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ABSTRACT

A total of 3.2 x 107 L of intermediate~level liquid wastes (ILW)
generated from routine Oak Ridge National Laboratory operations, were dis-
posed in Trench 7 between 1962 and 1966. The disposed ILW contained about
107 GBq of fission nuclides (primarily 137¢cs and 905:), activation products
(primarily ®9Co), actinides (primarily 232Th and 238y decay series nuclides),
and transuranics (primarily 24lpy-24tam), Gamma-log profiles of the wells
near ILW Trench 7 indicate that the waste liquids seeped along discrete
layers parallel to bedding and along the strikes of faults and folds.
Although most of the radioactivity has been retained by sorption reactions
with the trench fill, soils, and weathered bedrock, groundwater characteris—
tics in the vicinity of ILW Trench 7 are still greatly influenced by the
constituents of the waste liquids disposed two decades ago. Most of the
radioactivity measured in the groundwaters consisted of 3H, 99Tc, 6°Co, and
233y, The mobility of 397¢, 60Co, and 233U has been attributed to low
molecular weight anionic complexing. Concentrations of 305r and 137¢Cs in
the groundwaters were extremely low. The lack of gy mobility is attri-
buted to the chemical treatments and precautions taken to obtain and main-
tain an alkaline environment near the trench, which allows for 20§r sorp-
tion and precipitation. The lack of 137¢g mobility is attributed to its
strong tendency for being selectively sorbed by illite, the dominant clay
mineral in the surrounding Conasauga bedrock and soils. Plutonium isotopic
ratios indicate that the plutonium contamination near the trench results
primarily from the migration of ?“ZCm and 2““Cm and their subsequent decay
to 238py and 2“0Py rather than reflect the migration of plutonium itself.

Radionuclide concentrations in the groundwaters near the north end of
ILW Trench 7 undergo seasonal variations, with the lowest activities occur-
ring in fall and winter and the highest activities occurring in the spring
and after prolonged rainstorm events. The rise in radioactivity in these
wells correlates with a rise in the groundwater level and a concurrent
increase in groundwater pH. This suggests that contamination may be leached
from the trench or from the relict ILW migration layers when the groundwater
level rises to saturate these zones or when perched water from precipitation
seapage percolates into the trench or along these relict migration layers

during drainage.

xi



Although ILW Trench 7 has worked effectively to retain most of the
disposed radioactivity, two suspected transport pathways from the trench
to a nearby seep area have been identified and both appear to be associated
with fault zonmes. Only the pathway near the north end of the trench
appears to be leaching alkalinity and thus affecting the retention capacity
for %0sr. A groundwater interceptor at the north end of ILW Trench 7 is
one possible remedial action to help maintain a dry alkaline enviromment
and ensure the integrity of the trench for nuclide retention. A temporal
comparison of radionuclide activities in the soils and groundwaters near
ILW Trench 7 indicates that the effects of present-day migration on the
extent of soil and groundwater contamination are minor relative to the

legacy of contamination from past seepage operations.
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INTRODUCTION

From 1951 to 1966, shallow land seepage pits and trenches were used for
the disposal of intermediate-level liquid wastes (ILW) at Oak Ridge National
Laboratory (ORNL). These waste pits and trenches were located on ridge tops
south of the main ORNL complex, near solid waste storage area 4 (Fig. 1) and
were excavated in the weathered zone of the shales and limestones which com-
pose the middle formations of the Conasauga Group (de Laguna et al. 1958;
Webster 1976; Haase and Vaughan 1981). The excavated trenches were back-
filled with crushed limestone to enhance 29Sr sorption and were covered with
compacted earth to reduce radiation intensity. Waste liquids (adjusted to
a pH of about 12 with NaOH) were allowed to percolate through the weathered
earthen material (pH of about 5), and radionuclide migration was retarded
by sorption reactions with the £111, soil, and bedrock (Lomenick et al.
1967). Over one million curies (4 x 107 GBq) of fission nuclides, having
some activétion products, actinides, and transuranics, were disposed in
this manner prior to the implementation of deep-well hydrofracture methods
for ILW disposal at ORNL (Duguid et al. 1977).

For the most part, these seepage pits and trenches worked effectively,
retaining most of the radioactivity and allowing over 1.8 x 108 L of water
to percolate away from these sites. The legacy of highly contaminated soils
in the vicinity of these ILW disposal sites has been examined periodically
to ensure that no nuclide mobilization has occurred (Means et al. 1976;
Cutshall et al. 1982). In particular, ILW Trench 7 has been suspect because
of the occurrence of a nearby alkaline seep (pH of about 8), which contains
relatively high concentrations of 3& (15,000 Bq/L), 2%T¢ (3,200 Bq/L), %%
(1,700 Bg/L), %33y (18 Bq/L), 2““Cm (0.17 Bq/L), %“!Am (0.08 Bq/L), and
238py (0.03 Bq/L).

This report summarizes our findings concerning (1) the operational

history and nuclide inventory for ILW Trench 7; (2) the chemical forms for
several of the radionuclides migrating from the trench; and (3) the geo-
chemical, geological, and hydrological processes which promote their migra-
tion. This information 1is necessary for assessing the long-term hazards
agsociated with these formerly used disposal sites; planning corrective

measures to reduce nuclide migration; and developing effective site
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Fig. 1. Location map of seepage pits and trenches.



selection, design, operation, and monitoring strategies in waste management.
In addition, this study provides actual field data on the chemical forms and
environmental processes affecting radionuclide migration in soils and bed-
rock., These data are necessary for validating geochemical and transport
models and for eliminating some of the uncertainty associated with extra-

polating laboratory data to natural environments.

Site Geology

The Conasauga Group of interbedded mudstones, shales, and limestones is
of Cambrian age and underlies the four open pits and three covered trenches
illustrated in Fig. 1. The mudstones and shales are largely composed of
quartz, illite, and vermiculite, lithified primarily with a calcite cement.
The bedding layers extend east-west, dip south, and are highly fractured
and folded (de Laguna et al. 1958). The weathered bedrock is broken into
small prisms by numercus joints and extends to a depth of 6 to 9 m. Al-
though the weathering process has leached out much of the carbonate the
bedrock retains its structural features.

Soils formed from the Conasauga Group are acidic (pH ~5), clay-rich
Ultisols, having relatively low hydraulic conductivities (Cutshall et al.
1982). TIllitic clays are abundant and are extremely effective sorption
substrates for 137Cs (Tamura and Jacobs 1960). Amorphous iron and manganese
oxlde coatings on soil particles and weathered bedrock also have an extremely
high sorption capacity for many of the waste radionuclides (Tamura 1965;
Means et al. 1978b; Cerling and Turmer 1982). The sorption capacity of
Conasauga bedrock and soils has been studied extensively for a wide variety
of radionuclides (Struxness et al. 1956; Cowser and Parker 1958; Tamura
1972; Duguid 1976; Means et al. 1976; Spalding 1980; Bondietti 1982). The
pits and trenches drain into White Oak Creek, which is monitored continu-
ously before it enters the Clinch River (Pickering et al. 1966; Lomenick
et al. 1967).

History of Early Seepage Operations

The first experimental pit (Pit 1) was opened in 1951, and wastes were

transferred to the pit by truck (Struxness et al. 1956). Pits 2, 3, and 4



(Fig. 1) became operational in 1952, 1955, and 1956 respectively, and
wastes were pumped to these disposal sites through a welded steel pipeline.
During operation of the pits, it was noted that most of the liquid wastes
percolated in a direction parallel to the bedding and that very little of
the liquid was observed to move across the bedding (de Laguna et al, 1961).
Consequently, long narrow trenches were excavated at right angles to the
beds to provide more effective drainage. Trench 5 began operation in 1960
and received more than 30 x 10% L of ILW and 0.3 x 10% Ci (~107 GBq) of
activity before being covered with a mound of Conasauga shale and capped
with an asphaltic~cencrete surface in 1966 (Duguid et al, 1977). Although
Trench 5 operated satisfactorily, it could handle only about one-=half of
the ORNL-generated ILW. Trench 6 (Fig. 1) was brought into operation in
1961 but received wastes for only a short period because of radionuclide
breakthrough. The breakthrough was thought to have occurred because the
water table rose above the bottom of the trench and the resultant shallow-
depth groundwater flow was channeled (perhaps through fractures) into a
topographic draw just south of the trench (de Laguna et al. 1961). The
water table under Trench 5 alsc rose 3 to 5 m during its operation but
still remained well below the level of the tremch bottom. Because of

the failure of Trench 6, ILW Trench 7 was excavated in 1962,

Design Criteria for ILW Trench 7

A test hole was drilled im the fall of 1961 sc that the groundwater
level at the proposed site for ILW Trench 7 could be measured. The hole
was located near what is now the northern end of Trench 78 (Fig. 2). The
water level in this hole was at an elevation of 236.2 m (~10 m below the
surface) on December 4, 1961, On February 26, 1962, the water level in
this well rose about 4.5 m to an elevation of 240.7 m, which was near
the proposed level for the trench bottom.

Initially, ILW Trench 7 was designed to be a composite of three
sections, each 30.5 m (100 ft) long, 4.6 m {15 ft) deep, 1.2 m (4 ft)
wide at the bottom, and 4.6 m (15 f£t) wide at the top. The third section
(Trench 7C) was omitted because a second test well, drilled in May 1962

about 30.5 m north of the first w=11l, had a water level elevation of
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242.6 m, which was a few weters above the proposed bottom for Trench 7C.
By eliminating segment C, the disposal capacity was expected to be nearly
halved, but this reduction was considered necessary because of the general
rise in the groundwater table to the north and its large seasonal
fluctuations.

The design criteria for ILW Trench 7 are illustrated in Fig. 2,
which shows the approximate location of the water table inm August 1981.
Note the sharp rise in the groundwater table to the north of ILW Trench 7
and the table's nearly horizontal position below the trench bottom. The
inflection point in the groundwater level (given as the suspected zone.
of migration in Fig. 2) appears to be related to a large limestone fold
in the bedrock, and its significance for radionuclide migration will be
discussed later. The trench was backfilled with 3 m of crushed limestomne
(CaC03); waste liquids were added to one segment and then added to the
other segment, which provided time for waste seepage from the first,

The chemical composition of the ILW discharged to the pits and
trenches is presented in Table 1. The liquid wastes as generated were
acidic, containing high concentrations of HNO3, HySO,, and HC1l, but were
chemically treated and adjusted to a pH of about 12 with NaOH prior to
disposal. Pretreatment of the wastes comsisted of precipitating calcium
as CaC0j3, adding about 5,000 kg of CuSO4+5H;0 and Nay;S<9H,0 to about
150,000 L of waste liquid, and adding Na3iPO, to the ILW to attain a
phosphate concentration of about 150 ppm (de Laguna et al. 1961). The
trench itself was pretreated by filling it with 50,000 gal (1.9 x 10% L)
of a 4% NaOH solution and allowing it to seep out. It was noted by Lasher
(Sept. 1962) that the seepage rate of the pretreatment sclution from ILW
Trench 7 was about four times faster than the pretreatment seepage rate
from Trench 5. The chemical treatments and pH adjustment were designed
to enhance strontium precipitation and removal from the waste solution
and its sorption with calcium carbonates and phosphates in the trench.
ILW Trench 7 received wastes from October 1962 until April 1966, after

which time deep~well hydrofracture methods were used for ILW disposal.



Table 1. Composition of ORNL
intermediate-level waste discharged
to the seepage pits and trenches

Concentration
Constituent

(mg/L) )
OH™ 3,600 0.21
NO3~ 4,760 0.744
BCO3~ <1 <0.000016
CO3 2,600 . 0.043
S0, 1,280 0.013
PO, 150 0.0016
N, T 700 0.04
Na© 4,350 0.19
K 45 0.0012
catt 12 0.0003
HsH' <10 <0,0004
Al 165 0.006
Fe <0.5 <0.000009
Cu <3 <0.00005

Total solids 50,000




Radionuclide Inventorv for ILW Trench 7

Table 2 lists the monthly quantities of liquid waste and activities
of 137¢s, 6°Co, total Sr, and 106gy disposed in Trench 7A and Trench 7B.
These data have been summarized from monthly reports on radioactive waste
disposal at ORNL (Lasher October 1962 to April 1966). Table 3 is a sum—
mary inventory of radionuclides (including transuranics) disposed in ILW
Trench 7. Data on the amounts and forms of transuranics disposed in ILW
Trench 7 were difficult to obtain. Records indicate that about 150 g of
Pu (Duguid et al. 1977) and about 334 g of 233U may have been disposed
in ILW Trench 7 (C. Helton, personal commmication), The disposal of
62 curies (v2300 GBq) of 2“2Cm was also indicated in the monthly waste
disposal report for May 1965:

Curium-242 was detected this month in the east seep stream
from Trench 7 and in the Whire Oak Dam discharge to Clinch
River. Although the amount released was not significant
and will not become serious because of the small amount (62
curies) put into that trench, it has become apparent that
the trench cannot be used for disposal of large quantities
of curium. Arrangements have been made to hold curium-
bearing wastes in storage tanks until the waste evaporator
is put into operation and trench disposal of waste is
discontinued.

Disposal records do not exist for many of the nuclides listed in
Table 3. Estimates of their input have been calculated from radiochemical
analyses of ILW Trench 7 sludge (Table 4), using the ratio of the activity
of the unrecorded nuclide to that of 20Sr or !37Cs and thus normalizing
their input, assuming total retention of 903y or 137Ccs, This assumption
is supported by the earlier work of Lomenick et al. (1967). Based on
several cores collected in ILW Pits 2 and 3, Lomenick et al. showed that
most of the 99Sr and !27Cs was associated with the sludges and first few
centimeters of weathered shale and that nearly all of the %05y and about
85% of the 137Cs discharged to these pits were retained. The almost
total retention of 29Sr and !37Cs is also supported by the lack of these

nuclides in the groundwaters near ILW Trench 7 (see Results sectiom).



Table 2,

ILW Trench 7 disposal records

Section A Section B

Month Tear Volume 1374 60co Total Sr 106, Volume 1370, 60¢o Total Sy 106py

(¥ (6Bq) (GBq) (GBq) (6Bq) (=) {CBq) (GBq) (6Bq) (CBq)
ocT 1962 245 31,265 74 740 1,591 245 32,338 74 703 1,554
NOv 1962 191 5,180 37 111 2,701 195 14,837 37 111 2,775
DEC 1962 n 22,311 333 555 8,954 242 14,541 222 370 5,846
JaN 1963 329 57,498 1,591 1,221 1,221 k¥31 56,351 1,554 1,184 1,184
FEB 1963 204 74,407 3,367 259 1,147} 179 86,802 3,922 133 1,332
MAR 1963 204 58,608 851 481 3,922 179 52,096 740 407 3,478
AFR 1963 148 16,909 481 962 740 368 41,292 1,184 2,294 1,776
MAY 1963 382 . 108,817 555 8,806 399 413 121,619 629 9,842 1,110
JUR 1963 413 62,567 1,369 14,689 629 458 65,860 1,443 15,466 €66
JUL 1963 872 284,160 2,886 6,734 20,128 475 142,080 1,443 15,466 656
AUG 1963 294 46,768 555 98,124 6,438 162 57,535 666 120,768 7,918
SEP 1963 241 102,490 1,369 54,390 4,662 342 153,735 2,035 81,585 6,993
ocT 1963 117 42,920 148 2,294 259 329 80,475 296 4,292 hay
Nov 1963 360 33,263 14 888 925 250 22,866 74 . 629 629
DEC 1963 377 84,545 259 5,402 740 354 79,328 259 5,069 703
JAN 1964 559 138,750 259 5,513 2,701 409 82,500 148 3,663 1,813
FEB 1964 696 155,400 296 888 962 334 103,600 222 592 666
MAR 1964 617 27,750 185 3,441 333 425 18,500 148 2,294 222
ABR 1964 632 14,430 370 144,300 74 323 9,620 259 96,200 37
MAY 1964 668 104,451 1,665 77,589 1,184 369 69,634 1,110 51,726 777
JuN 1964 519 46,102 148 18,648 296 266 23,051 1 9,324 148
JUL 1964 519 162,800 185 17,020 148 312 81,400 113 8,510 74
AUG 1964 642 224,257 629 30,784 481 460 162,393 444 22,311 j7o
SEP 1964 555 198,172 814 64,269 481 352 114,330 481 37,074 259
oct 1964 548 861,360 222 23,014 481 387 610,130 185 16,280 74
nov 1964 310 42,254 74 6,105 222 308 42,254 74 6,105 222
DEC 1964 240 113,590 74 3,256 74 264 136,308 111 3,885 74
JAN 1965 566 36,926 481 29,341 111 399 27,010 333 21,756 74
FEB 1965 531 2,923 333 8,510 111 334 1,813 222 5,328 74
MAR 1965 698 145,669 1,110 24,087 74 321 65,786 518 10,878 37
APR 1965 801 251,748 37 33,300 333 308 97,902 37 12,950 148
MAY 1965 418 83,176 11 3,0n 592 338 65,490 111 2,442 481
JuN 1965 329 26,196 185 4,440 74 425 33,189 222 5,587 111
JUL 1965 338 42,069 444 20,202 222 347 42,069 444 20,202 222
AUG 1965 201 106,227 703 49,617 111 477 259,666 1,739 121,286 222
SEP 1965 187 141,525 481 3,848 7% 381 267,325 888 7,289 111
ocT 1965 229 139,120 629 6,845 185 415 236,504 1,036 11,655 296
HOV 1965 170 56,462 111 3,367 37 294 112,924 222 - 6,734 111
DEC 1965 148 20,646 37 18,130 kY] 363 51,578 111 45,288 111
JAN 1966 133 18,019 370 9,620 kY 303 18,019 370 9,620 37
FEB 1966 545 63,492 4,329 76,997 296 420 50,283 3,441 60,939 148
MAR 1966 462 66,341 222 19,129 185 420 40,051 185 17,279 148
APR 1966 53 21,460 111 5,624 37 53 32,190 148 8,436 37

Source: Summarized from monthly veporta for radiocactive waste diamposal at ORRL (Lasher, October 1962 to April 1966).
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Table 3. Radionuclide inventory in ILW Trench 7
(Total liquid waste imput = 3,2 x 107 1)

N Tine of Decey

Huclide H?;f‘iif‘ :igg:§sr coié;:§§d M%z§:§g M?:é::ﬁ
80¢co 5.3 5.7 x 10% 1.5 x 10° 3.1 = 103 9.5 = 105
90gy 2.2 x 10! 1.8 x 106 1.1 x 106 1.1 x 106 3.4 x 108
99t 2.1 x 108 ] ? 4,6 1.4 = 103
106gy, © 1.0 1.2 = 105 0.0 0.0 0.0

12550 2.8 ? ? <2.3 x 102 <7.3 = 104
137cy 3.0 x 10! 8.2 x 108 5.1 = 106 1.7 x 10% 5,1 x 106
13kgy 8.8 ? 7 <3.8 x 102 <1.1 % 105
135y 5.0 ? ? <2.0 x 102 <6.2 x 10%
232y 7.2 x 100 7 ? 1.2 3.6 = 10!
233y 1.6 x 108 1.2 x 102 1.2 x 102 2.2 x 103 6.9 x 103
235y 7.0 x 105 ? ? 1.0 = 1072 W

238y 4.5 x 109 ? ? 2.7 x 1072 1.2 x 102
238py 8.8 x 10! s.3 x 102® 3.6 x 102® 1.4 x 102 4,4 x 10°
239y 2.6 x 10% 2.9 x 102% 2.9 x 102° 7.3 x 102 2.3 x 10%
240y, 6.6 x 10° 1.8 x 10%* 1.8 x 102° 46 %100 1.4 x 10%
24lpy 1.4 = 108 1 ? 7.3 x 105 2.3 x 208
2hlpy 4.3 x 102 ? ? 1.6 x 1o® 5.1 = 108
R 2py 3.8 x 10% 4.3 x 1071€ 6.3 % 1071¢ 1.1 x 1072 3.3 x 10d
242¢n 0.5 2.3 x 102 0.0 " 0.0 0.0

2hboy 1.8 x 10! 2 5.9 x 10? 1.8 x 103

&Acsivity {1 GBq = 0.027 Ci) sumsarized from mouthly reports for radiomctive waste
disposal at OBNL (Lagher, October 1962 to April 1966).

bAc:ivicy correczed for the amount of radiosetive decay between disposal and
November 9, 1982.

“Calculated from radiochemical snalysee of trench sludge (Table 4) aed normalized
amsuning total retention of 20Sr.

dCalculated and normalized asguming total retention of 137¢cq,

®talculatad assuming that che reported 150.8 §rams of pluconium disposed of in
ILW Trench 7 was composed of 83.4% (23%Pu) 14.1% (440Pu) 2.0 (2“2Pu) and 0.5% (23%py)
and did not include the beta-emitting isotope (2“iPu).
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Table 4., Radionuclide concentrations

in ILW Treunch 7 sludge

Nuclide Measuremeng Trench 7A Trench 7B Average
technique (Bq/2) (Bq/g) (Bq/g)

60¢o Y 4.3 x 105 0.9 x 105 2.6 x 105
30g¢ g~ 13.5 x 107 4.9 x 107 9.2 x 107
997¢ n 5.9 x 102 1.9 x 102 3.9 x 102
1255y Y <3.3 x 10% <0.7 x 104 <2.0 x 10%
137¢s Y 2.8 x 108 8.8 x 10" 1.4 x 108
1Stgy ¥ 5.5 x 10% 7.5 x 103 3.1 x 104
155gy ¥ 2.6 x 10% 0.9 x 104 1.7 x 10"
232y a <1.0 x 102 <1.0 x 102 <1.0 x 102
233y a 1.8 x 103 1.9 x 103 1.9 x 103
235y Mags 1.8 5.3 x 10 ! 1.2
238y Mass 4,8 x 101 1.5 x 10! 3.2 x 10!
238py a 1.6 x 104 0.7 x 10 1.2 x 10*
239y 6.5 x 103 6.0 x 103 6.3 x 103
240py 3, Mass 4.4 x 103 3.3 x 103 3.9 x 103
2u1py Mass 5.4 x 107 7.0 % 107 6.2 x 107
241am ¥ 0.7 x 108 2.1 x 108 1.4 x 108
242py Mass 1.2 x 10! 0.6 x 10! 0.9 x 10}
24kecn a 5.3 x 102 4.7 x 102 5.0 x 102

ay (gamma spectrometry), 8 (beta spectrometry), a (alpha spec-
trometry), 7 (neutron activation analysis), and mass (calculated from the
isotopic mass ratios, given in Table 5, and measured activities).
analyses were conducted by D. Costanzo and J. Cooper (Analytical

Chemistry Division).

The
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The ILW Trench 7 sludge samples were collected from monitoring wells
T7-18 (Trench 74, Fig. 2) and T7-17 (Trench 7B, Fig. 2) on November 9,
1982, The two sludge samples were acid digested, and aligquots were
analyzed for radionuclide activities (Table 4) and plutonium and uranium
isotopic mass ratios (Table 5). Although nuclide activities (particularly
137¢g) were consistently lower im the Trench 7B sample, nuclide activity
and mass ratios were similar in the two samples., The average 30gr to
137¢g activity ratio was more than two orders of magnitude greater than
the ratio expected from disposal records (Table 2 and Table 3). Ome
possible explamation is that the 803r was concentrated in the sludge and
the 137Cs was primarily sorbed by the weathered shale, which was not
representatively sampled. As a result, the calculated inventories nor-
malized to 2%Sr in Table 3 are probably more accurate but should be
considered minimum estimates, and the inventories normalized to 137¢g
should be considered maximum.

RESULTS FROM SAMPLING AND ANALYSIS

Groundwater, suspended matter, and soil samples have been collected
from several wells (shown in Fig. 3) in the vicinity of ILW Trench 7
during 1981 and 1982. After the pH was measured, the groundwater samples
were filtered through 0.45-ym millipore filters and the filtrate analyzed
for 3H, 9OSr, 60Co, 233U, 232U, and 137Cs., These data are listed in
Appendix A. Selected samples have alsc been amalyzed for other radio-
nuclides (including ?°Tc and transuranics), and water chemistry (includ-
ing IC0;, trace elements, and major catioms and anions). Data concerning
the chemical properties of the water are listed in Appendix B and have
been used to help identify the geochemical factors and complexes which
may influence nuclide solubility. 1In addition, some 80¢o and groundwater
quality data collected between 1973 and 1975, as part of an earlier study
by Means et al. (1976), have been included in Appendixes A and B respec-
tively. These earlier data have been used only to documenft temporal
changes in groundwater contamination during the past decade and have not
been incorporated into our data base. The suspended matter trapped on
the 0.45-um filters were analyzed for -37Cs and ®%Co and the resulting

data are listed in Appendix C.
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Table 5. Plutonium and uranium isotopic mass ratios
in ILW Trench 7 sludge

Nuclide? Trench 7A ) Trench 7B’ Average
(Atom %) (Atom %) (Atom %)
Zhzpy 0.53 0.22 0,37
241p,P 78.08 84,42 81.25
240py 3.25 2.02 2.63
23%y 17.70 13.28 15.49
238py 0.44 0.06 0.25
238y 99,29 99.02 99,13
236y 0.01 0.01 ‘ 0.01
2335y 0.56 0.53 0.55
234y 0.005 0.007 0.006
233y . 0.13 0.43 0.28

Analyzed by R. L. Walker (Analytical Chemistry Division)
who noted that a large amount of %32Th and a small amount of
Vp were also present in both samples.

bThe abundance values for 2“!Pu are unexpectedly high.
No production method or decay scheme of reactor-produced
nuclides that would yield plutonium of this composition has
been identified. It is thought to be unlikely that a suffi-
cient quantity of 2“1Pu has been separated to cause such high
values for ILW Trench 7 waste. The similarity of results for
sections A and B preclude a sampling ancomaly. Isobaric inter-
ference from 2*1Am is not believed to be responsible for the
results (R. L. Walker, personal communication). Until more
sampling can be completed the results are reported as the best
determinations available.
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Fig. 3. Location map for the seep and wells near ILW Trench 7.
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The wells identified with closed circles in Fig. 3 wefe drilled and
cased prior to ocur investigation. Most of these old wells are 2 to 12 m
deep and were drilled to just below the groundwater level. Several of
these wells (including T7-4, T7-5, T7-6, T7-7, T7-9, and T7-13) will
occasionally dry up during the summer, Wells T7-9 and T7-10 were located
parallel to the strike of the bedrock and along a fault which is visible
topographically as a result éf surface~drainage erosion. In April 1982,

a series of new wells (T7-21, T7-22, 17-23, T7-24, T7-25, and T7-26),

each 15 m deep, was drilled parallel to the trench and between the trench
and seep, to document migration pathways. Radionuclide and water chemical
data, obtained after the completion of these wells, are also presented

in Appendixes A and B, and will be discussed later.

An older well (T7-2), approximately 45 m to the north of ILW Trench 7
(Fig. 3), was located in an area contaminated by a leak in the ILW trans-
fer line during trench operations (Duguid and Sealand 1975). Groundwater
samples collected from this well and from a new 15-m well (T7-26), drilled
near the same area in April 1982, showed high levels of 9%Sr and !37¢Cs
relative to other wells in the vicinity of ILW Trench 7 but did not con-
tain high concentrations of 50Co, 233y, 997¢, Na™, NO3~, and SO, , which
are typical of groundwaters contaminated by trench seepage (see next .
section). After the leak, which flowed in a southwesterly direction
between wells T7-2 and WI7-5 (Fig. 3), the !37Cs- and ?%Sr-contaminated
surface soils were covered with uncontaminated £ill. Recently, several
other wells and soil borings (SB~1l, SB-2, SB-4, SB~6, T7-27, and T7-29)
have been drilled at the north end of the trench (Fig. 3) to obtain
engineering information for evaluating the cost and effectiveness of a
French-drain groundwater interceptor. These wells and soil borings were
completed in November 1982, and only one set of groundwater samples has

been collected and analyzed and is reported in appendixes A and B.

Groundwater Chemistry

Average radionuclide and chemical characteristics of the groundwater
in the vicinity of ILW Trench 7 are presented in Table 6 for wells shown

in Fig. 3. The data indicate that the groundwater characteristics are



Table 6. Average groundwater composition for wells near ILW Treach 7
(Averaged from dats given in Appendixes A and B, using only 1981 and 1982 data,
except for Well T7-9, which uses the average stable trace element data from Means et al., 1976}

Weli® Total Alk N0y S0, €1~ Nat x* et catt orgc Torar P M 90gy 60¢, 233y
number PH (ug/mL}  (ug/mLl) (pg/mL) (ug/mL) (ug/ui) (ug/mL) (ug/ml) (ug/ml) (ug/mL) (ug/mL) (Bq/L) (Bq/L) (Bq/L) (Bq/L)
17-2 6.9 38 0.1 16 b 4 1.6 5.7 85  19.0  0.01 170 2,350 No® <0.01
17-3 7.0 263 31 152 6.3 198 2.4 4.0 35 2.0 0.20 7,640 0.6 1,075 5.6
T7-9 6.6 38 21 400 3 215 3.2 4.1 3 2.2 0.03 - - 90  <0.01
T7-10 6.6 177 4 23 4.3 18 2.9 71 108 10,2 0.02 3,170 2.6 275 0.13
T7-13 7.8 358 79 98 6.0 302 3.6 1.0 5 5.8 0.65 6,810 0.3 1,080 9.4
17-15 7.0 37 2 42 2.5 20 0.7 1.7 14 1.3 0.01 - - 20 <0.01
17-20 8.0 292 19 139 5.0 183 4.9 4.8 28 6.6  2.70 5,100 1.0 79 12.9
17-21 7.0 251 135 578 22,0 271 5.2 320 207 4.1 ©0.06 27,300 0.7 2,040 0.6
17-22 7.7 289 67 218 15.3 241 5.2 9.2 57 5.9 0.28 14,000 0.3 1,040 2.7
17-23 7.3 13 0.5 82 37 14 5.8 11.6 72 8.6  0.02 10,700 0.8 ND <0.1
17-24 8.1 288 63 170 10.9 213 3.7 6.7 2 7.5  0.48 8,490 0.4 1,315 9.4
17-25 8.2 284 58 129 9.1 188 3.7 3.9 26 5.5 0.3 5,960 2.4 1,030  12.3
17-26 7.1 200 - 13 . 2.6 6 2.6 6.6 50 4.5 0.1 85 67.6 1 <0.1
sB-1 6.8 - - <25 <5.0 6 1.9 1.3 99 - <0.3 210 3.9 ND <0.04
Seep 7.6 135 78 2779 5.5 111 2.6 46.2 87 19.0 . 0.04 - - 880 1.8

strean

9T

8ell locations are shown im Fig. 3.
bDash {—) indicates not analyzed; ND indicates not detected.
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still greatly influenced by the constituents of the waste liquids (Table 1)
disposed over two decades ago. Monitoring during seepage operations indi-
cated that short-lived 1°%Ru and stable NO3;~ passed through the Conasauga
formation without being strongly sorbed and that the ingestion of high
concentrations of nitrates was one of the major health risks to the native
fauna (Struxness et al. 1957; Cowser 1962). Currently, nitrate concen-
trations in the groundwaters range from 0.1 to 150 ug/mL, with the highest
concentrations occurring in wells which also contain the highest radio-
nuclide activities (Appendix B). In additionm, concentrations(of several
other constituents of the waste liquids, including Na+, Ca++, €1, and
sou', correlate well with nuclide activities in the groundwaters (see

Fig. 4 and Table 6). Although concentrations of OH and carbonate alka-~
linity were high in the waste liquids (Table 1), their concentrations in
groundwater are primarily controlled by the pH buffering capacity of the
Conagauga formation.

Typically uncontaminated groundwaters in the Conasauga shales and:
limestones have pH values of about 7. Rainfall in eastern Tennessee
averages about 120 cm/year and is somewhat acidic, having typical pH
values between 4 and 5. Groundwater pH in the vicinity of ILW Trench 7
may measure as high as 9.1 (Appendix A)., The high pH and alkalinity in
these waters probably reflect present-day leaching of the alkaline fill
in the trench or the highly contaminated soils near the trench by inter-
actions with rainfall or groundwater,

Dissolved oxygen was measured in the groundwaters of a 13-m well
(T7-3) and a 2.5-m well (T7-13) by an iodometric titration method
(N328205j. The samples were collected by sinking a nitrogen-purged,
sealed bottle into the well water and releasing its cap. The samples
collected on May 7, 1981, were analyzed within 2 h after collection.

The results are listed in Table 7. Subsequent dissolved oxygen measure-
ments in these wells were taken using an oxygen probe. As Table 7 shows,
dissolved oxygen levels measured less than 1 ppm in the deeper well but
ranged between 1 and 5 ppm in the shallower well, with the highest con-

centrations occurring immediately after a major rain storm.
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Table 7. Dissolved oxygen in groundwaters from
wells T7-3 and T7-13

b

Sample Well T7-32 Well T7-13
date {ppm) (ppm) Method
7 May 81 . 0963 l. 71 NazSzOS
15 May 81 0.2 2.4 Probe
29 May 81 0.3 1.3 Probe
9 Jun 81 0.2% 5.0% Probe

fell T7-3 is a 13-meter well.
bWel.'!. T7-13 is a 2,5-meter well.
cSampled after a rain event..
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Table 8 presents a comparison of the elemental chemistry in two
groundwater samples collected from Well T7-3 on September 30, 1981.
Precautions were taken not to expose one of the samples to the atmosphere
during collection, filtration, and acidification with HNO3, but no pre-
cautions were taken with the second sample. This experiment was conducted
to determine whether exposure to oxygen during our sampling procedures
was significantly changing the chemical characteristics of the groundwater.
It is apparent from the data in Table 8 that the elemental chemistry of
both samples is almost identical. Radionuclide analyses for these samples
and for two other samples, collected from Well T7-13 and treated similarly,
are listed in Table 9. There are no differences in 6°Co, 233U, and 238py
activities attributable to filtration in nitrogen versus matural atmospheres.
In addition, the distribution of plutonium between its oxidized and reduced
states appears to be unaffected by exposure to the atmosphere. Approxi-
mately 70Z of the "dissolved" plutonium in the T7-3 groundwater was in
oxidized Pu(V), Pu(V1) rather than reduced Pu(III), Pu(IV) oxidation
states. The large difference in the total 238py activity in the T7-3 Np
sample (2 mBq/L) relative to that in the T7-3 0, sample (6 mBq/L) may
represent solubllization of particulate 238py by oxidation prior to
filtration or an error associated with the yield determination for (V,

VI) 238py in the T7-3 N, sample. The latter explanation is supported by
the anomalously low 238pyy /239,24 0py, activity ratio in the T7-3 Ny sample
relative to measvured ratios in all other samples.

Concentrations of 3H, 9°Sr, 13763, 60co, 233y, and 2327 in filrered
groundvater samples collected in the vicilnity of ILW Trench 7 are listed
in Appendix A. In addition, selected samples have been analyzed for
transuranics and ?°Tc. These data are listed in Tables 10 and 11 re-
spectively. The most abundant transuranic radionuclide in the ground-
waters is 233U, and its concentration ranges from 1,000 to 18,000 mBq/L.
"Dissolved" <38py activities range from 5 to 60 mBq/L, with the highest
measured activities occurring in Well T7-13 near the seep area. The
concentrations of "dissolved" ?“lAm and ?““Cm are respectively about 80
and 170 mBq/L (Table 10). Concentrations of long-lived 99Tc range from
about 100 to 3,700 Bq/L and are strongly correlated with the activities
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Table 8. Groundwater chemistry of Well T7-3
(Samples taken on September 30, 1981)

Chemical concentrations (ug/mL)

Element

Nitrogen atmosphere Natural atmosphere
Na 200. 200,
Ca 44, 43,
cl 7. 12.
Si 6.6 6.4
K 4.4 4.5
Mg ' 3.8 3.8
Total P 0.41 0.40
Pb 0,48 0.49
Zn 0.36 0.41
1] 0.39 0.40
Fe 0.050 : 0.042
Mn 0.028 0.029
Sr 0.053 0.052

Co <0,013 <(.013




Table 9. Radionuclide activities in groundwaters:

nitrogen ve natural atmospheric treatment

Activiries 1n Well T7-3

Activities in Well T7-13

C"l;‘:i:“’“ Nuclide Units
Nitrogen Natural Nitrogen Natural
17 Jul 81 60cq (Bg/mL) 1.36 ¢ 0.13 1.37 £ 0.05 1.24 £ 0.07 1.20 % 0,03
233y (Bq/mL) 4,20 & 0.24 4,77 £ 0,30 6.57 ¢ 0.22 6,55 ¢ 0,23
30 Sep 81 68co {Bq/mL) 1.36 + 0.01 1.37 £ 0.02 - -
238py(111,1V) {mBq/L} 1.1 t 0.2 1.6 0,2 - -
238py (v, V1) {mBq/L) 0.8 % 0.3 4.6 % 0.5 - -
239,240py(17%,1IV) (mBg /L) 0.33 £ 0.16 0,32 & 0,10 - -
233,240py(y,v1) {mBq /L) 0.80 t 0.16 0.90 ¢ 0.22 - -

®pashes (—) indicate not analyzed,

(A



Table 10, Transuranics in ILW Trench 7 groundwater
Well Sample 238Pu 239.2‘90[)“ Z‘QHC‘R Zulm 233U
number date (mBg/L) (mBq/L) (nBq/L) (mBq /L) (Bq/L)
Seep 22 Peb 80 1.7 £ 0.1 .l - - 3.5 £ 0.2
09 Dec 80 5.0+ 1.7 2,2+0,8 100 £ 10 15+ 8 1.1 £ 0.1
T7-13 22 Feb 80 10.0 % 1.7 0.7 £ 0,7 — - 3,5 £ 0,2
02 Apr 81 53.3 ¢ 1.7 (IIL,1IV) 2.2 £ 0.3 ( - - 10.2 £ 0.3
4,3 £ 0.3 (v,vI) 0.3 +0,1¢( - - -
07 May 81 22,0 %+ 1.5 (I1I,IV) - 172 £ 7 BO £ 5 15.4 % 0.3
5.3 £ 0.5 (V,VI) - - — —
T7-3 03 Apr 81 4,7 £ 0.2 (I1II,1IV) 0.3 £ 0.1 ¢( - - 3.1 £ 0.1
6.2 £+ 0.7 (V,VI) 0.3 + 0.1 (V,VI) - - —
30 Sep 81 1.4 + 0,2 (I11,1IV) 0.3 +£0.,1 ( - - -
4,6 £ 0.5 (V,VI) 0.9 + 0.1 ( - - -

%pashes {(—) indicate

not analyzed.

1 %4



Table 11. 2%Tc, 6000 and 233U 4in ILW Trench 7 groundwater
Well Sample Hater 391c 60co 233y
pumber date pH (Bq/L) (Bq/L) (Bq/L)
SB-1 22 Nov 82 6.8 2+1 6+0 0.04 + 0,02
T7-3 19 Jul 82 6.9 1,000 + 100 1,140 + 26 18,0 + 2.0
22 Nov 82 7.2 910 + 30 800 + 11 5.4 + 6.3
T7-5 22 Nov 82 6.5 270 + 10 245 + 26 0.10 £ 0.02
T7-13 19 Jul 82 8.1 1,500 + 100 1,830 = 7 17.0 +1.C
22 Nov 82 8.1 660 + 30 1,330 + 59 15.0 * 1.0
T7-20 19 Jul 82 8.9 170 + 10 945 + 33 5.9 * 0.4
22 Nov 82 7.7 170 + 10 600 + 48 16,0 * 1.0
T7-21 19 Jul 82 7.1 3,200 + 100 2,340 = 7 0.7 * 0.1
22 Nov B2 6.9 3,700 + 100 1,860 £ 4 0.4 t 0.1
T7-22 22 Nov 82 7.8 500 + 10 830 + & 2.6 20,2
T7-23 22 Nov 82 7.3 1+1 gzxa0 0.2 1 0.1
T7-24 19 Jul 82 8.1 400 + 10 1,450 £ 19 11,0 * 1.0
22 Nov 82 8.5 500 + 10 1,100 + 7 10.4 + 0.5
T7-25 22 Nov 82 1.4 250 = 10 310 % 56 4,6 + 0,4
T7-26 22 Nov 82 7.1 2 +1 0+0 0.2 + 0,1
T7-27 22 Nov 82 6.6 41 + 1 0 0.5 * 0.1

k£
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of 3H and 50Co (Table 11 and Appendix A). 3H, 50Co, and 997 comprise
most of the radioactivity in the ILW Trench 7 groundwaters. Although
approximately 1016 Bq of 13765 and 29Sr were disposed in ILW Trench 7
(Table 3), the activities of 9°,Sr in the groundwaters were extremely low
(generally <1 Bq/L), and 137Cs could not be detected, which indicates
activities of more than two orders of magnitude lower than those of 5%Co
(Appendix A). Several other radionuclides have been measured in ground-
waters near the seep area, iancluding 1291 (50 mBq/L) and 125gp (n50 Bq/L).

Suspended Matter Chemistry

Groundwater samples, collected from the wells shown in Fig. 3, were
filtered through millipore (0.45-um pore size) filters, and the suspended
matter was analyzed for °%Co and 137¢g (Appendix C). Suspended matter
concentrations typically ranged from 10 to 50 mg/L. Approximately 1.5 g
of suspended material was filtered from a 40-L sample collected from
Well T7-13 on April 16, 1982. A portion of this particulate sample was
examined under a transmission electron microscope and analyzed mineralog-
ically by x-ray diffraction. The transmisgion electron micrograph (Fig. 3)
indicates that the suspended matter is primaxilykccmposed of small (<2-um
diam), irrégular, thinly-layered silicate minerals., The x-ray diffracto~
gram (Fig. 6) indicates that these layered silicates are illitic mica and
vermiculite, having 1.0 and 1.4 nm spacings respectively after magnesium
saturation and ethylene glycol solvation.

Another portion of this 1.5-g suspended particulate sample was treated
with a sodium citrate-bicarbonate~dithionite solution to determine what
fraction of the sorbed °%Co was associated with surface Fe-Mn oxide phases
(CBD extraction in Jackson 1969). Results from this treatment indicate
that approximately 50% of the sorbed $0Co 1s associated with Fe-Mn oxide
phases.

It is evident from the data in Appendix C that the distribution of
60co between suspended particulate and "dissolved” phases varies signifi-
cantly in the groundwaters near ILW Trench 7. Average 80co distribution
data for individual wells are listed and compared inm Table 12. The

average particle~to-water distribution of 80¢co ranges from about 5 x 102
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Table 12. Average 60co distritution data for
groundwaters near ILW Trench 7
(Data averaged from numbers given in Appendix C)

Location

60
Well ( Co Bq/g of particles)

numbexr 60co Bq/ml of water

Near trench

Half~way between
trench and seep

Near seep

T7-20 10,680
T7-3 2,740
T7-21 460
T7-22 5,930
T7-24 4,420
T7-25 2,990
T7-13 670




29

in wells T7-21 and T7-13 to about 1 x 10* in groundwaters éf_WEll T7-20
(near the trench). These data imply that either the chemical form and
reactivity of 60co differ in Well T7-20 relative to the other wells or
that additiomal 80%Co may be transported to Well T7-20 in association
with particles. This latter explanation is supported by the 137¢g dis~
tribution data in Table 13. Although "dissolved" 137Cs could be detected
only in groundwater samples collected from wells T7-2 and T7-26 in the
area contaminated by the pipeline break (Appendix C), particulate !37Cs
was frequently detected on suspended matter collected from wells located
within a few meters of the trench (see Fig. 3 and Table 13).

Radionﬁclides in Scils and Bedrock

The vertical distribution of gamma activity in the soils and weath-
ered bedrock have been measured by gamma-logging several of the wells
drilled in April 1982. The gamma log for Well T7-20 (drilled near the
trench) i{s illustrated in Fig. 7. Three large gamma peaks (primarily
80co and bremsstrahlung) occur in discrete layers above the groundwater
table (Fig. 7). The largest peak occurs at a depth of 5-m, which is
coincident with the depth of the trench bottom. These peaks probably
represent relict migration paths of the waste liquids during past seepage
operations. Currently, they may also serve as preferred flow pathways
for runoff and seepage during periods of heavy rainfall. This mechanism
may account for the measured increases in groundwater radiocactivity
observed in the spring and in other periods of prolonged rainfall (see
discussion on Transport Pathways and Processes). The large gamma peak
at 5 m (Fig. 7) also supports evidence for the particulate transport of
50co and 137Cs between the trench and Well T7-20 as indicated in the
previous section,

Similar gamma profiles (Fig. 8) have also been measured in the soils
and bedrock of the wells recently drilled along the road approximately
halfway between the trench and seep area (Fig. 3). The gamma profile
for Well T7-24 (Fig. 8) is almost identical to that for Well T7~20
(Fig. 7), except that, as Fig. 8 shows, the largest gamma peak in Well

T7-24 now occurs at a depth of 9 m, which is just below the groundwater
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Table 13. Distribution data for 137Cs in groundwatérs
near TLW Trench 7

Well Sample Water Suspended matter (137Cs Bq/g of particles
number date (Bq/mL) (Ba/g) 137¢g Bq/ml of water )
T7-20 29 Apr 82 ¥p? 96 -
T7=20 10 Jun 82 ND 23 -
T7-20 23 Jun 82 ND 256 -
T7-20 09 Jul 82 ND 145 -
T7-20 19 Jul 82 ° ND 97 -
T7~20 26 Jul 82 ND 56 . -
T7-20 02 Aug 82 ND 8sgP -
T7-20 11 Aug 82 ND 74 -
T7=20 25 Aug 82 ND 158 -
T7-20 10 Sep 82 ND 10 -
T7-20 06 Oct 82 ND 38 -
T7-20 20 Oct 82 ND 25 -
T7=20 22 Nov 82 ND 132 -—
T7-20 07 Jan 83 ND 265 -
T7-20 20 Jan 83 ND 714 -
T7-20 02 Feb 83 ND 659 -
T7-20 18 Feb 83 ND 899 -
T7-03 31 Aug 81 ND 54 -
T7-03 10 Jun 82 ND 289 -
T7-03 22 Nov 82 ND 94 —
T7-05 23 Jun 82 ND 559 -
T7-05 30 Sep 82 ND 270 -
T7-10 21 Sep 82 ND 23 -
T7-26 22 Nov 82 ND 63" -
T7-2 29 May 81 0.006 1617 2.7 x 105
T7-2 31 Aug 81 0.006 1602 2.7 x 105

2ND indicates not detected; dashes (—) indicate no calculation possible.

bSample collected after a major and prolonged rainfall event (see
Table 17).



DEPTH (m)

31

GAMMA LOG FOR WELL T7-20

ORNL-DWG 83-1556
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- RANGE FOR 1982

Fig. 7. The vertical distribution of gamma activity
in the weathered bedrock of Well T7-20.
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level at this location. It is significant to note that the wells which
~show the greatest amount of groundwater contamination (T7-21 and T7-24,
Table 6) are those in which the migration layers occur at or below the
groundwater table.

Table 14 reports radionuclide activities, measured in sediment
samples collected from the bottoms of wells T7-3, T7-9, and 77-13 and in
a surface soil sample collected in the seep area., Although groundwater
nuclide activities in wells T7«3 (near the trench) and T7-13 (near the
seep) are simi{lar (Table 6), sediment activities are about an order of
magnitude greater near the trench. The isotopic mass ratios of_238Pu,
239y, and 40Py have also been determined on the T7-3 sediment sample.
The 23%py to 23%y mass ratio is 0.3 % 0.03, and the 23%Pu to 2%0py ratio
is 0.4 * 0.004. These ratios are very different from the Pu isotopic
mass ratios measured in the trench sludge (Table 5) and indicate that
the weathered bedrock is highly enriched in 23%Py and 2%0pu relative to
23%py. These results strongly imply that the plutonium observed in the
soils and bedrock actually reflects the migration of 2%2C;m and 2““Cm and
their subsequent decay to 238Py and 2“0Pu respectively. A more detailed
discussion of the plutonium mass ratios and migration is presented in
the section on Chemical Forms of Migrating Nuclides. A

Lithologic and radionuclide (}37Cs and 59Co) profiles for a series
of wells and soil borings (SB-1, SB-2, SB~4, $B-6, T7-27, and T7-28)
recently drilled at the north end of ILW Trench 7 (Fig. 3) are illustra-
ted in Fig. 9. The soil 137cs and 59Co measurements were made for gamples
collected from the drill auger at identifiable lithologic boundaries.
These profiles are difficult to intrepret because the near-surface soils
in this area were contaminated with °°Sr and 137Cs by a leak in the ILW
transfer line which occurred near the location of Well T7-2 (Fig. 3).
Liquid waste from the leak flowed aleng the surface between Well T7-2
and Well WI7-5 (Fig. 3) and is respomsible for the 137Cs contamination
in the surface soils of Well T7-28 (Fig. 9). The surface~-contaminated
soils near the trench were covered with uncontaminated fill, as is re-
flected by the lack of 13705 contamination in the top 3 m of soil in
Well 1T7-27 (Fig. 9). Although the surface soils were contaminated with
137cs from the pipeline leak, note the lack cof significant trench



Table 14.

Radionuclides in soils and weathered bedrock near ILW Trench 7

Sampling location®

Nuclide

Well T7-3 Well T7-9 Well T7-13 Seep soil
60co (Bq/g) 4,700 = 37 180 £ 1 320 5 390 * 4
108m, . (Bq/g) 37 £ 1 ND ND ND
125gp, (Bq/g) ND° ND 121 421
137¢cs (Bq/g) ND ND 11 ND
1548y (Bq/g) ND ND + 1 ND
155gy (Bq/8) 37 ¢ 1 ND 6t1 ND
228y, (Bq/kg) - ‘ — 150 = 20 200 t 30
2307h (Bg/kg) - - 20 £ 5 10 £ 6
232y (Bq/kg) 110 + 30 200 + 50
233y (Bq/ke) 9,180 * 300 74 1 930 = 150 1,600 + 300
238y (Bq/kg) 48 + 14 58 + 20
238py (Bq/kg) 3,580 + 138 - 500 = 70 140 * 20
239,240py (Bq/kg) 147 2 6 - 14 = 7 61
241am (Bq/kg) - - 1,900 + 200 280 % 30
244 cm (Bq/kg) - - 3,100 % 300 230 + 20

aSamples were taken from the wells and the seep soil on the following dates:
T7-3, April 3, 1981; 17-9, February 20, 1981; T7-13, February 23, 1981; and Seep

soil, December 9,

b

1980.

ND indicates concentrations more than two orders of magnitude less than the

50¢cp activity and therefore not detectable. Dashes (-} indicate not analyzed.

ve
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contamination (80Co, 233y, Na+, NC3 , etc.) in the groundwaters (see

Appendix A and Table 6) and soils at the north end of the trench. This
implies that the trench contamination migrates east-west along bedding
planes, fold axes, and fault strikes but does not migrate to the north.

A soil and groundwater sample collected in June 1974 from Well T7-13
(near the seep) was found in storage during our investigation. This
sample was radiochemically analyzed, decay-corrected, and compared with
present (1981) activities measured in the sediment and water from the
same well. These data are presented im Table 15. Radionuclide activities
in the 1974 water and soil samples were similar to present day activities,
indicating no major increase in radionuclide migration and soill contamina-
tion in the vicinity of ILW Trench 7 during the past decade. Although
radionuclide migration from the trench may be occurring still, its
effects on the extent of groundwater and scill contaminatiom in the area
are minor relative to the legacy of contamination resulting from past
seepage operations. In fact, concentrations of the most mobile radio-
nuclides,; including 38, 6OCo, and 99Tc, may actually be decreasing in
the groundwaters around the trench-as a result of seepage out of the
system. Cobalt-60 activity in the 1981 groundwater samples (1700 Bq/L)
is significantly lower than the value expected by decay=-correcting the
1974 groundwater 50Co data (4300 Bq/L). Although the activity of 60¢co
in the groundwater fluctuates seasonally and with storm events, 1900 Bq/L
is the highest 60Co groundwater concentration measured in Well T7-13 dur~
ing 1981 and 1982 (see data for August 2, 1982, in Appendix A). 1In addi-
tion, 1974 decay-corrected 34 concentrations in Well T7-13 are significantly
higher than 3H concentrations measured in 1981 and 1982 (Appendix A).

Radionuclides in Vegetation

Samples of surface leaf litter collected in the vicinity of ILW
Trench 7 contained appreciable amounts of radionuclide contaminatiom,
even in areas where the near-surface soils were relatively uncontaminated.
One possible explanation is that roots of deciduous trees rtap contaminated
groundwater and transfer radiocactivity to the surface. On October 27, 1982,

green leaves were collected from deciduous trees grown near the ssepage area



Table 15. Historical radionuclide data for the soils and groundwater of Well T7-13

Water (Bq/L) Sediment (Bq/kg)a

Nuclide B

June 1974 (Decay-corrected) May 1981 June 1974 {Decay-corrected) February 1981
60cg 10,800 ¢ 259 (4,320) 1,700 £ 44 729,000 t 3,700 (292,000) 357,000 & 740
125gp wo© - S ND 132,000 ¢ 10,700 (23, 300) 13,700 t 1,000
137¢g ND - N ND - ND
154, D - ND 8,000 t 3,000 (4,600) 2,000 t 1,000
1558y ND » - ND 38,500 ¢ 4,400 (14,600) 7,070 & 1,000
228y, - - - 280 £ 20 (22) 150 t 19
2307y - - - 36 ¢ 4 (36) 19 & 4
232y 111 (0.9) 211 130 £ 20 {120) 110 £ 30
233y 131 {13) 15¢ 1 1,000 ¢ 100 (1,000) 930 ¢ 150
238y - - 0.05 £ 0,01 46 & 10 (48) 48 £ 15
238p, 0.045 ¢ 0.002 {6.033) 0.027 ¢ 6.002 920 ¢ 140 (870) 500 67
239,240py 0,001 1 0.004 - 0.003 £ 0.004 48 £ 15 (48) 15+ 7
hdpy - - 0.080 + 0,005 2,400 £ 400 {2,370) 1,900 £ 200
hipy - ‘ - ND 916 - 4123
2440y - - 0.172 t 0.004 4,000 & 800 (3,050) 3,100 = 300

BAlpha analyses by T. Scott (Analytical Chemistry bivisfon).
bThe June 1974 data corrected for the amount of decay after 7 yeara,

“up indicates not detectable; dashes (~) indicate not analyzed.

LE
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of ILW Trench 7 (Well T7-13) and other contaminated areas near the TLW
pits and trenches (wells WI5-7 and W-106) to evaluate the degree of radio-
nuclide redistribdbution through plant uptake. Measured radionuclide con-
centrations in green leaves and respective groundwater samples are presented
in Table 16.

The data in Table 16 make it apparent that radionuclide accumulation
in green leaves does not correspond to the radionuclide content in the
groundwater and that there is a preferential accumulation (uptake) of 30gy
and °%Tc relative to 5%Co and 233U, The data indicate further that tree
uptake may be a significant vector in t;ansferring groundwater contamina-

tion to the surface soil.
CHEMICAL FORMS OF MIGRATING RADIONUCLIDES

A number of chemical, geological, and hydrological factors influence
radionuclide mobility. 1In general, the chemical factors primarily affect
radionuclide sorption and solubility, whereas the geological and hydro-
logical factors primarily affect radiomuclide transport. Most of the
studies concerned with nuclide sorption and solubility have involved
laboratory experiments designed to determine nuclide distributions between
dissolved and sorbed phases under controlled conditions. Distribution
coefficients (Kd) have been experimentally determined for a wide variety
of radionuclides cover a wide variety of envircnmental conditions
(Sorathesn et al. 1960; Tamura 1965; Nishita and Essington 1967; Tamura
1972; Duursma 1973; Cleveland 1979; Bondietti and Francis 1980; Schell
et al. 1980; Czyscinski and Weiss 1981; Kirby 1981; Onishi et al. 1981;
Spalding and Hoffman 1982). The general findings of these studies are
that (1) sorption, for most radionuclides, is sensitive to groundwater
pH and soil organic and hydrous Fe-Mn oxide content; (2) scrption for
multivalent nuclides, such as technetium, uranium, and plutonium depends
on groundwater Eh and the oxidation state of the nuclide; (3) organic
complexation may promote the solubilization and migration of otherwise
immobile nuclides; (4) cesium and thorium should be relatively immobile

in groundwater, each having a particle~to-water Ky of more than >10%;
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Table 16. Radionuclide content in tree leaves and
groundwaters from contaminated areas

Radionuclide activitya

Well Sample

number 60co 905, LD 233y

T7-13 Water 1,332 0.33 1,500  17.00
Hickory 52 4,600 31,000 1.5

WIS5~5 Water 13 0.06 470 0.44
Maple 3 220 44,000 0.97

W-106 Water 4 0.19 250 3.10
Maple 18 160 11,000 0.75

aActivity units: Water measured in Bq/L; plants measured
in Bq/kg (dry weight at 70°C).
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(5) cobalt, europium, americium, curium, strontium, and antimony should

be somewhat mobile with K.s between 102 and 10“; and (6) ruthenium,

d
iodine, and tritium are highly mobile, with de <102.
Cesium-137

Cesium occurs as a monovalent cation that may be associated with OH
in groundwater (Baes and Mesmer 1976) but rarely forms solution complexes.
Dissolved 137Cs could be ﬁeasured only in groundwater samples collected,
near the north end of ILW Trench 7 in an area contaminated by a leak in
the ILW transfer pipeline (Fig. 3). The particle-to-water distribution
of 137Cs in these samples was 3 x 10° (Table 13), which is almost iden-
tical to the distribution coefficient for 137Cs (10,000 mL/g) derived by
laboratory experiments using Conasauga shale (Tamura 1972; Duguid 1977;
Cerling and Turner 1982). The absence of detectable 137¢s 1in the ILW
Trench 7 groundwaters and its high apparent distribution coefficient
arises from its strong affinity for being selectively and irreversibly
adsorbed by illite, the dominant clay mineral in Conasauga bedrock and
soils (Fig. 6). This irreversible sorptionm of 137¢cs results from its
accommodation in interlayer sites of 1.0-nm (11litic) micaecus minerals
(Tamura and Jacobs 1960). As a result, 37Cs sorptiom is not strongly
affected by the pH of the groundwater (Duguid 1977) but is affected by
the concentration of other cations in solution (Tamura and Jacobs 1960;
Olsen 1979). 1In addition, radiocesium sorption in freshwaters appears
to be relatively unaffected by organics (Schell et al. 1980) or Fe-Mn
hydroxides (Cerling and Turner 1982), and soluble organic complexes of
cesium have little effect on its migration (Nishita and Essington 1967).

From the above discussion, we would not expect 137¢cs to migrate any
appreciable distances from the disposal trench. This expectation is sup-
ported by the earlier work of Lomenick et al. (1967), which showed that
about 85% of the 137Cs discharged to ILW pits 2 and 3 was retained within
the first few centimeters of weathered Conasauga bedrock. Lomenick et
al. (1967) did point out, however, that narrow, irregular zones or
channels exist within the Conasauga formation, where groundwater veloci-

ties and radionuclide migration may be much greaster. The data presented
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for Well T7—20 (see Table 13 and Fig. 7) indicate that such zones do exist
near ILW Trench 7 and that !37Cs migration may be occurring along these
zones in association with particulate transport in the groundwatér.

Well T7-20 is located about 10 m ffom the trench (Fig. 3). The
gamma log for Well T7-20 (illustrated in Fig. 7) indicates three discrete
layers of radionuclide migration from the trench to the well. Although
these three contaminated layers probably represent relict migration path--
ways from past seepage operations, they may also serve as preferred flow
pathways for runcff and seepage during periods of heavy rainfall, Par-
ticulate transport of 137¢g along these pathways is indicated by the sus-
pended matter and rainfall data presented in Table 17. The large peaks
in suspended-matter-137Cs activity in Well T7~20 correlate with periods
of pronounced rainfall and imply that 137Cs, sorbed on suspended parti-
cles, has migrated over 10 m within 20 years. Particulate transport of
60co between the trench and Well T7-20 may also occur, as is evidenced
by the higher particle-to-water distribution coefficient for ©9Co in
Well T7-20 relative to other wells in the trench vicinity (Table 12).
Although particulate transport is not a major concern for short-lived
radionuclides such as 137Cs and 60Co, it may be a significant transport
mechanism for longer-lived nuclides, such as Th, Pu, and Am isotopes, which

have high distribution coefficients and are otherwise relatively immobile.

Strontium-90

Strontiunm-90 1is a divalent alkaline-earth cation. It is one of the
few radionuclides commonly transported in an uncomplexed ionic form and
exhibits sorption by ion exchange. Consequently, 205y sorption correlates
with the catiom—-exchange capacity of the soil and is highly dependent on
the concentration of competing cations in the groundwater and on pH. 1In
highly alkaline environments, 20gy coprecipitates with CaC0y, and this
solid phase controls its solubility. Laboratory-derived de, using
Conasauga bedrock, are on the order of 20 to 100 mL/g (Spalding and
Cerling 1979). The low Kd values are primarily a result of the rela-
tively high concentrations of calcium in the Conasauga bedrock and ground-

303

waters and its competition with r for exchange sites. Cerling and
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Table 17. Rainfall and suspended-particulate
137¢s activities for Well T7-20

Collection 137cs Activity Rainfall
date (Bq/g) (1)

29 Apr 82 96 702

10 Jun 82 23 552

23 Jun 82 256

09 Jul 82 145 1782

19 Jul 82 97 :

26 Jul 82 56 1

28 Jul 82 . 4

29 Jul 82 1

30 Jul 82 16

31 Jul 82 69

02 Aug 82 388> 1172

11 Aug 82 74

25 Aug 82 158

10 Sep 82 10 135°

06 Oct 82 38 502

20 Oct 82 25

22 Nov 82 132 1982

07 Jan 83 265 372

20 Jan 83 714

02 Feb 83 659 942

18 Feb 83 .- 899t

aMonthly total.

bThe large increase in 137¢s activity
followed soon after a major rainfall event on
July 31, 1982.

€90 mm of the monthly total (94 mm)
precipitated before February 18, 1983.
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Turner (1982) have indicated that about 20% of the sorbed 29Sr in stream
sediments is nonexchangeable and is associated with hydrous manganese-
oxide coatings.

Despite the low Kd of 208r in Conasauga bedrock and soils, its con-
centration in groundwaters near ILW Trench 7 is extremely low (Appendix
A). Apparently, chemical treatments aof the ILW (discussed earlier) and
the precautions taken to obtain and maintain an alkaline environment near
the trench have worked effectively to precipitate or sorb 305y in the
trench sludge (Table 4), or on the CaC04 £111, and thus limit its migra-
tion. Now that the trench is abandoned and is no longer being continually
fed with basic waste liquids, it will slowly begin to lose 1ts alkalinity
(and retaining capacity for 29Sr) through interactions with groundwater
and percolating "acidie" rain water. The high groundwater pH (as high
as 9) in wells T7-13, T7-24, and T7-25 (Appendix A) suggests that the
trench is indeed losing its alkalinity, but the rate of loss 1s uncertain.
Simple calculations, assuming no %0gr migratioﬁ until all the CaCOj3 in
the trench is dissolved, suggest that the trench will retain 305y from
103 to 10% years, depending on the volume and acidity of the interacting
groundwater. If 30gr migration is initiated when the alkaline residues
from the original ILW are dissolved, then calculations based on the
removal rate of sodium suggest a retaining time of only a few (10 to

100) years.

Cobalt~60

Cobalt~60 is a transition metal, geochemically similar to iron, and
can exist in two oxidation states, Co(II) and Co(III). The relative
stabilities-of Co(II) and Co(III) in solution are greatly affected by
complexes with common anions (Onishi et al. 1981). Cobaltous ion (Co+2)
is the most soluble and stable form up to a pH of about 9.5, but com-
plexing can stabilize trivalent cobalt in groundwater solutions. Labora-

tory-determined K, values for 50¢o in weathered Conasauga bedrock are

d
70,000 and 1,200 mL/g at pH 6.7 and 12.0 respectively (Means et al.
1978a). Cobalt-60 sorption is primarily controlled by the manganese-
oxide component of the soils and bedrock (Jenne and Wahlberg 1968; Means

et al. 1978b; Cerling and Turner 1982).
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Average 60¢o particle-to~water distribution data for field samples
collected in the vicinity of ILW Trench 7 are listed in Table 12. These
values ranged from 10,000 in Well T7-20 (near the trench) to 500 in wells
T7-21 and T7-13 (near the seep) and are approximately an order of magni-
tude higher than the 50co distribution data reported by Means et al.
(1978a) for field samples collected in the same area. This large increase
in the apparent Kd of 80co during the past 10 years probably results from
the escape of mobile ¢9Co from the system, as reflected by the much higher
dissolved ®0Co concentrations in the 1974 groundwater samples (see Table
15 and Appendix A).

The fact that the apparent Kd for ®0Co 1in the groundwaters near ILW
Trench 7 is much lower than expected from laboratory experiments has
elicited much interest and research. Means et al. (1976) noted that °%Co
in the ILW Trench 7 groundwater does not readily exchange on Na+~form
cation resins, suggesting that it is tightly bound in a solution complex.
Laboratory experiments passing 100 mlL of filtered seep water with adjusted
hydrogen ion concentrations through cation and anion exchange columms
indicate that the ®0Co solutiom complex is anionic and is stable (or

inert) at extremely low pH values (Table 18).

Table 18. Cation and anion exchange
characteristics of dissolved ®%co in
filtered seep water

Percentage of gercentage'of
ol Na cation exchange Cl anion exchange
Resin Effluent Resin Effluent
7.2 (natural) Np? 100 45 55
5.0 30 70
3.0 10 20
1.0 Trace 100 Trace 100

aNot: detectable.
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Cobalt-60 complexes having common inorganic anioms, such as PO@E,
sO, , CO3 , NO3~, €17, or HCO3 , would be expected to dissociate at pH 1,
allowing the 80co~cation to exchange for Na+ on the cation resin. How-
ever, it is evident from the data in Table 18 that dissociation of the
60Co complex does not occur at low pH, suggesting that the 80¢co complex
is organic. Dissolved and colloidal organics have a strong capacity for
binding radionuclides and thus exert considerable control over nuclide
mobilization, transport, and sorption (Cleveland and Rees 1981). Aabout
60 to 80% of these dissolved organics are generally composed of natural
humic substances. Several synthetic organic chemicals and chelating
agents used in laboratory experiments and cleanup or decontamination
operations may alsc be present in the waste liquids and groundwaters
near disposal areas (Means et al. 1978a; Czyscinski and Weiss 1981).
Bondietti (Auerbach et al. 1974) originally suggested that °%Co in the
groundwaters near ILW Trench 7 was mobilized as an ecthylenediaminetetra-
acetic acid (EDTA) complex, and the results described below are consist-
ent with that hypothesis.

Dissolved organic carbon in ILW Trench 7 groundwaters ranges from
2 to 22 mg/L, with the highest concentrations occurring in the seep
waters., Total phosphorous concentrations range from 0.1 to 3.1 mg/L,
with the highest concentrations occurring in Well T7-20 near the trench
(Appendix B). To help determine whether low molecular weight organics
or higher molecular weight humic substances were complexing and mobiliz-~
ing 50Co near ILW Trench 7, a groundwater sample from Well T7-13 was
ultra filtered, using pressure, through a 500-MW (AMICON) dialysis mem-
brane. Approximately 80Z of the 60¢co activity in the groundwater sample
passed through the membrane, indicating that most of the 60¢o was bound
to a low molecular weight complex. Means et al. (1978a), using Sephadex
chromatographic gels, gas chromatography, and mass spectrometry, estab-
lished that greater than 90% of the %0Co was associated with an organic
fraction smaller than 700 MW; identified the presence of 3.4 x 107/ M
EDTA in this fraction; and proposed that 60¢co is transported as an EDTA
complex in the groundwaters near ILW Trench 7. EDTA, a synthetic low
molecular weight organic chelating agent, has been used in cleanup and
decontamination operations at ORNL and was therefore expected to be
present in the waste liquids (Duquid 1977).
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In an attempt to document and verify 60co chelation by EDTA in the
ILW Trench 7 groundwaters, we collected a 40-L groundwater sample from
Well T7-13 on April 16, 1982. The sample was filtered through 0.45-um
pore size millipore filters. The retained suspended matter was chemi-
cally and mineralogically analyzed (see Fig. 6), and the filtered water
was evaporated by freeze drying to concentrate the dissolved radionu-
clides. The flaky white residues which remained in the freeze~drying pan
were redissolved with about 80 mlL of demineralized water, Carbonate and
sulfate salts precipitated during residue dissolution, producing a white
slurry. An aliquot of the slurry was placed in a tube and centrifuged to
separate the aqueous phase from the solid phase. After collection of the
aqueous phase; the precipitate was washed with a CaCOj-saturated water
and then redissolved with a dilute acid (0.1 N BC1l) solutiom. A small
amount of an insoluble fraction remained in the tube after the acid dis~
solution. The distribution of ®0cCo activity among the separated frac-
tions is presented in Table 19.

Table 19. Distribution of ®0co
activity among experimental fractions

Distribution of

Fraction 60¢o activity
(%)
Aqueous phasge 72.5
CaC03; — washing solution 15.6

Dilute acid treatment

Soluble so0lid phasea 5.
Insoluble solid phase 6

®ore than 90% of the dilute acid (0.1 N
HC1l) soluble fraction was water soluble.

bX—ray diffraction analysis of this
insoluble phase indicated that it was
amorphous organic matter.
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The major portion of the 80co 1in the slurry was associated with the
aqueous phase, which appeared to be saturated with highly'sdluble organic
and inorganic complexes. The aqueous phase was acidified to pH 3 to
decompose carbonate complexes and treated with a cation-exchange resin
(this acidified and treated solution is designated as Solution-i). It
was then injected into a strong anion-exchange column of a high-performance
liquid chromatograph (HPLC), using orthophosphate eluting solutiomns of
different pHs. The elution patterns were monitored by ultraviolet and
gamma-ray spectrometry and are illustrated in Fig. 10.

The elution profiles in Fig. 10 are not easily interpreted and may
indicate that Solution-A has more than one °0Co compléx. As the pH of
the eluting solution decreased, alution of a pH-dependent fraction of
60co was delayed; however, the position of the other fraction remained
unchanged. The position of the pH-~independent fraction was similar to
the peak position of acetome, which was used as a marker for nonabsorbing
species. The peak positions of synthetic Co(III)-EDTA having eluting
solutions at varying pHs matched with the positions of the pH-dependent
fraction of Solution-A. On the other hand, the peak positions of Co(II)-
EDTA and other divalent metal-EDTA compounds, which were more negatively
charged at a given pH, were displaced to the left of the Co(III)-EDTA
peak (i.e., greater transport time) at pHs below 7 (Fig. 10). As pH
decreased, the orthophosphate ions in the eluting solution were less dis-
sociated and less effective in replacing absorbed complex compounds hav-
ing varying degrees of dissociation at given pHs. Consequently, a complex
having fewer negative charges would be eluted first and would be less
tolerant of pH changes in the eluting solution. At present, it is not
possible to determine if the pH-independent fraction represents an un-
known °0Co complex or if it is ®0Co(III)-EDTA which has eluted improperly
because of the interference of other components with the column. Althéugh
characterization of the specific 60Co—organic complexes is not as yet
complete, our HPLC results indicate that at least a fraction of the mobile
60co in the groundwaters near ILW Trench 7 is complexed with EDTA, as
Bondietti suggests (Auerbach et al. 1974) and that the oxidation state of
the complexed 50co is trivalent rather than divalent.
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This conclusion is also supported by a coprecipitatioﬁ with iron
hydroxides experiment using 60Co. When an aliquot of T7-13 well water
was treated with ferrous and ferric iron, marked differences in the
removal rates of %0Co were observed between the two treatments (Table
20). The ferric hydroxide and other well-known coprecipitators, such as
aluminum hydroxide, were unable to remove significant amounts of com-
plexed 60co from the water. Therefore, the redox states of the solutions
imposed by the treatments were suspected to be a key controlling factor
for the removal rates observed. Tn general, thermodynamic stability
constants (K) of Co(III)-organo complexes are far greater than Co(II)-
organo complexes. TFor example the K value of Co(IIX)~EDTA is 10“°°5,
whereas the K value of Co(1I)-EDTA is only 1015‘3‘(Sillen and Martell
1964). The Co(I;)-EDTA is also known to be kinetically more labile than
the Co(III)-EDTA (Krishman and Jervis 1967). If the complexed ®%Co is
in a reduced state (II) in the groundwater, relatively high removal rates
would be expected because both ferrous and ferric treatments would remove
the labile %%9Co(IT) through coprecipitation after metal-exchange processes.
However, the higher removal rate after ferrous treatment and lower rate
after ferric treatment suggest that the complexed °0Co is in a trivalent
rather than divalent state, Only ferrous iron can chemically reduce the
60Co(III)-organo complex to a less stable 60Co(II)oorgano complex and

. thus allow the 9%Co(II) released from complexes to coprecipitate.

Technetium~99

Technetium may exist in aqueous solutions in valence states from.
(~I) to (VII), depending on the types of complexation. Tc{(VII) is the
most common and stable state under oxidizing conditions, forming a nega-
tively charged pertechnetate oxyanion (TcO, ). The pertechnetate anion
is highly soluble in water and is extremely mobile in soils having labora-
tory-derived de of genérally less than 1 mL/g (Wildung et al. 1979).
Recent studies by Bondietti and Francis (1980) indicate that the per-
technetate anion (Tch-) can be chemically reduced to Tc(IV), forming
rather insoluble TcO; in anoxic environments or in soils which contain

an appreciable amount of organic matter.
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Table 20. Percentage of 60Co removal from T7-13
groundwater by iron treatments?®

Concentration R b 60¢co percentage
Treatment (x 10°3 M) Initial pﬁ removed

Ferrous iron 1 7.2 19
(FeSOy - 7H,0) 2 6.8 38

6.5 73
Ferric iron 1 7.5 8.
(FeClq+6H,0) 2 6.7 8

3.2 21

21ron compounds were added to sclution in the form of a
powder and the solutions were equilibrated for 19 h.

bInicial pHs were measured after salt treatments and
adjusted to 8.1 after 6 h of equilibration.
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The lack of significant quantities of organic matter iﬁ_the Conasauga
weathered bedrock and the slightly oxidizing condition of the groundwaters
in the vicinity of ILW Trench 74(Table 7) allow 2%Tc to migrate from the
trench as pertechnetate anion (99Tc0u'). Concentrations of %9Tc are as
high as 3,700 Bq/L in the groundwaters near ILW Trench 7 (Table 11).
Pertechnetate is also readily taken up by vegetation (Wildung et al.
1979), which is consistent with the high 3%r¢ concentrations (~31,000
Bq/kg) measured in green leaves collected from deciducus trees in the ILW
Trench 7 area (Table 16). Since ?°TcO,” may be reduced and immobilized
in areas where the groundwater becomes anoxic or in soils with large
organic concentrations, it is possible that ?°Tc may be accumulating in
a concentration front or zone in soils some distagce from the trench.

This possibility should be investigated in the future.

Uranium Isotorpes

Uranium may exist in four oxidation states: Uu(Iii), vav), vw),
and U(VI). In oxidizing enviromments, uranium is present as U(V) or
U(VI), with U(VI) predominating when groundwater pH is greater than S
(Langmuir 1978). Uranium(VI) is quite mobile because uranyl cations
readily form soluble complexes with common groundwater anions such as
carbonates [ (U0,)3(C03)2% or (U02)3(C03)3%], phosphates [UO,(HPO,)52]
or sulfates [U0,50,]. Reduced U(III,IV), on the other hand, is very
insoluble, precipitating as UO; or sorbing rapidly to the geologic media,
Consequently, dissolved U(VI) can be removed from groundwaters by chemi-
cal reduction to U(IV). There is still uncertainty in the thermodynamic
stability constant for U(VI) reduction, but constants commonly found in
the literature predict that U(VI) would be reduced in the presence of
measurable Hs>S. Laboratory-derived Kd values range from 10° to 10* mL/g
for U(IV) and from 10 to 103 mL/g for U(VI) (Onishi et al, 1981). Uranium
de are also highly dependent on pH (and, by inference, carbonate complex-
ing). For example, using Conasauga shale, Bondietti (1982) showed that
the particle~to-water distribution of U(VI) decreases by a factor of three

as the groundwater pH increases from 5.8 to 7.9.
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The most abundant uranium isotope in the groundwaters near ILW

233y, Concentrations of 233y ranged as high as 18 Bq/L and

Trench 7 is
activities in groundwater samples collected, prepared, and analyzed in

an oxygen—free environment were identical to 233y activities measured in
duplicate samples exposed to oxygen (Table 9). Therefore, we conclude
that the migrating uranium species is either already oxidized or is inert
to oxidationm.

Laboratory experiments involving ultrafiltration through a 500-MW
dialysis membrane and passage through cation and anion exchange columns
indicate that 100% of the mobile 233U jis in the form of a low molecular
weight (<500 MW} anionic complex. To evaluate the nature of the aniounic
complex, exchange column experiments were conducted using filtered seep
water and carbonate-saturated distilled water, spiked with 237y(V1) and
pH adjusted with HNO3. The colum results are listed in Table 21 and
indicate that the uranium species maintains its anionic nature in seep
water acidified to a pH of 3, but at a pH of about 1, the apparent
anionic complex is dissociated and the uranium is retained by the cation
exchange resin. If carbonate were the only available anionic complexer
(as in the case for distilled water, in Table 21) the uranium complex
should have dissociated at a pH value between 5 and 3. Since the uranium
complex maintained its anionic nature at a pH of about 3 in the seep
water sample (Table 21), it appears that another anionic species (possibly
POZ3) may be an important complexing agent at low pH.

Total phosphorous concentrations in the groundwater near ILW Trench 7
are quite high (Table 6). Typically, uncontaminated groundwaters in the
Conasauga bedrock contain rotal phosphorous concentrations between 0.0l to
0.05 mg/L. Total phosphorous concentrations in groundwater samples col-
lected from wells which show the highest 233y contamination (T7-3, T7-13,
T7-20, T7-24, and T7-25) ranged from 0.2 to 2.7 mg/L (Table 6). Plots of
the average groundwater 233y activity in ILW Trench 7 wells, as a function
of the average groundwater pH and total phosphorous concentration (Fig.
11), show that the 233y concentration in the groundwaters is strongly
correlated with the log of total dissolved phosphorous and pH. The
dependence of the 233U concentration on pH and phesphorous content is

clearly evident in the groundwater data for Well T7-21 (see tables 6 and
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Table 21. Cation and anion exchange characteristics of

dissolved uranium

Percentage of Na+ Percentage of Cl~
Water pH cation exchange anion exchange
Resin Effluent Resin Effluent

7.2 (seep) np? 100 100 Np?
5.0 (seep) 90 10

5.0 (distilled) 100 Trace
3.0 (seep) 90 10
3.0 (distilled) 5 95
1.0 (seep) ' 100 Trace Trace 100

aNot detectable.
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11, and Appendix A). Although the groundwater activities of %0¢o, %9Tec,
and H in Well T7-21 are the highest of all wells in the vicinity of ILW
Trench 7, the activities of 233U are relatively low, probably reflecting
the relatively low pH or phosphorous content of the groundwater in this
location,

Multiple regression analytical techniques were applied to the 233y,
pH, and total phosphorous data in an attempt to identify specific inter-

actions. The regression model used was
Y = Bg + ByjX; + BpX; + B3X12 + Bquz + BsX1X; + E

where Y represents the 233U concentration, X; is the logarithm of the total
phosphorous concentration, X; is the logarithm of the hydrogen ion concen-
tration (pH), and the other terms represent the quadratic and cross pro-
duct contributions. The results of this multiple regression analysis are
given in Table 22, 1It is apparent from these data and from those illus-
trated in Fig. 11 that 233y i3 better correlated with the log of the

total phosphorous concentration (R® = 0.832) than with pH (R? = 0.687),
The linear combination of pH and the log of total phosphorous produced a
combined R? = 0,866 (Table 22), with the pH contribution being insignifi-
cant at the 5% confidence interval. The quadratic and cross product

terms also contributed only insignificantly to the total multiple regres-
sion coefficient of R? = 0.941 (Table 22).

Table 22. Contributions of linear, quadratic, and
cross product terms to the correlation of the full model

Degrees Type I

Regression of sum R~Square  F-Ratio  Probability
freedom squares
Linear 2 264.,6003 0.8663 51.13 0.0001
Quadratic 2 16.5761 0.0543 3.20 0.1029
Cross product 1 6.1417 0.0201 2.37 0.1673
Total regression 5 287.3181 0.9407 22.21 0.0004
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The results given in Tables 21 and 22 and shown in Fig. 11 imply
that the mobile 233U species is a low molecular welght anionic complex,
probably a phosphate complex, but the relative importance of carbonate
complexing in the pH-carbonate regimes, which actually occur along
transport pathways, is still being evaluated. The apparent de of 233y
range from 10° in the groundwaters near the trench to 10¢ in the ground-
waters near the seep. The 233y/232y activity ratio in the groundwaters
is relatively comstant, averaging about 10 near the trench and 9 near
the seep, but is about a factor of 2 lower than the 233y/232y activity
ratio (19) measured in the trench sludge (Table 4). At present, the
fractionation process that decreased the groundwater 233y/232y activity
ratio relative to that of the trench sludge is unknown, although one
possibility is that the decay of 238py to 23% in the trench biases the
trench samples, in that the alpha particles of 233y apnd 23%yY have
similar energies.

The migration of uranium from the disposal trench is complicated by
the fact that the Conasauga bedrock and soills are acidic from natural
weathering, but the trench is alkaline due to the waste liquids and
limestone £ill. This creates a potential for the sorption of uranium to
vary, depending on the degree of neutralization of the bedrock (Boundietti
1982). Uranium may be precipitated in acidic areas and redissolved as
the area becomes alkaline as a result of interactions with contaminated
groundwater. Consequently, the possibility of a uranium concentration

front moving away from the trench should be investigated.

Transuranic Nuclides

Small quantities of Am, Cm, and Pu have been measured in the ground-
waters (Table 10) and soils (Table 14) near ILW Trench 7. Although Am
and Cm are expected to exist only as trivalent species, Pu can exhibit
variable valencies, including Pu(III), Pu(IV), Pu(V), and Pu(VI)
(Bondietti 1982). As is true of uraniuvm, the higher valence states of
Pu(V,VI) are more soluble in groundwaters (Bondietti and Trabalka 1980)
and may be subject to carbonate complexing (Simpson et al. 1982).

Laboratory-derived de for plutonium in its oxidized (V,VI) states are
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about 102 mL/g (Duguid ;977). Oxidized Pu is, however, ea;ily reduced
to less mobile Pu(III,IV), which forms relatively insoluble oxides and
hydroxides having de of about 10° mL/g. The trivalent and tetravalent
states of Pu(III), Am(III), Cm(III), and Pu(IV) form stable organic com-
plexes which may enhance their migration in groundwaters (Cleveland and
Reese 1981). Carbonate interactions may also occur, especially in con-
centrated solutions in which hydrolysis is repressed (Bondietti 1982;
Simpson et al, 1982).

A groundwater sample collected from Well T7-13, located near the
seep about 50 m downslope of ILW Trench 7 (Fig. 3), was filtered under
pressure through a 500-MW membrane. The results from this experiment
are given in Table 23. As mentioned previously, most of the ®%Co and
all of the 2337 passed tﬁrough the membrane filter. In addition, 50 to
60% of the Am, Cm, and Pu passed through the membrane filter, implying
complexation with low molecular weight compounds, possibly carbonates,
phosphates, or synthetic organics. However, a significant proportion of
the dissolved 2“1Am, 24bem, and 238Pu, apparently is retained by the
filter and may be associated with larger molecular weight materials,
possibly natural organic substances (Bondietti 1982).

' Apparent de for 2L’IAm., 244em, and 238pPy between the soils and
groundwater in the vicinity of ILW Trench 7 are listed in Table 24 and
range from 10* to 105, Consequently, we would expect 2*lam, 2%%Cm, and
238py to be relatively immobile, which is consistent with our observa-
tions that the highest concentrations of these nuclides are in the soils
and weathered bedrock near the trench (Table 14). Nevertheless, the
occurrence of these nuclides in the groundwaters and soils near the seep,
approximately 50 m downslope of the trench, is still an enigma and must
reflect a preferred-flow pathway within the weathered bedrock (see the
following section). The migration of plutonium and its distribution
between soill and groundwater phases are particularly complicated, because
both oxidized Pu(V,VI) and reduced Pu(III,IV) species are present (Table
10) and plutonium can be generated from curium decay. Although the data
are limited, it appears that 70 to 80Z of the dissolved plutonium in the
groundwaters near the trench (Well T7-3) is in an oxidized (V,VI) state
(see Tzble 10), whereas only 10 to 20% of the dissolved plutonium near



Table 23. Ultrafiltration behavior of nuclides 1in T7-13 groundwater

Nuclide Total activitya >500 MW <S00 MW Percentage
(mBq/L) (mBq/L) (mBq/L) of passage
60¢co 1,690,000 + 60,000 360,000 ¢ 11,000 1,320,000 + 44,000 80
233,232y 17,200 + 1,000 ND 17,006 + 1,000 100
244Cm 172 = 7 73 £ 3 108 + 2 n60
241 Am 103 + 5 30 + 2 57 + 2 55
238py (IIT,VI) 22 + 1
WD) 511 10 ¢ 1 b5 + 1 }~55

8rhe sample, collected omn May 7, 1981, was yellow in color. Most of the yellowish
color was retained by the 500-MW membrane, The actinide analyses were made by J. N,
Brantley and E. A. Bondiettl,

8¢
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Table 24. Field-determined apparent distribution .

coefficients (Kd) for Am, Cm, and Pu

Nuclide Water activity Soil activity g

(Source) (Bq/L) (Bq/kg) d
238p,

(Well T7-3) 0.011 * 0.001 3,580 * 140 3.3 x 10°

(Well T7-13) 0.027 + 0.002 500 + 70 1.8 x 10
2414,

(Well T7-13) 0.080 + 0.005 1,900 + 200 2.4 x 10"
28l ey .

(Well T7-13) 0.172 + 0.007 3,100 + 300 1.8 x 10%
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the seep (Well T7-13) is oxidized (Table 10). The results in Table 23
indicate that oxidized plutonium accounts for only a third of the total
plutonium activity which passes through the 500-MW membrane, implying
that a significant portion of the reduced Pu(III,IV) must also be com-
plexed with low molecular weight materials.

Determining the chemical forms or complexes which promote plutonium
migration is also complicated by its generation from curium decay. In
May 1965, at which time the trench was actively being used for disposal
operations, it was noted that 242cm was migrating from the trench and
could be detected in the seep stream and White Oak Creek (Lasher 1965)..
Since 2%2Cm has a relatively short half-life (162 d), decaying to 238py,
it is suspected that the 238py contamination in the vicinity of ILW
Trench 7 may actually reflect the movement of precursor 2%2cm at the
original time of disposal rather than 238py migrationm.

A Cm source for the Pu contamination is supported by the Pu isotopic
ratio data presented in Table 25. Measured activities for 239,240py are
reported because the energy pulses from the alpha particles produced by
the decay of 239y cannot usually be resolved from those produced by the
decay of 2*0Pu. The large increase in the 238py /239,240py acrivity
ratio measured in the soils (v40) and groundwater (~20) relative to the
activity ratio in the trench sludge (v1) is consistent with 242¢0p decay
as the primary source for the 238py contamination. In addition, mass
spectrometer analyses (Table 25) indicate that 607 of the total 239,240py
activity in the soil near ILW Trench 7 results from %“9Pu decay rather
than 23%pu decay and that the 240py contribution is approximately twice
that expected from the sludge analysis. The source of the extra 28 0py
in the soils énd groundwater may also be a result of curium migration
and decay (2““Cm decaying to 2“%Pu) rather than preferential 2"“0OPu

migration.
TRANSPORT PATHWAYS OF MIGRATING RADIONUCLIDES
Although geochemical factors and complexes influence nuclide solu-

bility, nuclide migration from ILW Trench 7 is controlled primarily by

local hydrological flow patterns, which are govermed by local geological



Table 25. Plutonium isotopic activity and mass ratios in the
trench sludge and surrounding geologic media

Measured activity ratio® Measured mass ratiosb Calculated activity ratios®
Sample (238p,239,240p ) (238py/239p,) (240py/239py) (238py7239p,,) (240py/239py,)
Trench sludge 1 0.02 0.18 6 0.6
T7-13 water 20
T7-3 soil 40 0.30 0.39 85 1.4

#From Tables 4, 10, and 14.
bFrom Table 5.

Calculated assuming the specific activity of 238Pu to be approximately 6.44 x 1011 Bg/g;
23%py = 2,27 x 10° Bq/g, and 2%40pu = 8,40 x 10 Bq/g.

19
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features such as folds, faults, and zones of greater weathering. The
well gamma-log profiles, illustrated in figs. 7 and 8, indicate that
during past seepage operations the waste liquids migrated along discrete
layers. 8Soil and groundwater analyses indicate that the migration was
in an east-west direction, parallel to bedding planes, and along fold
and fault strikes between the trench and seep area. The lack of trench
contamination in the soils and groundwaters just north of the trench
(Fig. 9 and Appendix A) implies little or no nuclide migration across
bedding planes and against the groundwater gradient, which rises sharply
to the north (Fig. 2).

To identify the geological and hydrological factors which may affect
nuclide migration, a geologic cross section was exposed parallel to the
trench by widening the banks of an already existing access road, located
about halfway between the trench and seep area. A series of wells (T7-
21, T7-22, T7-23, T7-24, and T7-25) was drilled along this cross sectiomn
(Fig. 12). Average groundwatar analyses from these wells are given in
Table 26. Exposing this geologic cross section delineated a fault zone
at T7-21, a large anticlinal fold at T7-23, and another fault zone at
T7-25 (Fig. lé) all of which strike east-west, intersecting both the
trench and the seep area.

Groundwater analyses indicated little or no contamination in the
groundwaters of Well T7-23, which is capped by the limestone fold (see
Fig. 12 and Table 26) and that the greatest contamination occurred in
wells drilled through the fault zones (see tables 6 and 26). Well T7-21
is a 15-m well drilled adjacent to a 9-m well (T7-10) along a fault zome
which is visible topographically as a result of surface drainage erosion
(Fig. 12). 1In addition to Well T7-10, several other shallow 9-m wells
(including T7-~9 and T7-4) were drilled along or adjacent to this fault
zone over a decade ago (Fig. 3). Because of the relatively low activi-
ties in the groundwaters of Well T7-10, it was previously concluded that
the pathway delineated by these wells was not the major migration route
for trench contamination to the seep area and that migration from the
north end of the trench was more likely (Means et al. 1976). The soil
gamma-ray log for Well T7-21 (Fig. 8) indicates, however, that the zone

of contamination occurs at and below the 9-m level. Conseguently, the
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Table 26. Average grou

ndwater characteristics for the cros

s-sectional

wells illustrated in Fig. 12
well . SOy Nat+ Total P 3 997c 60co 233y 905y
number P (mg/L)  (mg/L)  (wg/L)  (Ba/L) (Bg/L)  (Ba/)  (Bq/L)  (Ba/L)
17-21 (fault) 7.0 678 271 0.04 27,300 3,450 2,040 0.6 0.7
17-10 (shallow) 6.6 23 18 0.02 3,170 A 275 0.1 2.6
17-22 7.7 218 241 0.28 14,000 500 1,040 2.7 0.3
17-23 (fold) 7.3 82 14 0.02 10,700 §p? ND ND 0.8
1724 g.1 170 213 0.48 8,490 450 1,315 9.4 0.4
17-25 {(fault) 8.2 129 188 0.34 5,960 250 1,030 12.3 2.1

8pash {—) indicates not

analyzed; ND indicates not detected.

79
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lack of contamination in Well T7-10 relative to Well T7-21 (Table 26)
and the well gamma-~-log data (Fig. 8) imply that the shallow, older wells
did not penetrate deep enough to tap the contamination migration layers
and that this fault zone may have indeed served as a transport pathway.
Although concentrations of °H, 6OCo, 99Tc, and ILW chemical con-

stituents (Na+, Ca++, Mg++, €17, NO3 , and SOgs) are extremely high in
the groundwaters of T7-21 (Table 26), the alkalinity, pH, and 233U con-
centrations are relatively low compared to those in wells (T7-20, T7-3,
17-24, T7-25, and T7-13) located to the north of the limestone fold

(Fig. 12). Data collected monthly during 1981 and 1982 indicated a pos

sible migration pathway between wells T7-3 (near the north end of the
trench) and T7-13 (near the seep). The groundwaters in both wells were
characterized by relatively high 80co and 233y activities; high Na+,
Noaﬁ, SO;=, and total P concentrations; and high pH and carbonate -alka-
linity (Table 6)., In addition, temporal variations in the groundwater
characteristics are highly correlated in wells T7-3 and T7-13 (Fig. 13).
Groundwater 233U and 90Co concentrations in both wells undergo seasonal
variations, with the lowest activities occurring in the fall and winter
and the highest activities occurring in the spring and after prolonged
rainstorm events. The rise in nuclide activities also correlates with a
rise in groundwater level and pH.

The possibility of a transport pathway between the north end of ILW
Trench 7 and the seep area is also indicated by an inflection in the
groundwater level in this area (Fig. 2). As noted earlier, the ground-
water level remains fairly horizontal and does not undergo any appre-
ciable seasonal fluctuations under the trench or in wells to the south
of the limestone fold, shown in Fig. 12. To the north of the limestone
fold the water table gradually rises and the range of fluctuation
increases. The recorded changes in groundwater level during one week
for wells T7-21 (south of the fold), T7-24 (north of the fold), and
T7-26 {(north of the trench) are illustrated in Fig. l4. Groundwater
level fluctuations as high as 6 m have also been recorded for Well T7=2
(Fig. 15), located about 50 m north of the trench. These results imply
that a transport pathway occurs near the inflection point in the ground-

water table and that this pathway is responsible for the damping effect
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on the groundwater level fluctuations to the south. More extensive
hydrological modeling in the vicinity of ILW Trench 7, howe&er, will be
required to document this pathway with more certainty.

The high alkalinity and pH of the groundwaters in wells T7-20 and
T7-3 (near the trench), T7-24 and T7-25 (north of the fold between the
trench and seep), and T7-13 (near the seep) imply a present-day leaching
of the alkaline f£ill in the trench or contaminated soils near the trench.
The rise in radionuclide activity in these wells, in association with a
rise in the groundwater level, suggests that the contaminatiom is leached
during the spring and after periods of prolonged rain when either (1) the
groundwater level rises and intersects the relict migration layers illus-
trated in figs. 7 and 8, or (2) perched groundwater, resulting from pre~-
cipitation drainage and seepage, percolates through or along contaminated
geologic strata before penetrating the groundwater table. At present, we
cannot distinguish between these two processes, but both may occur and
will have to be addressed by remedial actioms.

A new series of wells and soil borings (SB-1, $B-2, SB-4, SB-6,
T7-27, and T7-28) have recently been driiled at the north end of ILW
Trench 7 (Fig. 3) to document these environmental mechanisms and pathways
for nuclide mobilization. Dye tracer tests are currently being conducted
to identify transport pathways more accurately and to determine tramsport
rates. Once the migration pathways are established, field experiments
can be conducied to determine what reactions are occurring between the
contaminated gfoundwater and soils and to determine the nuclide migra~
tion rates and retardation factors along the flow pathway.

The lack of any significant seasonal fluctuations in the groundwater
table in Well T7-21 and its low pH and 233y concentrations suggest that
the pathway along this fault zone (Fig. 12) is not transporting recent
contamination derived from the alkaline trench or nearby soils but is
transporting contamination derived from the relict migration layers
which occur below the groundwater table in this area (Fig. 8). Although
transport along this pathway may be contaminating the seep area, it does
not appear to be leaching alkalinity from the trench or affecting its

retention capacity for 903y,
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CONCLUSTONS AND RECOMMENDATIONS

A number of chemical, hydrological, and geological wvarilables influ-
ence radionuclide mobility. In general, the chemical variables affect
nuclide sorption and solubility and the hydrological and geoclogical
variables affect nuclide transport. The interaction of these variables
is complicated, and fleld investigations are therefore difficult to con-
duct, difficult to interpret, and difficult to document by repeated
measurements. Consequently, scientists interested in nuclide sorption,
solubility, and migration have resorted to laboratory experiments and
transport models designed to reduce or control these environmental varia-
bles. In doing so, however, the complexity does not disappear but takes
on a new form as scientists attempt to translate laboratory data and
computational models to actual field situations. In this report, we
summarize our findings concerning (1) the operational history and
nuclide inventory for ILW Trench 7; (2) the chemical forms for several
of the radionuclides migrating from the trench; and (3) the geochemical,
geological, and hydrological processes which promote their migration.

Our conclusions are as follows:

1. A total of 3.2 x 107 L of ILW containing about 107 GBq of fission
nuclides, activation preducts, actinides, and transuranics were
disposed in ILW Trench 7 between 1962 and 1966. Analyses of the
trench sludge indicate that 905:; 137¢g, 60co, and 24lpy2tligg

contribute most of the radiocactivity in the trench.

2. Groundwater characteristics in the vicinity of TILW Trench 7 are
still greatly influenced by the constituents of the waste liquids
disposed over two decades ago. Most of the radioactivity in the
groundwaters consisted of 3H, 6OCo, and °%Tc and their concentra-
tions are strongly correlated with other soluble constituents of
the ILW, including Na+, c1, N03“, and SOq=. The most abundant
transuranic radionuclide in the groundwaters is 233y and only minor
amounts of Pu, Am, and Cm were detected. Concentrations of 30gy

and 137Cs in the groundwaters were extremely low, despite the fact
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that these two nuclides accounted for most of the acéivity disposed
in the trench. The lack of 203y mobility is attributed to the
chemical treatments and precautions taken to obtain and maintain an

. alkaline environment near the trench, and the lack of !37Cs mobility
is attributed to its strong affinity for irreversibe sorption by
illite, which is the dominant c¢lay mineral in Conasauga bedrock and
soils.

3. The mobility of 233U, 60Co, and ?%Tc in the groundwaters around ILW
Trench 7 has been attributed to low molecular weight anionic com-
plexing. The mobile 233y species appears to be phosphate complexed,
but the relative importance of carbonate complexing in the pH~-
carbonate regimes which actually oceur in the Conasauga bedrock are
still being evaluated. Bondietti (Auerbach et al. 1974) reported
that complexation of ®0Co with a soluble chelating agent (EDTA)
caused its high mobility. Our results indicate that more than one
5°Co~organo complex may occur, and the mobileﬂSOCo complexed with
EDTA is in a trivalent oxidation state. The high concentrations of
long-lived 397¢ in these slightly oxidizing groundwaters reflect
its mobility as negatively charged pertechnetate ions (TcO,).

4. Plutonium isotopic ratios measured in the trench sludge are very
different from ratios measured in the groundwaters and soils near
the trench, which are highly enriched in 238py and 249Py relative
to 23%Py. These results strongly imply that the plutonium contami-
nation observed in the vicinity of ILW Trench 7 primarily results
from the migration of 2“2Cm and 2““Cm and their subsequent decay to
238py and 2%0py respectively, rather than reflects actual migraéion

of plutonium itself.

5. A comparison of radionuclide activities in a groundwater and soil
sample collected from Well T7-~13 in 1974 with present activities
measured in samples collected from the same well indicate that (1)
there has been no major increase in radionuclide migration and soil
contamination in the vicinity of TLW Trench 7 during the past

decade; (2) the effects of present-day migration on the extent of
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groundwater and soil contamination in the area are minorrrelative
to the legacy of contamination from past seepage operations; and
(3) concentrations of the most mobile radionuclides (3" and %%Co)
and waste constituents (Na+, N03m, etc.) are rapidly decreasing in

the groundwaters, implying seepage out of the system.

Well gamma~log profiles indicate that the waste liquids migrated
along discrete layers during past seepage operations. These relict
migration paths may also serve as preferred flow pathways for run-—
off and seepage during periods of heavy rainfall. Radionuclide
transport in association with particles appears to occur as perched
groundwater percolates along these relict migration layers. High
groundwater radionuclide concentrations occur in areas where the

water table intersects these relict layers.

Radionuclide concentrations in the groundwaters near the north end
of ILW Trench 7 undergo seasonal variations, with the lowest activi-
ties occurring in the fall and winter and the highest activities
occurring in the spring and after prolonged rainstorm events. The
tise in nuclide activity in these wells correlates with a rise in
the groundwater level and a concurrent increase in groundwater pH.
This suggests that the water table may rise to saturate either the
alkaline fill at the north end of the trench or relict contaminated

soils, thus promoting migration.

Two suspected transport pathways from the trench to the nearby seep
have been identified based on groundwater compositioms and nuclide
concentrations, inflections in the groundwater table, field seismic
surveys, and local geologic structures. Both pathways appear to be
associated with fault zones which strike between the trench and seep
area. However, only the pathway at the north end of the trench
appears to be leaching alkalinity and thus affecting the retention

capacity for %0grg,
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Recommended Remedial Actions

Trench contamination is being leached and transported by two mech-
anisms: the percolation of perched groundwater along relict contamina-
tion layers during drainage and seepage after periods of prolonged
rainfall, and a seasonal rise in the groundwater table and its saturation
of either relict migration layers or the contaminated alkaline zone at
the northern end of the trench. At present, we cannot distinguish
between these two mechanisms, and the ideal corrective measures for each
may not be identical. A French drain groundwater interceptor has been
proposed to eliminate the transport of perched groundwater into the
north end of the trench and reduce fluctuations in the groundwater level
(Cutshall 1983). Although the success of such a drain in suppressing
radionuclide migration in areas where the relict layers of contamination
are already below the groundwater table is not as certain as the success
in intersecting perched flow into the trench, it will nevertheless help
maintain a dry alkaline environment for the trench and ensure its integ-
rity for nuclide retentionm,

In addition to the French drain, the asphalt trench cover should be
extended to include the ridge top alongside the trench and the recharge
area between the French drain and the trench itself. This will hinder
the infiltration and percolation of water along the relict contamination
layers which are currently above the water table. To work effectively,
the runoff from the extended asphalt cover must be collected and directed

away from the areas in which the soils are highly contaminated.

Recommended Research

Investigations should be continued in the design and effectiveness
of a French drain to intercept groundwater at thé north end of ILW Tremch
7. These investigations will require more extensive hydrological model-
ing of the area which, in turn, will require a better understanding of
the geological structures governing groundwater tranmsport,

Radionuclide migration from ILW Trench 7 is complicated because the
Conasauga bedrock and soils are acidic from natural weathering, but the
trench is alkaline due to the waste liquids and limestone £ill, Conse-

quently, it is possible that a soil concentration front, for radionuclides
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whose solubilities are pH dependent (such as uranium), will move away

from the trench. In addition, for radionuclides whose solubilities

depend on their oxidation state (such as technetium), a concentration

front may also exist where the groundwaters become anoxic. Future

research in the vicinity of ILW Trench 7 should examine these possibilities.

The high groundwater pH suggests that the trench may be losing its
alkalinity and thus its retention capacity for 30sr, The rate of alka-
linity loss and its effects on 905y retention need to be examined.
Accurate rate estimates require more detailed information concerning the
volume of water interacting with contaminated strata and the rate of
groundwater flow in the immediate vicinity. Since the research summa-~
rized here implies that specific transport pathways exist around ILW
Trench 7, any characterization of groundwater flow must consider these.
pathways. Calculations concerning the rate of alkalinity loss may also
be made using historical records of sodium input with the waste and its
loss to the groundwaters,

The total quantities and potential mobilization of transuranics,
2327h, and daughter radionuclides in the ILW Tremch 7 area and in the
vicinity of the other formerly used seepage pits and trenches should be
defined more accurately. Such information will be crucial for the ulti-
mate closure of these pit and trench areas. Field experiments should be
conducted to determine nuclide migration rates and retardation factors
along the transport pathways and to examine the types of reactions occur-
ring between the contaminated groundwater and weathered bedrock. Data
concerning the chemical properties of the water and groundwater transport
should be modeled to help characterize the geochemical and hydrological
factors which influence nuclide migratlion. In addition, these data pro-
vide an opportunity for field evaluating geochemical and transport
models, thus eliminating some of the uncertainty associated with extra-

polating laboratory data to natural environments,
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APPENDIX A
CHRONOLOGICAL RADIONUCLIDE DATA FCR WELLS IN THE VICINITY OF ILW TRENCH 7
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23 1.8
£31.90
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231.90
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231.069
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231,99
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APPENDIX A (continued)

CONCENYRATIONS IN BOsi
LEPTH CORRECTED TO MEAN SEA LEVEL

NUMST7-23
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APPENDIX A (continued)

CONCENTRATIONS IN B
VEPTH CORKECTEL TU MEAN SEA LEVEL IN MEYERS
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APPENDIX A (continued)

CONCENTRATFUNS IN Ba/L
TO MEAN SEA LEVEL I METERS
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APPENDIX A {continued)

CONCENTHATJOND IN BO/L 11210 FRIOAY s JUNE 24, 1983
PEPTH CORRECTED TD MEAN SEA LEVEL IN METERS
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APPENDIX A (continued)
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APPENDIK 8

CROUNDVATER CHEMICAL CHARACTERISTICS

Organic

Well Date Conductivity " Totsl Al 9COy COy 350, NOy NOp cl ¥a X g Ca L) L] Co 1In [3} 51 PO, inorg € Org € scid Totsl #
aumbet mhos # 25° P CaCOy pg/uk yg/mi. uz/el pp/ul  ug/wl  pg/el  pgl/ul. pg/el sg/ub ug/ul ug/nl wy/nl vg/mt vg/el yg/uL ug/el.  ug/el wg/el ug/nl vg/al weg/ul. pg/ol
Seep water Aug 4 2,77 1077 7.86 208 283 5 301 1356 2.2 30 500 8 30.% 68 < « 3 - «0.2 6.2 0170 14 9.3 - -
Dec 80 - 7.26 120 120 «0.1 100 L} - 3.6 110 - 2.1 20 1.30 0,40 - - - - - ¥ 1.0 - -
Feb 81 - 7.93 150 150 - 126 n - 5.6 13z 1.7 30 27 .01 9,20 - - - - 0.023 - - - 0.03
Aug 81 - - - - - 6313 168 - - m 3.4 43,0 233 9.6) 9.01 - 9.02 - - 9,023 - 1%.0 - 0.06
T7-02 Aug 81 - - - - - 16 0.05 - - 4.3 1.6 3.7 83 0,28 0.016 - 9.26 - - 0,014 - 19.0 - 0.016
T7-) Aug 74 2.8 x 1073 7.45 217 217 - 433 1ns 4,006 8 W0 A7 3.0 57 <i «0,} «G, 1 - «0.2 3.8 0.0% 49 6.3 - -
Fed 8} - 1.93 30 230 - 126 15 - S.4 13 47 3.0 27 0,01 0.20 - - - - 0.043 - - - 9.05
Aug 81 - - - - - 183 ] - - 22 1.9 6.0 51 9.02 0.08 - 2.33 - - 0.09% - 0.7 - 0,12
Apr 82 - 5,42 93 287 3 215 41 - 7.2 13 L.¢ 3.3 26 9.02 40,002 - - 0.006 4.1 - L1 3. - 0.22
sov 82 - 1.18 - - - 111 - <10 < 200 4.1 3.0 33 0.93 2,03 «@0.Mm3 2.3 <©.058  3.% a1% - - - 0.40
115 Aug 74 3,38 x 3073 8,56 38 » — 1047 183 0.52 23 423 5.3 54 % 1,30 0.40 0,15 - 0.2 8.7 0047 9 "2, o.0m2 -
Nov B2 - 6,50 - - - 2% - <10 <3 17 3 2.9 27 0.08 9.16 «0,033 9.72 «0.038 1.1 <25 - - - 9.8
17-10 Aug T4 3,1 w307? 1.04 100 100 - 32 43 1.8 13 36 1.4 33.2 A8 <1 «0.1 0.4 - .2 9.1 0.02% 24 21.9 0.010 -
Aug 8} - - - - - 23 3 - 33 24 10.0 31 9.6% 9,02 - .58 - - 0,008 - i8.0 - .01
Apr 82 - 8.00 172 m <1 kLY S - 1.4 6 1.8 3.8 33 0. «@,002 - - 0.002 3.7 - 37 2.3 - 0.0)
Nov 82 - 8.7% - - - «2% «0 - 6 é &7 5.7 32 0.22 9,08 «0.013 4.% <0.058 1.4 <23 - - - «0.33
37-13 Aug Th 3.3 w 1078 3 ns 300 - 495 23y 9.0 1% 300 A% 8.9 3 £33 0.8 <G, 1 - <0,k 2.3 0.30 2% 19.3 0.017 -
Feb 81 - 8.28 22% 3] - 43 13 - 2.3 13 §.8 0.3 3 <, 01 0.40 - - - - 8.200 60 4.6 - 9.7
Apr 82 - 8.4 486 4% 10 12r 183 - &7 413 20 0.9 s 0,03 0.01 - - 0.000 .6 - 112 7.0 - 0.58
Yov 8% - 9.06 - - - 129 - <10 11 460 8. 0.7 1] 9.0% 0.06 0.026 «0.07 <0.058 1.9 <23 - - - 0.6%
17-1% Aug 76 1,60 % 107Y 7,88 102 102 - 510 11 3.3 FYINEE PR R BN Y % B ] i 0.8 «g,3 - ®,3 1.6 9.018 26 5.0 0.014 -
feb 81 - 1.70 » n - LY 2 - 2.3 20 8.7 1.7 14 0.0z <0.1 - - - - 0,008 32 1.9 - 9.08
17-210 Apr 82 - 8.70 292 33 40 133 19 - s i3 3.9 4.9 18 09.0% 0.00) - - 0.220 1.3 - 86 .6 - 2.5
Nov 82 - 1.68 - - - 122 - <D 210 3.8 4.7 7 0.04 9.029 <4, 013 9.03 <«0.038 2.0 <23 - - - 3.10
T7-11 Apr 82 - 7.92 251 231 - 823 133 - L N 38.0 214 a.10 ¢.,01 - - 0.004 8.8 - a2 8.1 - 9.06
Mov 82 - 6.7 - - - 342 - <10 0 e 5.8 6.0 200 0.4) 0.04 9.04F 3.43 «0.058 4.8 423 - - - .33
171-22 apr 82 - 8.13 289 FTT I 2 1) Y] - 20,6 232 6.3 4.3 8 0.14 0.01 - - o.008 3.0  ~ o7 5.9 - 0.035
Hov 82 - 7.19 - - - 141 - <10 10.6 230 3.8 4.3 n 9.03 0.03 9,017 0.06 «0.058 3.6 €25 - . - 0.5t
77-23 Apr 32 - 7.93 134 1 ~- 30t 9.% -~ 4 13 3.2 12.2 10 9.9) D.0¢ - - 0.009 5.2 - 1% 2.6 - 0.02
Nov 82 - 3.27 - - - $2 - <10 y 4 3.8 1 73 8.97 D.07 «3.013 2,02, «0.058 3.8 <19 - - - «0,3)
T7-24 Apr 82 - 7.96 288 288 - n7 63 - $3.6 216 3.3 107 32 0.2 0.0} - - 0.006 3.3 — 70 .3 - 0.04
Nov 82 - 9.34 - - - 122 -~ <19 8.0 200 4.0 2.7 14 9.02 9,04 9.023 <0.08 <0.058 2.9 «2% - - - 0.92
11-2% Apr 92 - B3} 1 182 2 201 38 - 1.2 26 22 2.1 s 9.004 2.03 - - 0.1% 3.9 - Yy 5.3 - 0.26
Wov 82 - 7.43 - - - 50 - <10 7110 4.2 3.6 42 an 0.0 <p.g13 9.21 <0.038 1.9 <28 - - — .42
17-26 Apr 82 - o 200 200 - 13~ - 26 8 1.6 87 66 026 0.91 - - 0.000 5.8 ~ 1Y) TH ) - 8.1
Hov 82 - 1.07 - - - <25 ~ <10 ] “ 3.3 8.3 3 0.3 0.06  «0.01) 0.40 <0058 3.7 <3 - - - <0.0
17-17 flov 82 - 6.5¢6 - - - «2% - <10 <% 13 39 7.3 12w 0.18 .04 «9.013 0.02 «0.05% 1.0 <23 - - - <0.33
11-2% Nov 81 - 4.7 - - - <23 - <10 <$ 3 13 L 30 9.08 0.04 «<0.013 D.0& <0058 T.4 «2% - - - ‘0~33‘
58-1 Nov 62 - 8.7y - - - «25 - <10 <3 4 3 7.3 11 ] 6.22 .04 «0,013 <«3.02 <0058 7.7 2% - - - «0.33
53-2 Nov 82 - $.52 - - - «15 - <10 <3 « 1.3 [ %) 123 9.03 0.03 «0,01) <0.02 «0,058 3.4 «23 - - - «0.33
$B-4 F¥ov 82 - .73 - - - 2% - <10 <3 3 1) 1.0 ” 9.3 8.93 «0.003 «0.01 <0036 3.0 «23 - - - «0,3)

-8 Yov 81 - LB = - - a3 - «10 9 b 30 e 43 0.0k 9,03 <0013 .03 @05 &9 <23 - - - .3

06
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APPEKDIX C

60co and !37Cs CONCENTRATIONS ON SUSPENDED MATTER

uBs NUM DATE cos0 (Bq/L) pcueo (Ba/kg) co_xo PCS137
1 T7—-03 12U 74 B«9Y 1E+03 . - °

2 T7-03 23IULTA e GR0ESXDI » PY *

3 IT7-03 13AUGT4A 1e128E+09 - . °

4 03 S0IUNTS oY HBOEE+QY s - -

S T7r—03 2UFEBY1 T«0HIE+02 T«0I0ES+06 Q1T78.74 -

[ Tr—-03 Q4 APRUBS 1.COSE+Q3 1e232E+06 1152.289 e

7 T7—03 J4APRB ] Y SSLE+OI S«180E+4+06 340796 ®

8 Fe-—-03 GTMavYTE 1 o83E+03 3Ie/ITEL+O0S 210110 -

9 T7r—03 15MAYS] 1 «SH9E+03 - . ™
10 T¢e-03 1SMAYSH L 1606E+03 - . -
11 T72—-03 29MAYH]L 1e6LZ2AE+03 . - e
2 TP-3 CoIdung ) 128003 $+328E+00 103757 -
13 T7r-0L3 26 J4UN81 L elSAE403 ® - .
18 Tr-03 V7JuLB1l ™ ™ - ™
15 ¥7-03 17JULs 1} 1«365E+03 1 T71E+0D 2322 o409 Y
- -0 Srdvcod T e - . e
| i TTr-03 QG 7AUGE] 1e288E+03 27021 E+06 209770 -
18 Tr~-03 31 AUGH 1] 129GE4+03 1 +950£+00 1501442 ]
19 703 21S5EPH81 1+ 140E+03 TeTIIE+QS 6T8eS7 ®
20 FF~033 JIUSEPBY TS ITIEX03 . P -
21 T?-03 ozZrDVE ) 1391E+03 » - -
22 T7-6G3 1INOGVEL 1«391E+03 2216405 159631 -
23 T7Z—D3 10LECH] 13390 4+03 - - .
2% FF—03 2600ECot T Z0VESOTF - - -
25 T7—03 OS JANE2 1o 428E+02 SeBH2E+0S 483117 ®
26 T7~03 OB JANB2 2+142E402 l«709E+006 T979.27 »
27 T™7—03 21 JANDZ 208 3FE+02 12162E+0% 55773 e
28 =0 ZHIANBZ 2+3B6E+02 Tw243E+00 5209%3C -
z9 Tr-03 29 JANG2 2¢390E+Q2 * - ®
30 T7-03 CarfEpnu2 2eSloE+02 0+ 364E+0S 252941 Py
31 TT~03 11FEBEZ 2:I94E+02 37 1HE+OS 1581.78 -
32 TP IFEbo2 262 TE+Q2 Z2FT2IE+V0S YO365562 .
33 T™T7-03 25FE882 T292E4+02 de B A40E+QS 55556 -
34 ™03 28FEBB2 TsT7TOE+Q2 e . PY
35 T7r-03 CAaMARB 2 1« 106E+C3 1 e 3A49E+06 121940 .
36 o5 1 IMAREE rs280E+03 ITTTHES O 2950587 e
37 TT~03 IOMARBZ 1:254E£+03 Se??22E+QY 460418 .
36 Tr-03 20MARB2 1a30D4E+03 . - .
A9 TT7T-Q3 V1IAPRB2 13656403 ™ - .
Y -0 UPAPRBE2 1 3BAE+03 ™ - ™
a3 T7-03 JEAPRB2 1.55S5E+03 - - .
42 T7-03 L3APRBZ 1021E+03 Be I27ES40S 390441 -
o3 T7-03 SUAPRBZ - - . .
-4 -3 TeMAYED L+ +3E403 I OSErOs 10366 -
a5 Tr-03 2IMAYE 2 1450E+03 DeOSHSTESX QS 505818 .
Y. T7-03 01 JUNBZ2 1«191E+03 1165E+06 DTBL26 .
a7 . T7-03 QAJUNBZ 1-299540? 1«913E+0Q0L 187293 .
“8 -3 1O0IuNG S B2 VESO>D S BSOS 2wy wad 53]
a9 T7-03 A7 IUNS2S 1.265E+03 2.324E+06 1836.26 .
S0 T7-03 23JuMa2 1:206E+03 lol@ZE+0& 96319 -
51 T7-03 (1" JN1V - V3 1 225E403 2oMAL8E+0H 201511 .
¥ TP 1902 t#+3I6E+03 22138+006 be'l a1 .
53 TT—03 2682 131 3E+03 1«7 H0E+ Q& 1354 .93 .
5o T7-03 Qe AUGHRZ2 1e221E403 1 «22BE+ 00 100606 »
55 1703 11AUGS2 1. 432E+403 Bo759E+0S 612.4 .
56 Y703 13AUGE2 L s 228E4+03 e - &
$7 703 25AUGH2 1.091E+403 1e724E4+06 i5797 -
o8 TPw:s O2SEPU2 1T OBBES+03 T SFE+OQOT IT1530:5 -
59 T703 10SCPB2 Ye D 10E402 1.8544+06 1809 °
o0 TT-03 IHSEPAZ BeaIOEF02 1 498E+06 177643 -
61 ¥7-03 215€EP82 1,086E403 A IH5BEFOS 4Shae O -
oz T 103 JOBEPU2 BTOUSEEO2 BT I TEYOS SO0 U -
[- X T7r-03 06QCTHB2 1.025E403 A2 9LZGKE+OL 18773 ®
o Y7-03 140CTB2 1.021E403 3«293E+06 3228 .6 -
65 T7903 200CT82 1. 04 3E+D3 B52882E+05 6559« 6 ™
oG Tr-03 270CTs2 TS89 TEF 0S8 - -
[-Wrd T7-C3s O3NOVS2 V. H0584+02 ™ ™ ®
(%] I7-03 1INOVLSZ Qe TINE+02 3. 19TE+CH 32685.2 ®
69 T7-03 22N0Ve2 B U29E402 D ISIE+0S 1239.6 [+]
T0 T?2—-u3 183 DEC82 280D 402 2+ S6CEY0L 106462 .
71 Y7-03 O7JANS S B DOEHE+O2 L oIOSEH+QS 1T7T29«4 .
T2 T?7—03 2V JANB 3 Ve HA46ES+Q2 1e8S8E+06 15271 e
73 T?-03 18FEBB3 SeI6AE402 S54254E+06 825%5.8 -
7 ryr—u3 TIMARES 8?1508102 ISFISEF 0SS 121832 3
TS T7-03 21MARB I3 Pu DG OE+OLZ - - -
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APPENDIX € (continued)

aas

-~ Fo——TFTT~CS5—23I P41 TFI2L+ 0¥

NUM

DATE

PC06C (Bg/kg) CO_XD

CO60 (Bq/L) PCS137

® ry )
T7 TS 1 DAUGT 4 1eS61E404 ' ® )
78 T7-05 20JUNTS S5:58ZE+03 & = e
79 ¥T7-05 28BDECSH1 1 735E+03 ® © ®
60 TF~05 VIBUNS2 2 03VELDI ® © ®
81 TT65 23JdUNG2 2e7H0E+03 Te215E+05 26139 15100
82 T7 05 094 .82 1»162E+4+03 34 19E+C0S 294.27 ™
&3 Y705 194ULB2 2=205E+03 BeTI2E+05 3A95.97 ®
b ¥7~0S CEAGE2 Tu00EYB3 GTOISE+QS 3287395 -
85 T72-08S 12AUGEZ Ye DAOE +02 &<882E+05 Te0e33 3
&6 T7-CS5 18ALGHEZ e 4 Q4EXQL2 - ® -
87 T7T—05 29AUGEZ2 l1c384E+03 e SOYE+ QD 68717 e
&b TPOS C2SEPH2 TesYI2E+02 =088+ 00 I36TT1 Y *
f=k-4 T7T-05 10SEPB2 1.2848E4+023 6290E+04 52213 [
90 TT-6G5 155EPB2 1sRTIEFD3 20 109E+0G 143324, ®
@3 T7-05 215EP82 135 1E+403 1«099E+ 06 81325 -
92 TP~0S ICSEPB2 132884063 SESOYTESOG SZI61w T290
3 T7=—0% QouCTs2 1c480E+03 1 220E+06 129750 ®
20 T7-05 14 0CT82 B 1 TTE4+O2 1:67H6E+ 0O 206%,77 -
9s Te—0S 200CTue 1:2476E+03 E«991E405 609.02 ©
96 TE—0S 70CTue IF34JIET0S TeSa9E+0S wTETe 60 ®
o7 T7—05 O3INDVHE 1 e29%E4+02 ® ® ®
98 T7 0S5 1LOROVaZ le LOFEFDI 1 e099E+06 93987 ®
b4 T705 22N0V82 2eka2E402 S+20SE+05 903.03 -
reo T¥-0S 1= DECB2 Fo 0 TOE+O2 2 TOE+$QS 2i¥le82 ®©
101 T7-05 QTIANG 3 Tob2Z2E+02 3:641E£+05 QTFo67T ©
102 Tr—us 20.JANSB 3 le 31 3E+03 6+:993E+05 53239 ©
103 T7=-05 C2Z2FEB&3 60253E+4+01 S5628E+03 8994 ©
104 1705 18FEBE8 S 1.406E+03 . S5¢I06E+06 3631.58 ©
105 T7-0%S 11MARG3 1+:905E403 4s884E+05 22859 ©
TCG T™r=Cs ZTIMARRBZF BeATIEFOZ - » ®
NUM=TT—1 0
uss NUNM OATE CO60 PCO&0 CO_xD PCSLI3T
107 T7-10 26 JIUNT 4 2+25TESQO2 . . ®
108 TT7T=10 TZI0CTS T=85UESQL - - @
10w T7—10 FACNIE Wy 2 Y 2005402 ® - e
110 T7-310 15AUG74 2+360E+02 ® L .
111 T7-20 2UIUNT S 3.6206E+G3 © . .
1z T7T=31i0 UTAUGE1 TeIAGTEFTZ 4.BBAEIS Ki1.TWd e s
113 T7-1Q 31AUGE1 1leA3IVEF+C2 OoBASELT Q4 475878 ®
114 ¥7-10 2B0ECE1 /o,070CE+CG1 © ® -
115 TT7T-10Q 23APRE2 Qe 06HE+O] 2,423E4+04 267347 -
116 T7=17T 2PAPREZ I+ 8S7TE¥0Z S e2ASE# 08 73500 »
117 T?—10 ClauNo2 1eob43E+03 - e -«
lle T7-10 £33 2 2 ATIEFOZ i~ e ®
119 T7-10 124ULB2 1e 6TGE¥02 » ® .
1 Z2g TT7=10 TBAUGSZ2 - ® . -
121 7-190 z15€EPB2 lob28+02 1820 E405 99T 009 6530
122 T7—10 O3NOVLZ le Y0 LE+ O] ® ® .
lc3 T7-30 22N0VE82 UeO0QOE+QOC . v

0.000£+00



APPENDIX € {(continued)

93

Jbs

124
15
126
127
1&b
149

131
152
143
134
135
136
137
130
1 oY
140
141}
ra2
143
124
145
140
147
148
149
150
191
o2

161
162

1069

191
192
193

-

UM~ DATE

T7~13 15AUGT 4
T7-13 20JUNTS
Tr~r3 LLFEBBO
T7—-1> 1OVECBO
T7-13 2UFEBLI
713 O1APRSE1
TPty UIAPREY
T7+-13 U~APRUY1
I7-13 O07MAYbLL
T7-13 1DMAYS )
T7-r3 TYMAYEL
T7-13 29mMaYsl
T?7-13 0SJUNE]
I7-13 20IUND}3
TT~13 OTJIuL Y
T7~13 17JULE 1
TZ~13 KYRIC -3
T?7-2 35 a7AuGR 1
FP-2 FTAGE)
T7-13 218EPLBA
IT7~-23 UziNOVvi)
T7-13 19NUVY §
T7-13 160ECB Y
IT7r-1 3 28DECHX
773 VEIANGE
T7~13 U7JANBEZ
T7-13 ObJaNbZ
TT~31 3 13JANBZ
T7-1+3 2ATANG2
7213 28JANBE
T7-13 29JIANB2
T7~1 33 DAFEBBZ
Tr—313 ItrEgSus
TT-13 19FEBBL
ITT~13 Z25Ftbe2
T7-13 2BFEBYBZ
13 GeMARES2
T7~13 11 MARB2
T7-13 19MARS2
T7=13 20MARE2
Tr-r3 CLrAPRS 2
T7~13 OTAPRBZ
TT7-1.3 10APRBZ
TT-13 23APRO2
L 29aPR2
T?~23 TaMAYH2
T7-13 20MAYB2
¥7~1o 21MAYE 2
TI=-13 01 JUNES2
T7~13 Gausunn2
I7-13 10JUNBZ
I7-15 AT IuNG L
TF-13 2I3dunNc2
T7~13 OJUA.52
T¥-13 19MABZ
I7T~13 z2oJul.82
T7-3 O2AUGH2
IT7~-13 1AALGE2
T7~13 12AUGH2
17-13 ZS5SAUGHE
T3 V252
IT7~13 1USEPB2
I7-13 155EP82
T7-3 3 1GNOVE 2
T3 22Nuvod
T7-13 120ECHe
T7~33 07 JAND .S
T7~23 Q2FEBB3
Y= leFuebBsd
T7-13 131MARGI

NUM=T7-13
Lo (B L) Pcuec—{Ba/rkgrCo_ KD - PCS137

1. 066E+04 - -
leClAaE+040 - .

- » -
1¢295E+03 24.657E+06 2051 .43
TeP1BE+02 54 150E+0S 654 .21
e 2+ 194E+05 -
B103B+02 Py °
8.@06&*02 2+ 183E405 24790
1«08 TERXDI Bsd0DIE+DS 37939
1l HOVESDI S5«180E+05 33019
TealZir+403 - -

1 bt 3E+0D 3eSOIE+US Z288.97
5402E+02 S«401E+04 11849
1e225E+03 . -

L ® ®
1o Q2E+03 2971E+0S 24708
1.3“35*03 42 16E+08 33929
DSBIE+02 FTIJLIEFQS AT4aS90
3404E+02 » ®

™ 2+509E+0S ™
1« C06E+03 2+ 3TSE+O0S 23640
B D1IVEFO2 - -
B.299€4+02 » Py
1TSEIIE+OZ s ERIEF¥QCS 13973
3.315E+02 2+96CE+0S BY29
I TITEXQZ 1Le347TE+ 0S5 3604
4.8 UE¥0O2 1.595E+05 331.5
15L80C+02 1IS$2ITE+OS T70sY%
3996E 402 1.839E+0S “60e2
4.000E+02 - . . -
2e 140E+02 2220E+CS 10345
3= 548£+02 ZEiC1IE+0S HHETTI
JH63E402 2:=405E+0S 6500
S« HOVESQL 2,8T7T1E+0S 494043
S« bO9E+O2 - -
FHITOEE02 2326TE*0S ri-ry.3
Ao HTTE+O2 3.,300E+05 737 a2
S0 292E+02 43S51E40S 1013.08
5.180E+02 - -

S SOTESQ2 - -
1e506E+0Q3 - »
1 099E+03 - -
1239E+03 1«110E+0S (-1 P
G BESESOS FTUBSE¥0R TIewN
Jet4aTE+03 3. 929E+0S 271 a6
1-510E+03 B9094E4+05 3971
1. 70Z2E+03 2+59TE+O0N 15«3
1 TCOE+03 9 B546£+086 S5584cH
1-6LG9E+03 SHa73ISEF+US 3563
1 0HOUE+O03 1613406 9G4l
1+839E+03 8.810E+0S 261 b
S ULVUESOI Te TISESOE Q27T
1<6286E+03 B 995E+0S 492 .1
1 32BE+03 BeHB4E4+OS 5696
1.859E+03 24986E+0S 1611
1.S02E+03 BT2BIEHOS 32u8+8
1e890E+03 Se43YE+QS 2986
1+59%5E4+03 - ™
1e702E4+03 be lOSE+ OO AS8T7.0
14991E£E+03 rvis8E+ 06 %96« T
le735E+03 2316E40S 1335
leb%43E+03 Ge TIAEFOT 240991 -0
LeH54 3E4+03 3+T7T37E+CO 24221
1+332€+03 SaIOSESOS X
B 7TIE+OZ 2e27TS5E4+US 4767
7e T70E+Q2 2. 098E+0S 2700
1073E+03 2.087E+0S 1945
1 e2BD1EC0D Fea89E+0S ZT9s0
1051£403 3 34SE+US 3183
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APPENDIX C (continued)

NUMZ=TZ?~20

2 2 B Sy o > s T . o e o S o ATy S A T T . i, i W e A2 M0

UbS NUM UATE L0 (Bg/L) PCO60 (Bq/kg) <CO_KD PCS137
19e T¢-20 Z3APREZ HBeI25E+402 4¢1E1E+00 50e 2 ®
| %) T1T7-20 ZYAPR32 TeHIOE+QZ LeHUTES QS 6298 2600
166 I7-20 10JUNsZ e 1A0E+Q2 S« H02E+05 063e 0. 633
197 YIr-20 1 7I3UNBZ e ISE102 1+ 7S5SAE¥086 18568 °
1v%E TP—-20 £3JIUNB2 YeW1l6E+QZ 2+294E+06 23132 6910
| A" TI7~-20 [$2° 2N 1V W - ¥4 1029€E403 2538E+ 06 26T 3920
20606 T7~-20 lvJuLs2 Qe RIASETD2 2eaTE3E+06 288Le3 2610
£01 IT-20 L2EIULBE 1=006E4+03 1S IIEROS 15037 1520
202 T7-20 Q2ALGa2 beYSHESLQZ2 Te252E+07 80G991e 7 24000
203 I7-20 11 ALGB2 be2O1E4Q 2 3. 781 E+07 458296 6. 2010
2G4 T7-20 16ALGH2 T« HYOLE+Q2 - ° ‘o
205 YT ~20 2ZOAUGE 2 TeSIME+TZ e GZIAEF06 TaBTe7 4260
236 T7-20 0zSEPBZ 625 3E+02 1e909E+06 3053-3 ®
207 T7-20 10SEPBZ 6« 210E4+02 SeTT2E+0S Q2o b 267
208 T7T-20 155EPB2 DeP4 E+Q2 2453E+06 35304 ®
209 Y7-20 21 5eru2 TaB73403 1« 79YE+ VS 9Sbe I .
230 T7-20 JH2USEPY2 SeQTHE 4Q2 S«217E+06 95270 ®
211 T7=20 0LOCT82 T+ 881E4+02 2:56RE+06 32535 1040
2312 T7=-20 120CTy2 65126402 1077E+07 16534.2 ™
zr3 T7-20 290CTuse BeH2IE+0L TeHI96E+0S TIE2:0 583
2248 FTT—-2U 270CTa32 4o U3I3E+O2 1+ 095E+08 27156 ®
2i% T7=-20 04ANOVH2 S«454E+02 - °© -
216 17 =2¢ 10NULVB2 S«661E+0Z 1206406 21307 -
P w3 k¥ e 4 2ROV S2 STPI4L 402 1251 7E4+ 06 2530 F 3590
218 T7=20 1aDECH2 3:95S9e+02 PeOBIEF+OS 253400 ®
219 T7-20 O7JAND 3 S«513E4+02 l1a681E+06 3013e% Tioo
220 T7=20 20 SANE3 GeD)2E402 2e135E4+06 3278Be % 192300
221 T2 O2FEtnss BELTIE 02 HLISETEXOS BETSeS 17600
222 T7T-20 fbFEses ExOGHEX0L2 TeS511E+06 86TO 2 24300
223 T7-20 1I1MARG S Bed TIAEXOZ e ?71E+Q7 T9V12. 7 ®
224 T7-20 ZAMARSS Qe S4DE+O2 - . -
NUM=T7=~21
— QPSS N DATE 060 PCOGO CTO_ XD~ —PCS137
225 T¢=-21 23APRB2 2:0TOE203 3:015E+04 1127 .
220 T7-21 2YAPRL2 ® . e e
227 T} RBIIUNGZ 24 THE4+C 3 e ) ®
228 T7-213 19JsuULB2 ReI3BEXQ3 . ® ®
229 Tr—al 1BAUGB Z ™ P ® Y
230 TT=-21 Z1SEFBL 2 158B4E+03 2+ 12TE+06 13a3.46 °
231 FP—2x 200CT2 ISY9L1E4+ul FTOOSEDS 250593 -
232 T7—~21% 270CTa2 le Y2UE+03 5 956E+05 302.d% e
233 TT=21 gaNOvVE2 1e720E+Q3 - ® e
234 T7-21 1UNOVHB2 lex@ IE+03 H:362E+0S 509201 ®
29% TF——23 2eNvEe e I+ 827E+03 ZEOSTE+OS 1930 ®
236 TYr—21% OFJANG 3 Be 177402 2Z«501E+0S 3058 ©
237 TT—21 Q2FEBSH3 1 e 39ELU3 1 e &IBE+OS 11799 ®
238 Tr—21 13FEBb 3 1:339€E+03 Ce3IOHRHEFCS LTI ] .
239 Fr—212 I IMARE S T+2YBES+ V] I+ IVEF06 109653 .
NUM=TT?~-22
uBsS NUM VATE Co60 PCO60 Co_kv PCS137
240 T7-2¢ 2oAPRLE l1«088BE+03 3:360E+04 30.88 .
241 T7-22 29APRO 2 101 7E+Q3 » ° -
242 T17-22 23JuUNB8 2 1 1B6SE+03 . ® -
223 Tr=oe I9IULEZ T+ 2OGE¥OTI - - -
P 1) FTT=22 10AUGHLS - P - ®
240 T?~22 215%EFB2 1e077E+Q3 Qe SOFE+0C 8825:5% .
246 Tr~22 03NOVB2 8. EBRE+Q2 . ® -
297 TT=2Z2 ZZMNM0OVEZ B 3ZSE+Q2 TR ITEFV6 89333 »
NUMST7T—23
US MM DATE - COe0 PC060 COo_KD PCS 137
296 T¢-23 3APH B2 3.700E+00 4.803E403 1190 ®
%> Tr=23 Y9 aAPRB2 I+ 700E+00O U+ 000E+#0Q 32 L
<250 T7-23 23JUNB2 O« 2YOE+00 . ° -
251 T7-23 1YJIUL B2 3. 700E+00 . - -
2592 T7-23 18AUGH2 - - s .
<653 V- &~23 218,82 V= 000E+00 O0+s000E+00 - ®
2582 TrI-23 QAINQVEB2Z 0O«000E +00 ™ Y S
250 Tr—23 e ZNOVY B O «000E+00 O+ DOOE4+QOD = -
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APPENDIX C (continued) .

. NUM=T7-24

08s NUM DATE CO60 (Bq/L) PCO60 (Bq/kg) co_xo PCS137
256 T7-24 23AFRA2 2.176E4+03 4.840E+04 2049 .
257 T7-24 ZIAPRE2 Leul 7E+D3 1.769E+06 1738a2 .
258 T7-29 ClIUNS2 1.413E+03 - . .
259 r7-Ze ToOUUNE2 TTIS0E+03 TSSCTEFOS 3B -
260 I7-24 17JUNE2 1.156E4+03 3.178E+05 27344 .
261 T7-2% 23IuUNs2 1.402E+03 Qe326E+05 6644 9 .
262 Tr—-2a ORIULB2 1.402E+03 He732E+0S 6227 -
263 1724 touuEs2 > 3S54E+03 TSHBITESOG 130053 .
26a 1724 265082 1.57ZE403 6. 6ITE+QS 825. Y o
2065 T7 24 Q2 AUGHZ 1.395E+03 1. LZ9E+Q7 6881e2 .
266 T7-24 11A0G&2 1<18GE+03 2+853E+06 25032 .
207 FP—2a roAtGes %2 16403 . - -
268 T?-24 25AU6GH2 1.402E+03 5 .H98E+06 40633 .
269 T7-2e cC2SEPB2 122 SE+03 B9 ITE+QS 72841 .
270 T7-2 10SEP82 1132E403 1.942E+0Q7 1715669 .
2%t P24 toSEPE2 =2 1o E+0 +SISE40O 56402 .
2r2 TT-24 215EPB2 1395E+03 7« 363E406 61610 .
273 TT-24 3USEPE2 1.214E+03 3.811E+06 33160.2 .
274 TT—cd 060CTH2 1.291E403 1+ 110E+06 8596 .
275 Fr—2e et Te2e7E+03 2%320€+06 THs0ES .
276 T7-24 03NOV82 Qo 79BE+02 - o .
277 T7-24 2NOVE2 i« QUSE+Q3 1.284E+07 1172390 .
278 TZ7~-z4 140ECB2 6eT3IFE+Q2 2.164E+06 3218.3 .
279 ) OTIANSS T e HAGE+OL 25 TH2E+06 3495y .
280 TT-24 20.ANB3 Be2S51E+02 2+398E+06 2905.8 o
281 17 ~2a OZFEBL3 Tew32+02 2.601iE+06 325346 .
NUMST7~24
o8s NUM VATE CO60 PCO60 CO_KD
282 T7—24 L8FEB8B3 BebPSEFQR 2.520E+07 289767
283 Tr—24 1IMARU3 DeSUFEHO2 20 3ZSEXO0S 2455.3
- NUM=T 7-25
a8s NUM DATE €080 PCCOO cOo_xD
284 TT~2% 23APRB2 1<617E+03 1.9S4E+0S 10754 .
28s T7-25 29 APRY2 1.461E+03 1.724E£+06 92604 .
286 TT-25 Z3JUNBZ 1= 332E+03 - - .
207 TT-2S 193uEs2 DeIIBE 0L . - .
268 T?-25 21SEPBLR 1. UOYE+03 44 73HE+D6 4692.08 N
269 T? =25 200CTs2 1.021E+03 2.2 09E+06 216304 .
29Q TT=25 2r0cT82 1 USAE+03 5<03IE+0S 57193 .
291 EP-LS CINUVYEZ BFBOEESQ2 . . -
292 T7-25 IUNMOVEZ 3.034E+02 9.287E+QS 306098 .
293 T7~25 22N0VH2 3.0TIE+OZ Z+B9TE+06 9433.73 .
NUMZTT =26 —_—
oBs NuM DATE co60 PCO60 co_xb
294 T?-26 23 APRD2 3. 700E+00 3.774E+0S 102000
295 T7-26 23J4unoz 3« 700E+00 - -
296 T7-26 19582 3e 700E+00 . .
297 TT—26 16AUGH2 - - -
298 TF-2o Z15EPB2 T.54 8E+0 1 0« 000E+00 0
299 T?~cl> OINUVY Ge DOOE 00 PY *
300 17-cb 22NOVe2 0000400 0.000E+00 .
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