
The area of the former storage site was graded and 

covered wth fill m a t e d  m 1969 Thls was followed 
by the applicatm of a sod sterilant and the site was 
covered wth an asphalt cap The arca adjacent to the 
former storage site was covered with sandy fill m a t e d ,  
then revegetated to stabdm the fill matend and to reduce 
wmd erosion Three sod pits (6, 7, and 8, see Fig 1) 
were studied to assess the vemcal &stnbution of actlllldes 
111 the most heavdy contammated sod m RF The bound- 
ary between the fill mate@ and the bunccl, contarmnatcd 
sod was clearly identdiable m the field 

content (4 gkg), low CEC (<17 cmollkg), and h ~ g b  
sand content (>80%) The upper 3 cm of the fill matenal 
has b a n  ennched with orgmc C sulce the matenal was 
emplaced UI 1%9 The orgamc C mcremcd from -0  
to 34 g kg-’ m 1991 The mcrease of orgmc C content 
suggests that revegetauon did stabhe the !ill matenal 
by addmg sigmicant amounts of  orgmc matter It also 
unproved sod aggregation thereby malung the sod less 
suscepuble to wmd erosion, reduced wmd velocity near 

The fill mterlal Is charactcnzad by a low caco, 

the surface, and advanced lnfiltrahon rate, whch 111 turn 
decreased the potentlal for surface flow 

The vertlcal profile of acmdes m the sod immediately 
east of the foxmer storage site showed a umque distnbu- 
Qon with d e w  (Fig 4) The hghest acmde acuvity m 
the study area was observed 111 the top 3 cm of Pit 8 
Thls was followed by a sigm.ficant decrease 111 the lower 
w o n  of the fill mated (at samplmg mtervals of 6 
and 9 cm), then by an rncrease m acmde actlvity at 
the top of the buned soil (12 cm below the sod surface) 

As discussed earlier, the spatd dismbuuon of acm- 
ides 111 the sod cast of RF has been attnbuted to wmd 
dispersal (Krey and Hardy, 1970, Seed et al , 1971, 
Little and Whicker, 1978) After the placement of the 
asphalt pad and the fill mated around it, however, the 
level of Pu-239 +240 m the an decreased to background 
level (Seed et al , 1971) Furthermore, anborne Pu re- 
sulhng from wrnd erosion m the vicmty of the former 
stomge site, has been mmmal smce 1970 (Rocky Flats 
Plant, 1992) Hence, the surpnsrng mcrease of acmde 
acavity m the top 3 cm of the fill m a t e d  cannot be 
explmed by wmd-transpon mechamsms 

On the basis of the histoncal assessment of the site 
(I e , gradmg, apphcauon of fill mated,  revegetatlon, 
and the low potenual and observatlons of hr resuspension 
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from sods around the former storage site), we speculate 
that the verucal dsmbuuon of acmdes m Pit 8 resulted 
from the upward transport of acmdes by earthworms 
Current literature on the impact of earthworms tn smdar 
ecosystems supports thls hypothesls Our speculahon w 
based largely on the observed abundance of faunal amv- 
ity m most of the sods under study, as well as mmmor- 
phological analysls Addrhonally, earthworms and  the^ 
casts were also collected from sod mtershtml waters 
sampled m plts 2 and 3 at hfferent depths, usmg zero- 
tension samplers There was a strong relatlonshp be- 
tween the observed earthworms and thev castmgs, and Pu 
acavity m these waters (Litaor et al , 19p4, unpublished 
data) 

Evidence of mtensive biological acavity m grassland 
sods has been documented by many workers (Baxter and 
Hole, 1967, Buntley and Papendick, 1960, Jenny, 1980) 
In general these reports suggest that much of the orgmc 
mated of A honzons has acquired a granular structure 
from passage through allmentary tracts of earthworms 
and other sod fauna Indeed, a weakly granular structure 
was observed at sod Pits 7 and 8 m the surface honzons 
composed of the fill matenal as well as m thm sccuons 
made from samples of the fill m a t e d  

Numerous earthworms and several ant colomes were 
observed m most of the sods under study Earthworm 
acuvity was especially evident m Rts 1, 2, 3, and 4 
Micromorphological analyses of A honzon samples from 

sod Pits 1 through 5 revealed strong evidence of biologi- 
cal amvity m the sods For example, ellipsoidal fecal 
pellets, typically =80 pm 111 d i m  , were observed 111 
the A horlzon of sod Pit 1 (Fig 5) 

Pasture sods often e h b i t  numerous features related 
to earthworm acuvity m surface and subsurface honzons, 
mcluhg large channels, abundant fecal pellets, channel 
Ylfillmes, and orgmc interdatrons (e g , Thompson et 
al ,1990) S c h d t  et al (1986) showed that earthworms 
were the major force m vemcal transport of cattle dung 
contamrnated with heavy metals The earthworms turned 
over the expenmental sod column from top to bottom, 
and vice versa, creaung layers of contammated orgmc 
matter m their tunnels The study by S c h d t  et al (1986) 
clearly demonstrated the lmportance of earthworms m 
reworkmg contammated sod matenal and movmg it m 
all hrectlons 

The field and mcromorphological analyses, coupled 
with the above literature review, provided the framework 
for the followmg scenano after revegetation of the fill 
matenal, earthworms from the buned sod mgrated to 
the new surface to feed on the new seedlmgs The bund 
sod honzon provided the earthworms with an additronal 
source of food and shelter from extreme temperature 
and moisture conditions Hence, the movement of earth- 
worms between the buned sod surface and the newly 
revegetated surface may have continued indefinitely 
Dunng h s  mgratory process, actlrudes from the buned 
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sod were brought to the top 3 cm of the fill mated and 
were deposited m fecal pellets that probably dlsmtegrated 
with m e  to loose conmuous mfillmgs of channels and 
tunnels The relauvely low achnide achvity m the lower 
sectlon of the fill mated resulted from lack of sigmficant 
food source for the sod fauna and/or because worms 
cast preferenhally at the surface 

CONCLUDING REMARK 
The vemcal dstnbution and possible transpon mccha- 

msms of actmdes m the sods of RF were stubed to 
provide the necessary data for nsk assessment More 
than 90% of the Pu-239+240 and Am-241 achmes 
were observed m the upper 12 cm of the sods Movement 
of a m d e s  wthm the sod is probably governed by 
preferenad flow and biological acuvity such as earth- 
worms If future studies confirm earthworm-induced 
transport of actlnrdes m the sod cnvmnment of RF, the 
feasibdity and Cost of sod remedmhon shall be severely 
mpactcd A regulatory rcquwcment by the Colorado 
Department of Health dictates amehOrahVC treatment of 
sods from lands wth h-239+240 actrvity >33 3 Bql 
kg before construchon acuvity is approved Past cleanup 
operauons have been llrmted to the upper 10 to 15 an 
of the sod (Baker, 1982) Earthworms and other sod 
fauna, however, may bnng Pu-239+240 acuvity that 
wlll exceed the 33 3 Bqkg guidelme from depths >I5 
cm Hence, future cleanups to greater sod depths may 
be cost prohibiuve because of the greater volume of 
contammated soil Before decisions can be made regard- 
mg cleanup, more studies are needed to test the proposed 
earthworm-mduced transpon mechmsm for the rmgra- 
tion of amides 
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