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WODUCI ' IO N 

The potential for the contamination of ground water beneath the Nevada Test Site ( N T S )  by nuclear testing 
has long been recognized. The United States has conducted underground nuclear weapons testing at NTS 
since 1957, and a considerable amount of radioactive material has been deposited in the subsurface by this 
work. As a part of the U.S. Department of Energy Nevada Operations Office's Underground Test Area 
Operable Unit (UGTA OP), the Lawrence Livermore National Laboratory (ILNL) has compiled an 
inventory of radionuclides produced by underground LLNL weapons tests fkom 1957 through 1992. 

It is well known that some groundwater at NTS has been contaminated by radionuclides from weapons 
testing. Nearly one-third of the nuclear tests were conducted near or beneath the pre-test static water level 
(SWL). An important responsibility of the UGTA OP is to assess the migmtion potential of contaminants 
beneath the NTS and surrounding lands. Except for tritium (3H), which is capable of migration with 
water as molecularHT0, the ability of radionuclides to migrate signiscant distances from their sou~ce is 
presently thought to be very low. However, before this potential for migration can be fully assessed, the 
quantity of existing contaminants must be carefully estimated. The inventory of the radionuclide source 
tern provides an upper limit on the availability of radionuclides for migration. However, an accurate 
assessment of risk to the public depends on more than an inventory of radionuclides remaining from 
underground testing. An estimate of the hydrologic source term consisting of radionuclides dissolved in 
or transported by ground water must compliment the radionuclide source term. 

CRITERIA FOR RADIONUCLIDE INCLUSION 

Radionuclides considered for inclusion in the source term inventory were: 1) Residual actinide fissile fuel 
and tracer materials, such as U isotopes, Pu isotopes, Am and WCm; 2) Fission products such as 137Cs 
and WSr, tritium, and other products of fuel bum; and 3) Activities such as 14C, 36C17 and 41Ca induced 
by neutrons in other device parts, external hardware, and the surrounding geologic medium. Also to be 
considered were naturally-occunhg radionuclides such as uranium, thorium, and NK which would mix 
into the explosion melt or be otherwise disturbed by the detonation pmess. Criteria were developed to 
exclude unimportant nuclides from consideration, such as those whose half-lives are so short that they 
have decayed to undetectable levels not long after the event, and those produced in such small quantities as 
not to be deemed unsafe or non-permissible by regulatory agencies. This permits the user of the source- 
term inventory to focus on nuclides of interest from a risk-assessment point of view. 

A radionuclide was included in the inventory if its entire amount produced in a nuclear test, dissolved in a 
volume of water equivalent to the detonation cavity volume for that test, 100 years from now produced an 
aqueous concentration (activity) in pCijmL (one pCi = 2.22 x 106 disintegrations per minute), which 
would be greater than one-tenth of the maximum permissible concentration (Ml?C) proposed for drinking 
water by the Environmental Protection Agency in the Federal register (vol. 56, no. 138, July 18, 1991). 
The MPC of a nuclide listed in this compilation is that concentration in drinking water which would impart 
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a dose of 4 mredyear to a person drinking an average of 2 liters per day. For nuclides with no MPC 
listed, we have conservatively assumed a value of 10-8 pWmL for the MPC. We have compiled a list of 
radionuclides shown in Table I which have half-lives of > 10 years (with the exception of lSEu at 8.6 y) 
and could be produced in nuclear detonations. 

Table I 

Candidate Radionuclides for Inclusion into Source-Term Inventory 
(MPC values fiom Fed. Register vol. 56 no. 138, July, 1991) . 

Wuclide half-life (v)* c (ucl ' Id\  grigin F P  = fission Droduct) 

12.3 
1.6 x 106 

5730 
7.3 105 
3-01 x 105 

1.03 105 
269 

3.7 x 106 
7.6 x 104 

100 
56.5 x 104 
2.1 105 

10.7 
29.1 

1.5 x 106 
3.6 x 107 

16.1 
2.0 x 104 
- 3500 

4.2 x 106 

6.5 x 106 
14.1 
-55 

2.13 x 105 

-1.0 105 

6.1 x 10-5 

1.8 x 10-6 

---- 

2.7 10-5 
9.9 x 10-6 

---- 
4.2 x 10-8 
5.1 x 10-6 

---- 
2.3 x 10-6 
2.9 10-7 

1291 1.57 107 2.1 x 10-8 FP; 129Xe (n,p) 
135cs 2.3 x 106 7.9 x 10-7 FP 
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231~a 

z2Th 
232u 
233u 
234u 
235u 
236u 
238u 

P'PU 
N2Pu 

MCm 

30.17 
1.03 x 108 

90 
36 

13.48 
8.59 

1.2 x 103 

2.0 105 
31 

24. x 101 
60 

1.5 x 107 
22.3 

3.28 x 104 

1.40 x 1010 
70 

1.59 x 105 
2.46 x 105 

2.34 x 107 
4.47 x 109 

7.04 x 108 

2.14 x 106 

87.74 
2.410 x 104 

14.4 
6.56 x 103 

3.75 105 

432.7 
7.37 103 

' ' 18'1 

1.2 10-7 

--- 
8.4 10-7 
6.7 10-7 

1.0 x 10-8 

9.2 x 10-8 
1.0 x 10-8 
2.6 x 10-8 
2.6 x 10-8 
2.6 x 10-8 
2.7 x 10-8 
2.6 x 10-8 

7.2 10-9 

7.2 x 10-9 
6.5 x 10-8 
6.5 x 10-8 

6.4 x 10-9 
6.5 x 10-9 

1.0 x 10-8 

nat. decay of device 235U; 
2 3 2 ~ h ( ~ , 2 ~ )  
natural and device component 
device component; 233U(nY2n) 
natural and/or device comp. 
natural and/or device comp. 
natural and/or device comp. 
natural and/or device comp. 
natural and/or device comp. 

device component 

device component 
device component; decay of 23% 

device component 
device component) 
device component 

device component; decay of a1Pu 
device component 

device component 

3 



* Half-lives were taken from G. E. Chart of the Nuclides, 14th ed, 1989. 

For the reporting of this inventory, the separate areas of the NTS were grouped into regions and the source 
term was summed for these regions, which are shown in Table II and Figure 1. 

Table II 

Combination of NTS Areas into Regions 

NTS Re@on NTS Areas Included 

YuccaFlat 
Pahute Mesa - 19 19 
Pahute Mesa - 20 20 
Frenchman Flat 5, 11 
Rainier Mesa 

1,2, 3,4, 6,7, 8,9, 10, 15, 17 

12, 16, 18, 30 

It was also decided to group the results for each region into those events conducted near or below the SWL 
and those events conducted above it. 

We felt that, with reasonable effort, we could estimate the residual radionuclide activities to the accuracies 
shown in Table IlI. 

Table III 

Estimated Accuracies for Individual Nuclides 
in the Various Groups of Radionuclides in the Inventory 

Fission products: 

Unspent fuel materials: 
Fuel activation products: 
Residual tritium: 
Activation products: 

k 10 to 30% for the most 
important fission products 
k 20% or better 
rfi 50% or better * 1% to a factor of 3 
rt a factor of 10 

We obtained values --r the total inventory of radionuclide activities from a number of sources for this 
compilation. These are listed in Table IV. 

The GOSPEL database is the Isotopes Sciences Division's most recent and most technologically up-to-date 
archival and retrieval medium for LLNL radiochemical shot data, Searches of the database for 
radionuclides were made using different criteria. 
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Table N 

Sources of Preshot and Postshot Quantities of Materials Included in NTS Underground Events which 
were Accessed for this Inventory 

(most housed in LLNL Isotope Sciences Division vault) 

1. GOSPEL data files (INGRES database). 
2. Yield Committee reports and other LLNL Nuclear Design of f ice  reports. 
3. LLNL Isotope Sciences Division reports and data. 
4. Data books and Test Shot Data reports. 
5. LLNL designdivision preshot and postshot reports and consultation with design 

physicists. 
6. Gas fill reports from the Tritium Group. 
7. Explosion simulation code calculations. 

With this information, we generated spread sheets with the following information for as many of the 
events as possible: 1) general device description; 2) preshot inventory of Pu, U, other actinides, and 
tritium; 3) postshot measurements of all relevant nuclides; 4) fission yield, fission split, fusion yield; 5 )  
NTS hole number, depth of burial, cavity radius, SWL. Radionuclide inventories could then be derived 
from the input data in the spread sheets: 

Reference and long-lived fission products from: 
fission yield; 
fission split; 

. fission product yields. 

Postshot fission fuel inventory from: 
preshot fuel inventory; 
fission yield; 
fission split. 

Postshot actinide inventory from: 
postshot actinide and reference fission product measurements. 

Postshot tritium inventory fiom: 
preshot tritium inventory; 
fusion yield; 
systematics from explosion codes. 

The fission split for a given device is the specification of the relative number of fissions from each fissile 
fuel and, within each fissile fuel, the relative number of fissions caused by slow or fast neutrons. The 
following is a hypothetical example: 

fuel $3 total % slow % fast 

239Pu 20 80 20 

235u 60 90 10 

23813- 20 50 50 
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We can then obtain a weighted-average yield per fission for a specified fission product (such as 9523) from 
the fission split and a knowledge of the fission yield from each type of fission: 

- fuel % yield (slow) % yield (fast2 

239h  4.5% 3.8% 

235u 9 6.4% 5.1% 

2 3 8 ~  5.0% 4.9% 

For the fission split shown above, the weighted-average fission yield for 9% in this hypothetical example 
is 5.6% (Le., 5.6 atoms of 9523 produced per 100 fissions). 

If we know the total fission yield of a device, we can determine the postshot amounts of certain nuclides 
by taking a ratio of sample content to a fission product: 

This assumes.that each sample contains these nuclides in the same proportions as the device. 

Finally, there are some 50 long-lived @lo y) nuclides which are produced by neutron reactions on device 
structural materials and the geologic medium. Of these, about ten are candidates to be included in the 
source-term inventory. These are generally not measured in postshot debris (for example, 14C, 39Ar7 
41Ca, and 63Ni). We estimated their contributions using: 

1. 
2. explosion-code and neutron-transport calculations; 
3 .  reaction cross-section data. 

data on short-lived activation products; 
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PRELIMINARY RESULTS 

The following is a preliminarylist of activities and concentrations of radionuclides &mining underground 
at the Nevada Test Site which have been generated by LLNL nuclear weapons tests from the late 1950's to 
1992. The values are sums for the entire NTS and are not delineated for the five regions listed in Table II. 
The following comments apply to this list 

1. The time-frame criterion is January 1,2094 (roughly, the present + 100 y). This 
effectively excludes nuclides with half-lives < 10 y. 

2. The concentrations are expressed in pWmLy as if the inventory of nuclides for each 
event were dispersed uni€ormly throughout a volume of water equal to the estimated 
spherical cavity volume for that event. The cavity radii were obtained from the LLNL Earth 
Sciences Department containment data base and include all but some very low-yield shots 
and some tunnel shots; the cavity volumes were converted to cubic centimeters (d). The 
total cavity volume so obtained for the NTS inventory of LLNL events is approximately 
1.5 x 1014 m ~ .  

3. The uranium inventory is not included here. 

4. A weighted average decay period from event Q'S to the present was calculated by 
multiplying the number of events for each shot series by the time interval between the 
midpoint of that series and the present, then dividing by the number of events. This value 
is 20.7 y. 

Table V 

Fission Products (in order of decreasing activity) 

Half-life (VI 

30.17 
29.1 

90 
55 
10.7 

2.13 105 
1.0 105 
1.5 x 106 
2.3 x 106 
6.5 x 106 
1.57 107 

Total Activity, Ci 
[January 1.2094) 

154000 
102000 

32300 
12300 
542 
337 
63.5 
44.3 
35.4 
2.35 
1.26 

pCi/mL 
fJanuarv 1.2094) 

1.0 x 10-3 

2.2 x 10-4 
8.3 10-5 

6.9 x 104 

3.6~ 10-6 
2.3 x 10-6 
4.3 10-7 
3.0 x 10-7 
2.4x 10-7 

8.5 10-9 
1.6 x 10-8 
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Nuclide 

3H 

Nuclide 

14c 

39Ar 
41ca 
59Ni 
63Ni 

36c1 

Table VI 

The Actinides (by elements and isotopes) 

Half-life Cv) 

2.14 x 106 

87.7 
2.410 x 104 
6.56 103 

3.75 x 105 
14.4 

432.7 

18.1 

Half-life Cv1 

12.3 

Total Activity, Ci 
(January 1.20941 

36 

8580 
16oooO 
42100 
694 
4.4 

8900 

67.7 

Table VII 

TritiUm 

Total Activity, Ci 
(January 1,2094) 

257000 

Table VIII 

pc'i/mL 

2.4x 10-7 

5.8 x 10-5 
1.1 10-3 

(January 1.2094) 

2.8 x 104 
4.7 x 10-6 
3.0 x 10-8 

6 . 0 ~  10-5 

4.6 10-7 

pa/& 
(Januarv 1.2094) 

1.7 10-3 

Activation products (by elements and isotopes) 

Total Activity, Ci pa/mL 

5730 3000 2 . 0 ~  10-5 

269 1770 10-5 
1.03 105 2340 1.6 10-5 
7.6 x 104 80 5.4x 10-7 

100 2170 1.5 10-5 

Half-life (v) [January 1.2094) [Januarv 1.2094) 

3-01 105 260 1.8 x 10-6 
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94Nb 2.0 x 104 218 1.5 x 10-6 
15OEu 36 2100 1.4 10-5 
152Eu 13 2050 1 . 4 ~  10-5 
154Eu 8.6 27 1.8 x 10-7 

This work was sponsored by the U.S. Department of Energy, Nevada Operations Office, Environmental 
Restomtion Division, and was performed under its auspices by the University of California Lawrence 
Livermore National Laboratory under Contract no. W-7405-Eng-48. 

URE CAPTION 

Figure 1: A map of the Nevada Test Site showing the location of the testing areas which were 
grouped into five regions for this radionuclide source-term inventory. The small circles 
represent locations of test events which were announced up to 1991. 
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