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Total Radionuclide Inventory Associated with Underground
Nuclear Tests Conducted at the Nevada Test Site, 1955-1992 (U)

Wataru Goishi, Bradley K. Esser, Jesse W. Mcadows, Neil Namboodiri, David K. Smith and

John F. Wild, Lawrence Livermore National Laboratory, Livermore, CA

‘Scott M. Bowen, Phyllis L. Baca, Loretta F. Olivas, Carmen G. Geoffrion, 3bscph L. Thompson,

and Charles M. Miller, Los Alamos National Laboratory, Los Alamos, NM

ABSTRACT (U)

An inventory of radionuclides produced by underground nuclear testing conducted at the Nevada
Test Site (NTS) by the Lawrence Livermore National Laboratory (LLNL) and the Los Alamos
National Laboratory (LANL) from 1955 to 1992 includes tritium, fission products, actinides, and

‘activation products. -This inventory provides a measure of radioactivity remaining underground at

the NTS after nuclear testing. The radionuclide data is reported for each individual nuciear test,
gathered into five groups corresponding to geographic regions at NTS: Frenchman Flat, Pahute
Mesa Area 19, Pahute Mesa Area 20, Rainier Mesa, and Yucca Flat. The inventory is further
organized by total for events fired above and below the static water level in each of the five
regions. Curie activities are reported as of January 1, 1994, and January 1, 2094. This report aiso
synthesizes the sources and methods used in calculating the reported inventory. This inventory
does not represent the total radicactivity dissolved or potentially dissolved in the groundwater
beneath the Nevada Test Site, but is strictly a compilation of the residual radionuclide inventory
remaining from those underground nuclear tests conducted by LLNL and LANL from 1955 w0
1992, The written report is companion to a personal computer based electronic database resident in
the Nuclear Chemistry Division of the Lawrence Livermore National Laboratory and the Chemical
Science and Technology Division of the Los Alamos National Laboratory. This database tabulates
radionuclide totals, primary and secondary weapon data, yield, cavity radius, working point
lithology, static water level, hole name and firing data for each event. This work has been
sponsored by the U.S. Department of Energy, Nevada Operations Office, Environmental
Restoration Division.
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INTRODUCTION

“This report provides an inventory of radionuclides residual from all underground nuclear tests
conducted at the Nevada Test Site (NTS), Nye County, Nevada. The radionuclide inventory is

part of a larger effort sponsored by the U.S. Department of Energy to comprehensively investigate .
. the distribution and potential migration of these. radionuclides in ground waters at the Nevada Test . sz,

Site. Ultimately the assessment of risk for receptors down gradient from testing centers requires
an accurate quantitative measure of potential contaminant species. Since 1955, the United States . .

.government has conducted more than 800 underground nuclear tests at the NTS; these tests 57 =2 %, FE

supported a program of strategic nuclear deterrence that defined national defense policy during the
four decades from 1950 to 1990. The tests were sponsored by the U.S. Atomic Energy
Commission from 1950 to 1960 and its successor agencies, the U.S. Energy Rescarch and '
Development Agency from 1970 to 1980, and the U.S. Department of Energy from 1980 to 1992,
The Los Alamos National Laboratory (LANL), the Lawrence Livermore National

(LLNL), and the Department of Defense/Defense Nuclear Agency with support from the national -
laboratories, conducted specific test series for the U.S. government. In addition, a number of tests
were conducted cooperatively on behalf of the United Kingdom. Objectives of the nuclear test
program included insuring operational readiness of stockpiled nuclear weapons, executing proof-
of-principle experiments driven by design requirements and studying the effects of enhanced -
radiation ficlds produced during nuclear explosions. Individual test schedules varied year to year
and are sumnmarized in Figure 1. From 1958 to 1961, nuciear testing was suspended by a
voluntary international moratarium; in October 1992 a second voluntary testing moratorium was
adopted by the U.S. government and has remained in effect to the present.

THE NEVADA TEST SITE

The Nevada Test Site is situated approximately 105 kilometers (65 miles) northwest of Las Vegas
and comprises approximately 3500 square kilometers of north-south tending mountain ranges and
mesas scparated by broad alluvial basins typical of the Basin and Range physiographic province
throughout much of Nevada, Arizona, and Utah. On the basis of its remote setting, favorable
year-round weather, restricted access and prevailing wind patterns, the Nevada Proving Grounds
— forerunner to the Nevada Test Site - was established in Jannary 1951 as a continental proving

ground for atmospheric nuclear tests. In 1955, the first underground nuclear test was fielded at the

Nevada Test Site and since July 1962, all nuclear tests have been conducted underground. Asa
location for extensive underground nuclear testing, the NTS is further distinguished by extreme
depths (>600 meters) to slow moving ground water (1 to 100 meters/year), a lack of surface water
and an extremely arid climate (23 centimeters annual precipitation on the mountains at an elevation
of 2,000 meters above mean sea level and 15 centimeters on the basin floors at an elevation of

- 1200 meters above mean sea level). Since 1962, the NTS has been managed the Department of
Energy's (formerly the Atomic Energy Commission's) Nevada Operations Office (DOE/NV).
Ground water characterization and remediation at the Nevada Test Site are presently administered
by the Environmental Restoration Division of DOE/NV.

THE RADIONUCLIDE SOURCE TERM

The potential for the contamination of ground water beneath the Nevada Test Site by nuclear testing
has long been recognized. Over the past two decades, specific topical studies of radiological
contamination of soil and ground water, notably those conducted by the Radionuclide Migration
Program (presently the Hydrologic Resources Management Program), complemented the nuclear
test program. In 1987, DOE/NV determined that characterization and remediation of NTS sites
impacted by nuclear test activities would comply with Comprehensive Environmental Response,
ion and Liability Act (CERCLA) requirements. As a part of CERCLA-driven strategy
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-0 address potential contamination at the Nevada Test Site, DOE/NV designated the Underground
Test Area (UGTA) Operable Unit to manage technical studies of ground water impacted by
und testing. An early priority of the UGTA Operable Unit included an accurate measure
of the total radiological inventory present at the Nevada Test Site. Before the potential for
radionuclide transport by ground water is assessed with certainty, the quantity of existin
contaminants requires accurate determination. Similarly, risk assessment developed for human
health and the environment requires a reliable measure of radionuclides available for potential
transport by ground water to down-gradient receptors. The radionuclide inventory includes ail
long-lived radioactive species produced by or remaining after underground nuclear explosions at
the Nevada Test Site during the period 1955 to 1992. As such, the inventory represents a starting
point for radionuclides available for potential dispersal away from test centers and provides an
upper limit on the quantity of radionuclides underground at NTS. Not all radionuclides are equally
available for transport. A necessary distinction must be drawn between the radionuclide source
term that includes all radioactive material remaining after a nuclear test and the hydrologic source
term that includes only those radionuclides dissolved in and/or transported by ground water. The
radionuclide inventory reported here does not represent the amount of radioactivity that is or ever
will be dissolved in ground water at the NTS. The hydrologic source term is considerably less
than the total radionuclide source term. This report presents the results of the latter in a classified
format combining radiochemical inventories compiled for underground nuclear tests conducted by
the Los Alamos and Lawrence Livermore National Laboratories as well as national laboratory
expenments supporting the Depantment of Defense. A companion unclassified report (Bowen, ez
al., 1994) has also been prepared with more general summary information about the source term.

UNDERGROUND NUCLEAR TESTING

As an aid to understanding the radionuclide source term, a review of the execution of underground
nuclear tests and the phenomenology associated with nuclear explosions will be presented. For the
purposes of this report, underground nuclear tests may be considered as any tests involving
fissionable nuclear material that has been emplaced underground prior to detonation. The yield --
or the amount of explosive energy released from a nuclear weapon - is typically measured in TNT -
equivalent. Yields for NTS underground nuclear experiments at NTS range from <1 kiloton to >1
megaton.

Underground nuclear testing practice has evolved considerably since the first 1955 underground
experiment detonated in a 65 foot decp hole. The Rainier event of September 1957 was the first
nuclear test contained compietely underground and was designed to prevent the release of
radioactivity as well as to determine whether diagnostic information could be obtained from an
underground nuclear test. In 1963, the United States signed the Limited Test Ban Treaty
prohibiting nuclear testing other than underground. Containment scenarios largely eliminated
venting of radioactive debris to the atmosphere; experience gained through 1992 allowed
containment to minimize the accidental release of radioactive gas to the surface without
compromising device performance or event diagnostics.

. A brief introduction to underground testing is valuable to place the radionuclide source term in
context. Interested readers are referred to a comprehensive discussion of the containment of
underground nuclear explosions written by the Office of Technology Assessment (1989). _
Containment relies on the physical properties of surrounding geologic media including rock elastic
strength and porosity, the depth of burial of the device to be exploded, and impermeable seals and
» known as stemming, which prevent gas release out of the emplacement hole. The

majority of underground tests are generically classified as either vertical shaft tests or horizontal -
tunnel tests. More than 90% of the underground tests were fired in vertical shafts several thousand
feet below ground surface. Shaft experiments were ficlded primarily to test stockpiled weapons or
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design features in new weapons systems. NTS vertical shaft tests were conducted predominantly
on Yucca Flat (Areas 8, 10,.2,9, 4, 1, 7, 3 and 6) and Frenchman Flat (Area 5 and 11) for lower
yield experiments and on Pahute Mesa (Areas 19 and 20) for higher yield experiments.
Approximately 30% of the shaft tests were fired beneath the static water level (water table).
Generally, tests conducted on Yucca Flat were buried at depths of approximately 600 meters or
‘less; higher yield experiments might be buried at depths exceeding 1200 meters on Pahute Mesa.
Horizontal tunnel tests occurred within tunnel complexes excavated in Rainier and Aqueduct Mesas
(Area 12) and were designed to determine the effects of promot radiation produced from nuclear __.

oE ‘ { [Tunner 1ests wefe fired

bfz) T wathin zones of discontinuously perched ground water beneath the Rainier and Aqueduct Mesas.
Figure 2 is a map of the Nevada Test Site showing the locations of underground nuclear tests
announced prior to December 1993. Over 200 previously unannounced tests were declassified by
the Deparmment of Energy in December 1993 and are omitted on Figure 2.

NUCLEAR EXPLOSION PHENOMENOLOGY

A brief discussion of phenomenology is warranted in the context of the evolution of the

source term.  The following builds on the summaries provided by the Office of
Technology Assessment (OTA) (1989) and those compiled by Glasstone and Dolan (1977). The
sequence of events following a nuclear explosion is illustrated in Figure 3. At firing (zero) time
pressures within the weapons case can exceed several million pounds per square inch and
temperatures may be as high as 108 degrees Kelvin. A shock wave radiates away from ground
zero. Hydrodynamic calculations indicate the shock wave vaporizes 70 metric tons and melts 700
metric tons of rock for each kiloton of explosive yield. Milliseconds after detonation, the weapons
case, rack and geologic media immediately surrounding the device are vaporized and a cavity forms
In response to gas pressure and the explosive energy imparted to the surrounding rock. For events
fired at or below the water table, all standing water near the working point is also vaporized. As
the gas continues to expand adiabatically, the cavity grows (approximately) spherically for a few
tenths of a second until the gas pressure drops to below the ambient lithostatic pressure; at this
point the cavity has reached its maxirum radius and volume. Scaling laws based on empirical
studies relate cavity radius to explosive yield (see Glasstone and Dolan, 1977 and OTA, 1989).

During the period of cavity growth, the vaporized material, consisting largely of volatilized silicate
phases, condenses as it cools and mixes with molten rock that lines the circumference of the cavity.
For a contained explosion, the melt flows down the walls and begins to coalesce in a puddle on the
cavity bottom. The shock waves propagate outward away from the cavity forming a radius of
fractured rock that extends approximately three times that of the spherical cavity; the shock wave
loses energy until the surrounding rock is no longer crushed but is merely elastically compressed.
After several seconds, the molten rock begins to collect and solidify on the floor of the cavity. At
this time, condensable gases change phase and cavity pressure drops. Within minutes to days, the
gas pressure in the cavity diminishes to the point where cavity can no longer support the weight of
the overlying rock. The cavity collapses in on itself, often with blocks of rock chaotically
incorporated in the still partiailly molten melit glass. As blocks of rock fill the cavity void, the
process is perpetuated upwards as the rubble continues to fall downwards. This process creates a
rubble chimney that propagates upwards from the working point until the void volume in the
chimney is completely filled with rubble debris and the strength of the overlying rocks can support
the overburden, or until the chimney reaches the surface and creates a subsidence crater. Typically
the collapse and chimney formation occur within a few hours of zero time, but it may occur as late
as a few days or months after the explosion. For events fired at or below the water table,
hydrologic heads immediately perturbed by the displacement of water during the explosion wilt
begin to return to original preshot static water levels within days to years, depending on adjacent
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Figure 2: Map of the Nevada Test Site showing the locations of underground nuclear tests
announced prior to December 1993. Over 200 previously unannounced tests were declassified by
the Department of Energy in December 1993 and are omitted from this figure.
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hydrologic conductivities.
DISTRIBUTION OF RADIONUCLIDES :
Phenomenology strongly influences the distribution of radionuclides within the cavity-chimney

complex (Borg er al., 1976). Immediately after a nuclear explosion, all of the radioactive species -

CXIst as gasses. As the cavity ceases to expand, heat is transferred to the wall rock and the cavity
temperature and pressure begins to drop. The melt that flows to the floor of the cavity entrains the
radionuclides with higher boiling points (rare earth elements, alkaline earths, Zr and Pu).
Most of these refractory species are trapped in the cooling melt; a small proportion is incorporated
with the collapsed chimney rubble as splash or fine droplets entrained with escaping cavity glasses.
Volatile species with lower boiling points (tritium, alkalis, Ru, U, Sb, Cl, I) circulate up cracks in
the rubble chimney. Activation products are concentrated around the working point and will be
largely incorporated in the melt or debris that borders the cavity. Volatile species, panticularly 90Kr
and 137Xe, are transported as gasses through the rubble and will be concentrated higher in the
cavity and in the chimney relative to the refractory radionuclides. Drillback samples systematically
exh;bxt !ughet_' volatile to refractory radionuclide ratios (Cs/Eu) for returns collected higher in the
cavity and chimney. In addition, recent studies of nuclear tests fired above the water table indicate
that material may be transported by prompt injection through explosion induced fractures arranged
radially away from ground zero. By this mechanism, gaseous species, particularly tritium and
137Cs (137Cs has a gaseous 137Xe precursor with a 3.8 minute half-life), may be deposited several
cavity radii away from the working point. There is some evidence that refractory species may be
similarly transported by prompt injection (Thompson and Gilmore, 1991).

Ultimately, the amounts and types of radionuclides resulting from a specific nuclear explosion will
depend on the amount of fissile material, the fission/fusion ratio and the device yield. On an event-
by-cvent basis, these data are classified. The present report aempts to quantify the abundance of
these residual radionuclide species for five geographic test centers at the Nevada Test Site.

RADIONUCLIDE INCLUSION CRITERIA

Radionuclides to be considered for inclusion in the source term inventory are: 1) Residual fissile
fuel and tracer materials, such as U isotopes, Pu isotopes, Am, and 24Cm; 2) Fission products
such as 137Cs and 90Sr, and other products of fuel burn; 3) mitium (3H); 4) Activities induced by
neutrons in device parts, in external hardware, and in the surrounding geologic medium (such as
14, 36C1, and 41Ca). Not all of the radionuclides produced during a nuclear test are worth
including in the source term inventory. Many of the nuclides have half-lives so short .
(microseconds to hours) that they decay to undetectable levels soon after the event. Other nuclides
are produced in such low initial abundance that they never exceed levels deemed unsafe or non-
permissible by regulatory agencies. Criteria were developed to exclude such unimportant nuclides
from the inventory; this permits the user to focus attention on the nuclides of interest from a risk
assessment point of view. Excluded were nuclides produced in such low amounts that if all of the
amount produced during a nuclear test were dissolved into a volume of water equal to the volume
of the detonation cavity for the event, 100 years from now the resuiting aqueous concentration

(activity) in pCi/mL (one uCi = 2.22 x 106 disintegrations per minute) would be less than one-
tenth of the values for the maximum permissible concentrations (MPC's) proposed for drinking
water by the Environmental Protection Agency in the Federal Register (1991). This effectively
excludes almost all radionuclides with half-lives less than ten years. However, if a radionuclide
exceeded these criteria for at least one event it was included for all other events for which estimates
are available even if concentrations were below the 0.1 MPC criterion. The MPC of a nuclide
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| CLASSIFIED |
listed in this compilation is that concentration in drinking water that will impart a dose of 4
mrem/year to a person drinking an average of 2 liters of water per day. The requirement of 100

years into the future eliminates many nuclides that are produced in great abundance in nuclear
detonations, but have half-lives sufficiently short that they will have decayed below the 0.1 MPC

value by that time. For nuclides with no listed values, we conservatively assumed a value of 10-8
‘UWC/mL for the MPC. We have compiled the list of nuclides shown in Table I that have half-lives

of >10 years (with the exception of 154Eu at 8.6 y) and could be produced in nuclear detonations.
Listed values of MPC's were obtained from the Federal Register reference. '

S Bu Gu G

“The volume element was determined by extracting the cavity radius for each event where it was known and
converting this to a volume in cm3, assuming a spherical cavity. To arrive at a concentration value, we
assumed that the radionuclides produced in the event were distributed uniformly throughout the cavity
volume as if they were dissolved in a volume of water equal to the cavity volume. For events with very

low total yields (<0.1 kiloton), cavity volumes were negligible and the concentration criterion was not ;
invoked. - l
TABLEI . |
Candidate Radionuclides for Inclusion into Source-Term Inventory
(MPC values from Federal Register, 1991) '
Nuclide  halflife(y)* MPCCi/ml) mainsource(s) (FP = fission product)
3H 12.3 6.1 x 105 device comp.; SLi (n,) T '
10B¢ 1.6 x 106 — 10B (n,p); 9Be (n,Y) I
14C 5730 3.2x 106 4N (n,p); 13C (n,7); 170 (n,@)
26A1 73 x 105 — 27A1 (n,2n) .
3601 3.01 x 105 1.8x 106 . 35CI (n,y); 39K (n,@) ’
39Ar 269 — 39K (n,p); 38Ar(n,y)
4cy 1.03 x 105 o 40Ca (n,y) '
53Mn 3.7 x 106 — 54Fe (n.2n) 33Fe — 3Mn
59Ni 7.6 x 104 2.7x 105 S8Ni (n,7) l
63N 100 99x 106  62Ni (n,y), Ni (n,2n), 63Cu (n.p) '
79S¢ <6.5x 104 —_— 78Se (n,y); 79Br (n,p) .
8IKr 2.1x 105 —_ 80Kr (n,y); 81Br (n,p)
85Kr 10.7 —_ FP; 84Kr (n,) .
20sr 29.1 42x 108 FP
937r 1.5 x 106 5.1x 106 FP; 92Zr (n,Y); %4Zr (n,2n)
92gNb 3.6 x 107 — 92Mo (n,p); 93Nb (n,2n) .
93mNb 16.1 1.0x 105 93Nb (n.n) | .
12 SH)

‘\
i
‘




Scptember 26, 1994

%4Nb
Mo
9BTc

178myyf

193Pt
205pp

210p},

232Th
232y
233y
B4y
235y
26y
238y

2.0x 104
~ 3500
4.2 x 106
2.13x 105
6.5 x 106
14.1
~55
~1.0x 105
1.57 x 107
23x 106
30.17
1.03 x 108
90
36

- 13.48
8.59
1.2x 103
31
2.0x 105
24.x 101
60
1.5 x 107
22.3
3.28x 104

1.40 x 1010
70.
1.592 x 105
2.46 x 105
7.04 x 108
2.342 x 107
4.47 x 10°

1
SIET
[‘ '."

FP; ?3Nb (n,y)
- 92Mo (n,Y)

98Ru (n,p)

FP; 99Ru (n,p)

FP; 106pd (n,y)

FP

FP; 1208n (n,y)

FP

FP; 129Xe (n,p)

FP _

FP, 137Ba (n,p)

FP; 147Sm (n,2n)

FP; 150Sm (n,y)

151Ey (n,2n)

151Eu (n,y); 153Eu (n,2n)
153Eu (n,y)

FP; 165Ho(n,y)

1774f (n,y)

185Re (n,y); 1860s (n,p)
1913r (n,y); 1931r (n,2n)
192Pt (n,y); 194Pt (n,2n)
204Pb (n,Y); 206Pb (n,2n)
natural (RaA)

LA-CP-94-0222

natural; decay of device 235U;

232Th (n,2n)

natural and device component

device component; 233U (n,2n)

device component; radiochemical tracer
natural and device component

natural and device component

device comp.; 235U (n,g); 238U (n,2n)2
natural and device component
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BNp 2.14 x 106 7.2 x 109 device component; radiochemical tracer;
decay of 237U
B8P 877 7.2x 109 device component; radiochemical tracer;
: | 239Py (n,2n); 237Np (n,7)
239py 2.410 x 104 6.5x 108 device component; decay of 239U
240py 6.56 x 103 6.5x 108  device component; 239Pu (n,y); decay of
240y |
A1py 14.4 — device component; 40Py (n,y); decay of
A1y X :
A2py 3.75 x 105 6.8x 108 device component; radiochemical racer;
241py (n,y); decay of 242y
41Am 4327 6.4 x 109 device component; radiochemical tracer;
' : decay of Ztpy
243Am 7.37x103 6.5 x 109 device component; radiochemical tracer
2440m 18.1 1.0x 108 radiochemical tracer

* Half-lives obtained from Chart of the Nuclides (1989).

DATA STRUCTURE

The complete underground source-term inventory for the Nevada Test Site combines separate
inventories compiled by the Los Alamos and Lawrence Livermore National Laboratories. Each
laboratory maintains a unique database for tests fielded, sponsored or supported by its own test
organizarion. By agreement, the Chemical Sciences and Technology Division of Los Alamos
National Laboratory and the Nuclear Chemistry Division of Lawrence Livermore National -
Laboratory will each independently maintain its own inventory but in a common and.compatible
format. While the present classified document reports on the inventory in detail, it is LANL and
LLNL's intention that their respective inventories reside in digital format on databases at both
laboratories. The databases will be continually improved through refinements in pre-shot and post-
shot data input, error checking and refinements of computational algorithms -- particularly for
fission products and tritium. The databases are designed to be "living" files that can be
manipulated to serve the requirements of specific investigators, By this definition, LANL and
LLNL computer databases, not the present or any supporting document, carry the current and
comprehensive radionuclide inventory.

12 LANL and LLNL databases reside on Microsoft® Excel spreadsheets that run on the Apple
-1acintosh computing platform. Computer hard drives incorporate the active databases that are
regularly backed-up on high capacity Bernoulli removable or tape-drive storage media. LANL and
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LLNL database formats are nearly identical with few exceptions. The database is organized by
cvent name, hole, number, sponsoring laboratory, fire date, yield, depth of burial, cavity radius,
depth of cavity bottom above and below the water table, working point geology and event specific
radionuclide amounts (reported in curies) for 57 isotopes meeting the above criteria for inclusion.
Because the databases compile event-specific nuclear performance data including yield, residual
nuclear fuels and thermonuclear and fission products, by necessity they are classified as Secret-
Restricted Data. The databases are accessible to investigators holding an active U.S. Department
of Energy Q security clearance with a valid "need-to-know."

For the purposes of summary and publication, LANL and LLNL arbitrarily subdivided the
inventory into five regions corresponding to geographic test centers at the Nevada Test Site. In
addition, the inventory is further subdivided by tests fired above or below the static water level. If
the working point depth was below or within one cavity radius of the static water level (SWL), the
test was considered to have been below the water-level. Generally, testing areas within a region
have similar geologic and hydrologic properties.

TABLEII

Combination of NTS Areas into Regions
NTS region NTS areas included
Yucca Flat - 1L,2,3,4,67,8,9, 10, 15,17
Pahute Mesa - 19 19
Pahute Mesa - 20 20
Frenchman Flat 5 11"
Rainier Mesa 12, 16, 18, 29, 30

*Frenchman Flat also incorporates a small number of safety shots fired at NTS

The results of this compilation are presented in Tables VII - XX, which list the activities in curies
of those radionuclides that meet the selection criteria. The activities are specified at two dates
(January 1, 1994, and January 1, 2094) and classified as above or below the static water level
(water table). For each radionuclide, aggregate activities are also listed for each of the five NTS
regions outlined in Table II. These tables represent the long-lived radionuclide source term for all
tests conducted underground at the Nevada Test Site by the Los Alamos National Laboratory,
11.491;vzrcncc Livermore National Laboratory and the Defense Nuclear Agency between 1955 and

SOURCES OF RADIONUCLIDE DATA

Values for the total inventory of radionuclides were determined in two principal fashions for this
compilation: measurements and calculations. Many nuclides have historically been measured from
small samples recovered from the underground environment as part of the radiochemical )
diagnostics effort. These have been those nuclides most related to the diagnostic purposes: fission
products, residual fuel species, and radiochemical detector and tracer isotopes. These

15
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measurcments have also served 10 establish an understanding of the processes occurring in the
underground environment, often reduced to computer codes used in the prediction of the
production of nuclides. These codes can then be used to stand in where measurements were not
made at the time of the test or where interpretation of the data for total inventory is difficult.

Radiochemical diagnostics depends upon the recovery of a small portion of the debris from the
underground nuclear test site. Both Los Alamos and Livermore did this in a similar fashion,

istinguished minimally by the criteria and measurements taken in the field by which samples were
collected and chosen for further work. Only small portions of the residual materials were
recovered. Recovered material was dissolved in strong acids to produce a solution of device
material; analysis proceeded to determine atoms of particular nuclides per milliliter (or gram) of this
solution. These quantities can be converted into total inventory by dividing by the relative
proportion of the device in the sample:

( atoms of nuclide

milliliter of solution ) = total

( fraction of device ) inventory of nuclide

milliliter of solution

As part of the radiochemical diagnostics effort, it has also been necessary to know the inventory of
most of the materials going into the test device. Complete inventories of fissile isotopes (limited in
early times by measurement techniques) were recorded for essentially all tests. Similarly, most
tritium data is also available. Based upon complete suites of measurements, it is possibie to
establish mathematical relationships (implemented by computer codes) to mimic isotopic changes
when measurements were not made: : :

ingoing isotopics + outcoming isotopics + performance — systematics
ingoing isotopics + performance + systematics — outcoming isotopics

A large amount of the information required for this study was available in existing databases
maintained by the Nuclear Chemistry Division at LLNL and the Chemical Science and Technology
Division at LANL. Other information exists in other databases or in paper form. Information
collected in this study has been inserted into EXCEL spreadsheets, with each laboratory
responsible for maintaining their contribution, and collated for the summary described here. Table
111 lists data sources used by our organizations in the present effort.

TABLE III
Data Sources for the NTS Underground Radionuclide Inventory Project

Lawrence Livermore National La
: GOSPEL data files (INGRES database) .

Yield Committee reports and other LLNL Nuclear Design Office reports

LLNL Nuclear Chemistry Division reports and data -

Data books and Test Shot Data reports .. )
LLNL A- and B-Division preshot and postshot reports and consultation with design
physicists

Gas fill reports from the Tritium Group

& vELN-
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7. Explosion simulation code calculations

Los Alamos National Laboratory
1. 'Weapons Radiochemistry Database (INGRES database)

2. Common Event Database Systems (COEDS; INGRES database)

3. LANL radiochemistry reports and data (J, CNC, INC, and CST Divisions, depending
upon time period)

4. Minutes of the Weapons Working Group

W. Test Shot Data Sheets

6. Gas fill memoranda
\7 . Explosion and isotope production code calculations

The GOSPEL database of LLNL's Nuclear Chemistry Division is the latest and most
technologically up-to-data archival and retrieval medium for LLNL radiochemical shot data. Data
from previous archival systems (OUIJA and PROPHET) have been transferred to GOSPEL. It is
based on the INGRES system and contains both preshot and postshot information for events
dating back almost to the beginning of underground testing at NTS. Searches of the database can
be made for nuclides using different criteri . T

Yield Committee reports, if available, provided the official yield quotations for an event sponsored
by LLNL. The yicld values consisted of the fission, thermonuclear, and ground-capture yields and
were based on radiochemical results, prompt-diagnostics physics results, and estimates from
explosion code calculations.

Gas-fill reports from the Tritium Gfoup were very important, if available, because of the amount of
residual preshot 3H contained in the fill system. Often, only the preshot 3H contained in the device

parts was included in official reports, and this residual 3H, which was unconsumtfig;d_
- contributed to the postshot inventory, was not previously considered as important

SIS L 5

The Weapons Radiochemistry Database and COEDS operate in paralle]l at LANL, with different
ranges of data. The former contributes sclected evaluated data to the latter. The Weapons
Radiochemistry Database contains pre- and post-shot data from approximately 1975 onwards,
including data that has been transferred from a previous FOCAL version. COEDS contains a wide
range of specific test data from numerous participating organizations, including emplacement
conditions. Both of these databases operate using the INGRES systemn.

Formal reports were provided by the radiochemistry group at Los Alamos for many of the early
underground nuclear tests. These served as principal documentation for those tests not yet in the
radiochemistry database. In addition, the Minutes of the Weapons Working Group, a monthly
gathering of those participating in the nuclear weapons program, provide another documented
source of reported results. A yield committee parallel 1o that of LLNL does not exist at LANL; the
results from radiochemical diagnostics, if available, are taken as the reference value. -

The explosion code calculational tools at LLNL and LLANL are roughly parallel, but are not

. identical, due 10 the independent, peer-review relationship of the laboratories. We have found that

they are largely consistent with respect to the isotopics relevant to this report. The isotope
production codes are unique to Los Alamos; they are simplified, non-predictive tools that were
developed strictly for aid in radiochemical diagnostcs. :

UNCLASSIFIED A EAEA 7
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METHODS OF ESTIMATING POSTSHOT RADIONUCLIDE
CONTENT

?ostshot rqdiormclides present underground at the Nevada Test Site can be conveniently grouped
into four different categories: fission products, actinide elements, tritium, and activation

materials. Each of these groups requires different methodologies for estimating
the postshot quantities of the nuclides. In addition, historical differences in the methods employed
by Los Alamos and Livermore in their radiochemical diagnostics effarts lead to slightly different
techniques. The following sections describe the methods used in this study.

LLI‘_IL published radionuclide inventories from their underground nuclear tests earlier this year
(Goishi et al, 1994). Since then LLNL has revised their fission product yield values as well as
algorithms for estimating the quantity of postshot radionuclides. This report describes their current
set of algorithms. Because of these revisions the data reported here supersede those in the earlier
reports. .

FISSION PRODUCTS

Most of the fission products of interest 1o the Underground Test Area Remedial Investigation and
Feasibility Study are formed in such low yield or have such long half-lives that they were not
measured radiochemically following the tests. In addition, many of these isotopes experience
chemical fractionation, or preferential loss from the sampled region, and were of little or no
diagnostic value. .

For a large number of tests, sufficient high-yield fission products weie measured in order to
determine the fission yield of the device. Other fission products were also measured to characterize
the fission split, the distribution of fissions among the fissile materials and neutron energy. For
the remaining tests, sufficient precedent or other diagnostic measurements were available to state
the fission yield and split. Thus determined, the fission yields and splits have served as the basis
for the calculation of the amounts of the various fission products given in this study.

We have chosen to calculate the postshot amounts from fission yields based on the type of fissile
fuel and the neutron energy spectrum. In most cases, these characteristics were available in the
documentation associated with each individual test. In other cases, we reasoned by analogy. The
neutron energy spectrum is arbitrarily divided into two groups: the "fast” region, where Eq > 7.5
MeV, and the "fission spectrum” region, with E; < 7.5 MeV. Each fissile fuel (232Th, 233U,
235y, 238y, and 239Pu) has two yields quoted for each fission product, one for each of these
regions. The overall, effective yield of a fission product for each event is the weighted average of
the yields from that event's mix of fissions from each fissile fuel and neutron energy spectrum.

For the majority of fission products, the fission yields of England and Rider (1993) were used by
both LANL and LLNL. For }44Ce, the values of Barr (1977) were used by LANL, while the
values of Nethaway (1985) were used by LLNL for 95Zr, 144Ce and 47Nd. For 85Kr, LLNL
used the values currently accepted by the gas diagnostcs section of the Nuclear Chemistry Division
(Rudson, 1990); LANL used the England and Rider values. Differences among these various
sources reflect the different philosophies and best experience of the efforts of the two _
organizations; in the worst case, differences are less than 8%.

18
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ACTINIDES

Los Alamos' Chemical Science and Technology Division and Livermore's Nuclear Chemistry
Division have chosen different but consistent paths in the manner in which they have wreated their
actinide data. This is in part driven by the available data and in part by the technical biases that

. developed in their individual histories of weapons radiochemical diagnostics. The methods used
for the actinides will be detailed separately in this subsection. In the example section that follows,
a s:de-by—cslidq comparison will be given to illustrate that both approaches reach substantially the
same conclusion. .

Plutonium, Americium, and Curium
LLNL

For 241Am and most of the plutonium isotopes, we based our determination of the residual
amounts of radionuclides from the measurements on actual core sampies. We ook the
measurements of the fission product nuclides 95Zr, 144Ce, and 147Nd from the first six les
taken for radiochemical yield measurement. The fission product yield for each of these nuclides is
well known as a function of fissioning species and the neutron energy spectrum; from this, the
known total fission yield, and the fraction of fissions occurring in each fissile fuel, we were able to
obtain the total production of these fission productions in each event. We could then determine the
total amount of each of the actinides in the postshot debris from the average measured ratio of the
actinide to cach of these three fission products.

The isotopes 239Pu and 244Cm were treated differently. The postshot 239Pu was obtained by
subtracting the number of plutonium fissions from the preshot 239Pu and adding in the amount of

postshot Z39Np. The isotope 244Cm was almost always used as an external tracer so that its

.. destruction was 1 to 2% at most: Do

&3

—
f

For those events that were not sampled post-test, we used the yields reported by the Yield
Committee as a starting point. If the yield was less than 0.1 kilotons (kt), we assumed all postshot

actinide isotopes except 23%Pu to be the same as the preshot amounts. Preshot amounts were
obtained from the Device Engineer’s Data Book and, where preshot isotopic measurements were
not made, we used the "standard isotopic composition” from the PROPHET Operations Manual.

For 239Pu, we used the preshot amount less the amount consumed by fission.

For unmeasured events where the fission yield from plutonium was significant (> 0.1 kt), we used
as a model for the residual 240241,242py; and 241 Am an event with a similar design and similar total
and fission yields, with appropriate scaling for differences in yicld and preshot composition. The
net 238Pu production was assumed to be 0.008 atoms per plutonium fission. ‘

Any 238py, 242py  41Am or 244Cm employed externally as a tracer on unmeasured events was
assumed to undergo negligible burnup and to be the same as the preshot amount.

In all cases, we included the 239Np content in the reported postshot 23%Pu value. Because the
239Np is the daughter product of 23.5-minute 239U and uranium displays a volatile nature
underground when compared to plutonium, the relative amount of the 239U is depleted in our care
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samples by an average of about 12%. For this reason, the 239Np added to the postshot 239Pu was
increased by 12% over the measured postshot amount.

LANL

Measurements from debris samples represented the preferred method for determining postshot
inventories of the plutonium isotopes. Data was collected for 239Pu atoms per fission (or atoms
per fission product atom) and for isotopic ratios (for example, 238239Py). The 239Pu/ffission ratio
was then multiplied by total fissions for the device, as determined from total fission yield and
fission split, yielding total 239Pu atoms. (In the case of atoms per fission product atom, the
additional step of converting fission product atoms to fissions was likewise done.) Ratios were -
then applied for other plutonium isotopes.

Calculation provided the backup method for direct interpretation of measurements. Our plutonium
isotope production code, a tool that has been developed to model the isotopic changes occurring as
a result of the nuclear explosion, was exercised to provide algorithms that expressed isotopic
changes as a function of specific yield (kilotons per kilogram of Pu). Ingoing isotopics were

- collected from our documentation; in instances where these measurements were not made,

canonical values were used. The algorithms were then implemented based on the known
performance of the device. This resulted in a suite of data comparable to that which was measured.

For 221Am and its reaction products 242m2426Am and 242Cm, measurements from debris samples
were available, especially in recent years. However, it is the assertion of Los Alamos that these
species are volatile in the underground environment. We therefore have chosen to use the
calculational route for estimation of the quantities of these isotopes. Algorithms based on the
plutonium isotope production code were combined with preshot measurements or estimates of
21Am content (a canonical 300 ppm in the primary plutonium) to produce postshot values. Decay
of the short-lived species 2426Am and 242Cm down the appropriate decay chains was performed to
the 1994 and 2094 values. o i T

e T
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“Plutonim-242 and 253U were used as tracers in most latter-day LANL tests. In addition, 43Am and

“44Cm were used as

tracers in a few Los Alamos tests. Given that in most cases these tracer packages

were external to the devices and were shielded from neutron exposure, their postshot amounts were -
taken as the preshot values. '

Uranium

The device debris from an underground explosion is mixed with a large amount of the surrounding
medium, and that medium contains a significant amount of namral uranium. In addition, uranium in |
the underground nuclear explosion environment displays preferential loss (volatility) with respect to ;
the refractory plutonium in the samples taken for diagnostic purposes. For these reasons, we could

not use “raw"” (uncorrected) postshot measurements to determine the residual device uraninm in our
samples. Therefare, both laboratories routinely used algorithmic methods to estimate the postshot =~ = =
amount of the various uranium isotopes. o

LLNL

The algorithms for 234U, 235U, and 238U shown below resulted from a study of explosion simulation
calculations for twelve different uranium-containing devices.

23217.

233y:

234y;

235u:

236.237y;

The production of 232U from 233U fuel or tracer was actually measured on eight
events. The production from three other events with 233U fuel was estimated by
assuming that the conversion of 233U to 232U was equal to the production of

234U from 235U at the same fission efficiency. For 232U production in 235U-
enriched and depleted uranium, an approximate adaptation of the LANL -
algorithms for such production was used. -

The postshot 233U was obtained by subtracting from the preshot 233U the
fissions that occurred in 233U and an additional 10% of the 233U fissions for

other neutron destruction reactions. The postshot 233Pa, which decays to 233U,
was added to this amount. : |

The postshot device 234U was calculated by multiplying the fractional decrease in
device 235U by 0.9 and adding that to the preshot 234U content.

The postshot device 235U was obtained by subtracting from the preshot 235U the

fissions that occurred in 235U and subtracting an additional 15% of the 25U
fissions for other neutron destruction reactions.

These isotopes were calculated by increasing the measured postshot amounts by
12% to correct for volatility losses. The 237U was added to any preshot Z37Np
and reported as such. ‘
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238y: The postshot device 238U was calculated in 2 manner similar to that for 235U,
except that the additional destruction factor was 80% of the 238U fissions.

LANL

As with plutonium, the uranium isotope production code was exercised to produced algorithms
showing the change in uranium isotopic amounts. Two distinct versions were produced, one for

enriched uranium and one for depleted uranium. From the already-collected fission yields, fission
splits, and device descriptions, postshot uranium inventories were calculated. Interdecays of

. short-li i ,
— vet{ species were all properly accounted for.
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As pre\;iously mentioned, 233U from tracer packages was used according 1o its preshot amount.

LLNL

Most of the thorium on LLNL events was used in locations where very little of it was destroyed.
We therefare took the amount of 232Th to be equal to the preshot amount for every event, an
assumption that resulted in an overestimate of the total 232Th inventory by 10% at most. The same
non-destruction assumption was made for Z37Np. This should have caused our total Z37Np
inventory to be high by ~20% at most. The fact that these postshot device inventories far 32Th
and 37Np were only roughly estimated tums out to be of little consequence. Only 3% of the total
237Np came from residual 27Np, while the remaining 97% was formed from the decay of 237U,
241Py, and 41Am. The total residual device thorium is negligible compared to the total 32Th
from the geologi¢ medium that mixed into the melts formed by the explosions.

Device-associated 231Pa (from the decay of 21Th from the 232Th (n,2n) reaction) is not included
in our inventory as yet. The total activity is expected to be small compared to most of the other
actinides. Implicit in the inventory already is the 23!Pa in equilibrium with the 235U from natural
uranium that mixed into the melt at zero time.

LANL

Los Alamos' practice did not causc us to include a significant amount of 232Th in the tracer
packages or as part of the device components. This material has not be tabulated in the present

study. Likewisc, 231Pa has not been specifically inciuded.
' e /1S, o A
¥ ] ‘,l!',.,: '}\ ﬁz 1
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The isotope 37Np has been included without destruction, similarly to LLNL's assumption, with
arguments as to the effect on the total inventory.

TRITIUM e

On most U.S. nuclear tests, up to times as long as 100 to 200 years following the detonation,
tritium has by far the highest activity of any radionuclide with a half-life longer than ten years.
Because of this we have expended considerable effort in estimating the residual tritium on the

individual nuclear tests. We have also sought to achieve agreement between Los Alamos and

Livermore for this isotope. Because of their carlier start to the underground inventory effort,
LLNL has provided most of the algorithms for mitium production and destruction; LANL has

served to confirm these methods through independent explosion code calculations.

The amount of residual tritium from a nuclear event is the net result.of the amount loaded on the

device and the amounts produced and destroyed in the nuclear explosion. The loaded tritium is in

the form of tritium gas or a solid tritiated compound. Mixtures of tritium and deuterium gas are the
. most common form in which tritium is emplaced in the pits of nuclear devices '

|0E.

» (3

The largest source of tritium in nuclear tests is the amount residual from the production in
thermonuclear fuel, mainly SLiD and its variants, but also-D; fuel. In SLiD fuel, most of the .
tritiurn comes from the 6Li(n,o)T reaction (o = 4He); this reaction is in fact the reason the SLID
may be used as a thermonuclear fuel. In D5 fuel, the D(d,p)T reaction and the D(d,n)3He reaction
followed by the 3He(n,p)T reaction account for essentially all of the tritium production. The
deuterium reactions are minor contributors to tritium production in SLiD fuel. Other production
reactions in fuels that are of much less importance are the 7Li(n,n'e))T and SLi(d,pa)T reactions.
Tritium production from fission, about one tritium atom per 10# fissions, is a negligible source in

]
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The production of tritium external to the nuclear device is important on some events. A special
cxample is the capture of neutrons by thick 6LiH blanke:s that lined the dévice canisters in a few
LLNL tests in the 100-kt to 1-Mt yield range. The use of boron-containing stemming materials
around the device canister has been a common practice zt both laboratories, at LANL from the early
1960's and at LLNL from the mid-1970's. Furthermore, since 1975, canister liners-of B4C-epoxy :
or B4C plus a similar neutron-moderating material have been employed on many LLNL tests. At
LANL, two inches of B4C-loaded polyethylene has typically been employed for the same period.

The 10B(n,2c)T reaction is a negligible or.minor contributor to the tritium inventory of all but-a
handful of tests. For this reason, we did not include tritium from 10B reactions in our inventory.

L

Finally, the lithium in the geologic medium surrounding the working point may produce tritium
through the SLi(n,at)T reaction. However, since in typical NTS media only 1 to 3 percent of the
neutrons that escape into the geologic medium undergo this reaction, this source of tritium is
unimportant on almost all events. The (n,x)T reactions on other elements found in device
materials, rack materials, and the geologic medium are negligible sources of tritium because of their
high reaction thresholds and small cross sections.

The destruction of tritium in nuclear tests is almost entirely by the T(d,n)ci reacnon,whethcr the
fuel is DT, Dy, or SLID(T/H). All of the other destruction paths are very minor by comparison: the
T(n,20)D, T(p,n)>He, and T(t,2n)x reactions, for example.

The amount of residual tritium has been successfully mezsured on some 18 LLNL tests. The

method involves loading a measured amount of D0 near the nuclear device so that it mixes

thoroughly with the nuclear explosion debris. Samples of the gaseous explosion debris are

obtained soon after the nuclear test. The T/D/H ratio is measured on the hydrogen fraction in the

gas samples. The residual tritium is determined from the T/D ratio after correction for background
deuterivm. No comparable LANL data is available. B U
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ACTIVATION PRODUCTS AND NATURAL IS “"TOPES

Reactions of neutrons with parts of the device other than the fuel, such as the structural materials,
the stemming, and the geologic medium, produce several nuclides with half-lives longer than 10
years. There are about 50 such nuclides, but many of them can be excluded using the source term
inventory criteria, because of extremely long half-life of the nuclide or very small production rate.
Several nuclides do meet the selection criteria, however. The contributions of these nuclides to the
source term were estimated using available data on other slow and fast neutron activation products,
relevant cross section information, and neutron transport calculations.

For most of the nuclides of interest, activation of the geologic medium by reactions of slow
neutrons 1s an imporant production mechanism. To estimate this, we made use of extensive data

at both laboratories on the production of 160Tb by 139Tb(n,y). Both the Nuclear Chemistry
Division at LLNL and the Chemical Science and Technology Division at LANL have measured
160TH in debris samples from a large number of underground nuclear tests as an indicator of
neutron activation of soil constituents. These measurements were used to correct other
observations for such soil contributions. Empirical reiationships were independently derived by
the laboratories to estimate the 160Tb production in cases where measurements were not made;
these will be given below. '

The amounts of various other nuclides produced by the slow neutron reactions in the soil relative to
160TH were estimated using relationships derived at LLNL using neutron transport calculations.
Monte Carlo neutron transport calculations were performed using the MCNP code (Los Alamos
National Laboratory, XXXX); in addition, the Monte Carlo transport. calculations by Lessler and
Guy (1965) were also useful. The MCNP calculations were done for different water contents of
the soil in the range of 0 10 13 wt% and for soil temperatures of 0 and 100 eV. The production
rates of the different isotopes relative to 160Tb showed up to a factor of two variation over this
range of input conditions. The production rates relative 1o 160Tb adopted here correspond to room
teruperature and a water content of 13 wi%. This was the average measured water content of the -
geolog:c medium from 206 drill holes at NTS. Average trace clement abundances (C.F. Smith,
1993) in the geologic media for several drill holes were used in these calculations (see Table IV).
Adjustments were made for the different composition of the Los Alamos magnetite semming
material. These approximations were considered adequate in view of the rather large uncertainties
in the calculation of the activation products and the fact that the activation products in general are
not major components of the radionuclide inventory. .

TABLE IV
Elemental Abundances
Soil and Magnetite Activation
Element Soil Magnetite
: Abundance Abundance

(wt%) (wt%)
Al 0.78
a <0.012
K 0.24
Ca 1.04
Ni 0.009%4
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Nb .
Eu 9.0 x 10-3 23x104
Tb 6.8 x 10-3 22x 104

‘The production of nuclides in device parts was, in some cases, calculated relative to other nuclides
 thar were actually measured as part of the radiochemicai diagnostics of the test. For example, the

amount of %4Nb, produced by 93Nb(n,y) in the case material in many devices, was obtained from

the measured or calculated production of 23%U from 238U. In other cases, (e.g., $2Ni from Ni or
Cu in various devices), explosion code calculations and MCNP calculations using simplified
geometries were used. :

J——y

Notes pertaining to individual nuclides follow. = __
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ACCURACY OF THE REPORTED INVENTORY

“The accuracy that-we would quote on the content of the inventory depends to a large part on the
sources of the included nuclides. Clearly, nuclides whose abundances were measured directly are -
more accurately reported than those for which estimates had to be made based on device * -
characteristics and performance. There are also events in the inventory for which little or no
postshot information exists; estimates of nuclidic content for these events are considerably more
uncertain and increase the overall uncertainty for a given nuclide. In Table V, we are show the
different groups into which the inventory nuclides have been combined, along with our estimates
of the accuracies of the event- by-event amounts we obtained for the nuclides in each group. The
accuracies of fission product amounts from very low yield events are not included in Table V
because the contribution of such events 1o the total fission product inventory is negligible. Details
of the accuracies of individual nuclide amounts are given after the table.

TABLEV

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

Fission products: ~ 10 to 30% for most
important fission products

Unspent fuel materials: ~ 20% or better

Fuel activation products ~ 50% or better

Residual tritium ~ 1% 10 a factor of 3

Activation products ~ a factor of 10

Fission Products

For reparted amounts of fission products, accuracy depends on the accuracy of the following for
that cvent: 1) the fission yield (kilotons); 2) the fission split, and'3) the yields of the fission product
(atoms per fission) from the various fissions for the event. Not counting some of the events with
very low yields (<0.1 ton), the fission yields of almost all the events are known to within Jto
30%. For those events with radiochemical measurements, the fission splits among the fissionable
nuclides are usually known accurately. The fraction of fast fission for each fissionable nuclide, the
pivotal quantities f%r some of the fission products, is sometimes uncertain by as much as a factory
of 2. The accuracies for the fission product yields we quote here are from England and Rider
(1993). We consider only 235U, 238U and 239Pu fission, for these three accounted for over 99%
of the fissions. The least accurately known yiclds are those for the fission products 4Nb,

113mcy, 121msy, 152Ey, and 166mHo, Their yields could be in error by a factor of 2 to 100 or
more. Fortunately, these are also the fission products with the lowest yields, so they are very

minor contributors to the radionuclide inventory, Furthermore, the total amounts of %Nb, 152Eu,
and 166mHo produced as activation products are at least 1000 times larger than the amounts from
~ fission. The accuracies of the 126Sn yields are 4 10 16%. The accuracies of the yields of all the
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other fission products in our inventory are 0.4 10 11%. For events on which no radiochemichl
‘measurements were made, uncertainty for the fission products can exceed another factor of 2
unless the event was known to be similar in design and performance to one measured.

Actinides

'Most of the tabulated amounts of unspent fission fucl and tracer materials, namely 232Th, 233y,
25y, Z3INp, 39py, 241 Am and 244Cm are accurate 1o 1 10 10%. A few, including some of the

-values foreventsforwhichme_dcviccpafonnancc is known only approximately, have

uncertainties of up to 20%.

The tabulated amounts of minor isotopes and activation products of fission fuel (232U, 234y,
236y, 231, 238py, 240py, 241py, and 242Py) when derived from acmal measurements, are

- accurate to 20% or better. However, when the amounts are estimates from approximate device
performance

information and estimated preshot compositions, the uncentainties for some of the
isotopes may rise 10 50%. The total 32U inventory is good only to a factory of 2 or 3 because
only about 15% of it is based on actual measurements. The remainder is largely from coarse
estimates of the number of 233U (n,2n) reactions based on (n,2n)—to-fission"data for 235U burning
devices. Uranium-237 data for some of the order events is missing and still needs to be found or
replaced by estimates. Because of this, our 237Np inventory is probably low by a few tens of
percent. , ;

Tritium

The estimates of residual tritium have a wide range of uncerinties: from 1 - 2% to a factor of 3.
The 1 0r2% applies to those events on which there was no thermonuclear yield and negligible
tritium production, in which case the postshot amount of tritium equals the preshot amount. The
factor of 3 applies to devices with unusual desiens and events for which perfi i

known approximatelv:

Activation Prodl_lcts . ] .

Ourr activation product estimates are likely accurate only to a factor of 10 in most instances. This
relatively large error is the result of the approximate nature of the methods we used to obtain the
estimates described above, such as using data for nuclides from similar reactions and approximate
Monte Carlo neutron transport models employing average elemental abundances for soil activation.
The part of the europium isotope inventory that is based on direct measurements is more accurate,
with uncertainties of 10 to 30%.

EXAMPLELSV OF METHODOLOGY

As examples of the implementation of the methods described above, we present here detailed
examples of the calculational techniques for two tests, one from the LLNL suite and one from the
LANL suite. In all cases, the quantities displayed here are expressed as atoms immediately
postshot. Conversion to curies on January 1, 1994, and January 1, 2094, were accomplished
through standard radioactive decay definitions and equations. '
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COMPARISONS OF NUMERICAL RESULTS

Table VI displays the numerical results for the radionuclide inventories for six nuclear tests, three
sponsored by each of LLNL and LANL, including the two described immediately above. These

tests were chosen for comparison of results as would be calculated hv the methods amnlaved hv
each lahnratnev| -

aniormanon conceming the
“huclear contiguramon, contents, and analytical Tesults was conmunicated between organizations.
The "other laboratory” calculated their expectations of the radionuclide inventory for comparison
with the values that the sponsoring laboratory carried in their database for the event.

Table VI displays remarkably good agreemént between the laboratories across the suite of tests
examined, usually well within the accuracies estimated in Table V for cach of the results. This
Serves as an indicat:ion (but not proof) that the overall inveninrv comnlies with the intended

accuracies

These will likely be simply resolved on consultation between LLNL
ana LANL. Uther values would agree more closely with further discussion between the
diagnosticians, |

-

EXPLANATION OF RADIONUCLIDE INVENTORY TABLES

Tables VII through XI1I contain the underground inventory information for nuclides as they existed
on January 1, 1994. Radionuclides are arranged within each table according to their atomic
number and atornic mass; amounts are listed in curies. Also contained in these tables are the
various test parameters: hole, area, date of the test, sponsoring laboratory, static water level, depth
of tt_)ulzl-ml cavity radius, above/below the water table, and total test yield. The tables are arranged
as follows: .

Table VII Frenchman Flat

Table VIII Pahute Mesa Area 19

Table IX Pahute Mesa Area 20

Table X Rainier Mesa

Table X1 Yucca Flat, above the water table
Table XII Yucca Flat, below the water table

Table XTII contains the summary of the radionuclide totals, broken down by area above and below

" the water table, as they existed on January 1, 1994.
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Tables XTIV tluough‘ XX contain the underground inventory information for nuclides as they would
exifst ﬁm January 1, 2094." Test parameters are not included in these tables. The tables are arranged
as follows:

“Table XTIV Frenchman Flat
.Table XV Pahute Mesa Area 19 .
“Table XV1 Pahute Mesa Area 20 Sr
Table XVII Rainier Mesa
Table XVIII Yucca Flat, above. the water table T T e
“Table XIX Yucca Flat, below the water table

Table XX contains the summary of the radionuclide totals, broken down by area above and below -
the water table, as it would exist on January 1, 2094.

It will be noted that the Clearwater event was the single test on Rainier Mesa below the water table.
This results in the nuclides from this test uniquely defining the total inventory in the summation.
Because this would reveal classified information, for the purposes of the unclassified report
(Bowen et al., 1994), this test has been included with the tests above the water table.

DISCUSSION

The total underground radionuclide inventory for the Nevada Test Site provides an accurate
measure of residual radioactive products present after nearly four decades of nuclear testing. The
source tern inveniory is valuable for three reasons. First, this compilation provides a quantified
and accurate radionuclide source term; in contrast, many previous compilations were qualitgtive
only. Second, the NTS radionuclide inventory integrates in excess of 800 single radionuclide
sources. Third, the inventory incorporates a significant proportion of radionuclides introduced
from natural sources in addition to those expected from anthropogenic sources.

As mentioned carlier, radionuclide totals for the NTS represent an upper limit of radionuclides
potentially available for transport. The radionuclide source term will never be transported in
cntirety; the hydrologic source term comprises those species-that are dissolved in or transportable
by groundwater. The mobility of radionuclides is moderated both by chemical kinetics and
hydrology. Numerous experimental and field studies accompanying the nuclear test program (see
Borg, 1976 and Smith, 1993) indicate, in general, long-lived radionuclides (actinides, fission .
products) are relatively insoluble in NTS groundwaters and are attenuated during transport by ion-
exchange and surface reactions with sorptive minerals -- particularly zeolites — characteristic of the
NTS volcanic stratigraphy. With the exception of tritium, which is efficiently dispersed in
groundwater as molecular HTO, the hydrologic source term will always be less than thie
radionuclide source term. Approximately two thirds of the devices fired at the NTS were detonated
above the static water level and by probably will not substantively contribute to the hydrologic
source term. Finally, the hydrology of the Nevada Test Site consists of a complex and variably
transmissive stratigraphy of regional Paleozoic carbonate (transmissivities from 7 to > 10,000
m?/day) and overlying Tertiary volcanic (transmissivities of 2.5 to 1,200 m2/day) aquifers divided
by prevailing flow directions and by discharge areas into three groundwater subbasins. Whiic a
comprehensive description of radionuclide leaching and sorption and Nevada Test Site hydrology
is outside the scope of this report, radionuclide transport will not occur uniformly or pervasively
away from the testing centers at the Nevada Test Site. Different geology and hydrologic propertics
will greatly affect potential radionuclide transport.
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The source term integrates over 800 underground nuclear tests and provides radionuclide totals for
five test arcas both above and below the water table. By summing radionuclide totals for
individual tests into regional areas, radionuclide production from an individual test is integrated
into the sum for that region. The effect, particularly for tests with higher yield, is to minimize the
contribution from any one event. Because the radionuclide source term is device dependent, local
contributions -- particularly those devices with lower fission / fusion ratios and associated higher
tritium production ~- will be disproportionately skewed toward the regional average. Geographic
divisions were made arbitrarily and should not be treated as mutually exclusive; ideally, each test
-should be considered individually relative to both yield and specific radionuclide production.

The radionuclide inventory is dominated by residual radioactivity introduced by nuclear testing, but also
includes a significant proportion of natural radioactivity. Volcanic tuffs and rhyolites erupted from .
volcanic centers over the past 15 billion years are highly evolved rocks that partition oxides of uranium,
‘thorium and potassium ~- all of which are nawrally radioactive. Past undocumented studies on core
samples from underground nuclear tests indicate that 700 tons of geologic media are melted per kiloton of
nuclear explosive yield. (We recently confirmed this value by examining. the radiochemical diagnostic data
for the most device-debris-rich core sample from each of 18 LLNL tests between 1970 and 1988.)
Therefore, natural 40K, natural 232Th and natural uranium activities are mixed into the melt created by all l
‘the events in each of the five inventory regions. The average potassium, thorium and uranium

concentrations of NTS working point media are 4%, 22 ppm and 3.7 ppm by weight. 'Using these values,
-we calculate that 0.0229 Ci of 40K, 0.00169 Ci of 232Th, and 0.00177 Ci of uranium are incorporated into
the melt per kiloton of yield. We include this contribution scparately in our totals for each for the five test
regions defined for the inventory. Background radioactivity from naturally occurring radionuclides
constitutes an effective lower limit for monitoring or remedial levels proposed for the Nevada Test Site.

FUTURE WORK

It should be recognized that the databases represented by this work are evolving entities, subject to
Improvernents and corrections as more sophisticated interpretations evoive and additional :
information is gleaned from the historic record. We expect, that with continued suppont, that the
values of the underground nuclide inventory will improve, particularly on an event-by-event basis.
Large scale changes in the sums, by arca or above or below the water table, are not expected.

Los Alamos and Livermore expect to maintain actively their respective databases, commensurate
with the resources available. Routine communication of updates to each database will occur,
ensuring that the most comprehensive and current values are available at both locations.
Improvements to the database structure and implementation are envisioned to facilitate greater
utility and quality assurance. : ‘

Eleven underground nuclear tests sponsored by the laboratories occurred outside the boundaries of the

Nevada Test Site, within the boundaries of the United States. During fiscal year 1995, these tests will be
inventoried in a fashion similar 10 that described here. This data will become available as a separate report.
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(Above Water Table) - 1994
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Table X! - Yucca Flat
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RIVET 3

WASHER

Shot Name
CYCLAMEN
TAPESTRY
DISCUS THROWER
VILCAN
SAXON
ROVENA
RIVET 2
WAFD
HELMAN
FAWN
CHOCOLATE
EFFeA
MICKEY
ABSINTHE

AIVET t

TANGERNE

KANKAKEE
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(Above Water Table) - 1994

Table X! - Yucca Fiat
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Table XVill - Yucca Flat (Above Water Table) - 2094
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Shot Name

MARVEL

STLY

STACCATO

TUBF
TUB 8
TUBA
TUBD
TUBC
SEVILLA

TANYA
KNFEA

KNFEC
WH.DER
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Table XVIll - Yucca Flat (Above Water Table) - 2094
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Table XV - Yucea Fint (Above Water Table) - 2004
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Shot Name
VAT
HULA
FLE
BITA
BITB
CFEW
KNIFEB
™AD
TYGE
GOURDA
GCURDB
ALMENT
PECAC A
PECACH
TAPPER
BOWL 1
BOWL 2
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Shot Name
VAT
HRA
FLE
BIT A
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CREW
KNIFEB
TYGA
™vad
VALISE
GOURDB
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IPECAC A
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BOWL 2

TINDERBOX




Imapwan.,

LA-CP-94-0222 L% 5 % i (R ‘S’ies%tgt;xber 26.119%954)
k-~ . e anuary
CJ LAS I_B1 AD

b

T e mamge g T

S.*ufl__w,c
17
A
BB
orey
g 23
TYGA
™G
BAYLEAF
™3C
™ao
TYQE
TYGF
SHAVE
QOURDA
[col o]}
ALMENT
IPECAC A
WPECACB
TAPPER
BOWL 1
BOWL 2
[8es U]
&FOER
SPDER

AE
BITA

1]
e R . -
. . L P . e . 1
Ca e s B F P . !




LA-CP-94-0222

mtember 26, 1994

VoUG - (GI4BL JSIBM BALYY] i-ia wIvbiA ~ A vidod

J sigvdy

@ Stavdy

¥ Sigvdy

STHIVAD

J NVEINNVA

@ NVDINNYA

Y NVEOINNVA

N0

Sigv

89

ory

241

TRE PR

aaod

300d

2004

¥ aod

13D

23033Mv3S

aAaIBMVIS

qIIMVIS

3 03IINMVIS

€ MOVAN

b MOVAN

(NI

B IYS

RS 'p;—‘gﬂ".“;’ \
. f R

e

L

3




Lo

o= s i L .,nv.._ 4 o ... e o . .
. 1 ; e 4
WD M D AN R A A GEE waa

DoE o
TON

|
|

. September 26, 1994

FOUG - (G4 L 9P BALYQY) 1ujy wusiin = A Sided



Tebtn VAL Viars FIng (Abaug Watar Tobt-y . ~rng

LA-CP-94-0222

A e b e e~ Oy r

———r
e ————— A

SEAWEED E
SEAWEEDC
SEAWEEDD
SEAWEEDB
YANNIGANA |
YANNIGAN B
YANNIGANG
CYATHLS
ARABIS A
ARABIS B
AFLATS O

243




[ . e e R e
B —— K el e P

i v j

1 i . )
(G A N Wk

<t
(22
h
—
g
o
i
E
[ 3]
-
Q.
L
w2

“ Sigv
: E5a

oy

el

8§63

¥a2d

€ I HHJAL

LERCLET

A

¥ NOL

O
_ LR 803
‘

B O I EID

#. ¥V OiNYIND

! eNnL

} N

T vod

HFd

FUNOS

aaod

200d

900d

v aod

1D

G033IMYIS

! aazMV3S

OEIMVIS

. A0IIMYIS
|

N 1 FHAIYEY
o2 ! ! . B e

Ve T Pobe 8 e b S0l SR i o9 i e i &
.

R L TSNP

M

T
et s ?

,;/“,"/..L..;.x e e
E

. )

s kR

? s

Q

]

A S

T
A hd

R
wh 3
s F o

T




LA-CP-94- 7"

T Y e TR (.r(Jtv Vv

e em e

Y

Biiiwey Bt a

.; DOE
L(3)

srdwl 4

24°

onaa

AREERNVE

(Hoisany

(S} SNIAY

{ONV) SNIAY

ViISAiHY

1 moweD

U3 Te) SNIAY

GRS

PEVEOD ’
OT5¥hia4
S¥iAgav ki -+
BRSO |
Lo,

—
i
)
%

(0} 5330S

(W a33uds

NOYT

() ¥ 334083

| gvormy

[ ¥eangy

AT
4.'/ y Jﬂ _j ¢ ow N

TI3A INOL

Nv1 @ NOtid

¥ NOLid

95

{2) € d¥svd

{al Z ¥svud

SYNVZNWIN

T

NGO

B IO

¥ IO

JQCH

8G0H

|  wWwesa

4. %lu.lv!flll

] v GO

]

by
‘
i
’
t
!
0
{
i
i
1
L
:
{
i
i
]



.September 2¢, -4

T
LILINIIOA L Kodud

T A QT

- i

SN KL NOOWHO
S HL-3LHVOOS
©)3340s
{1} @ 3309
(1) ¥ 3340s

8 YOIV

V ¥OINHV
TI3A ONOLd
NV aNoLd

¥ NOLd
(2) € ¥svid




yoyr

) o3ung

() 833008

(v 33g2s

AL 1

€ vOr&iy

¥ ¥OUbiY

b Ak

TIZA TN

NY.1 8 NOLd

UL

¥ NO1ld

(2) € Ms¥14

(8} 2 wevid

[«
Lo
CUAN

820 EI0T

L 5% ¥ 2'g s

Q00

¢

- ’;;:7;,“_ 1994

e

. ¥602 - (8iqeL J818M 8AOqY) 1E|4 BIONA - JIIAX BIQEL




T e i et o i T§ BT L N At T S 5 P45 P gy by 4 b 5.

T —.
e

Pk

SYHIELL NODWD
SN il F LR

PR Tackan o g
£l
. o ) B
ES
fre)

¥ ¥ iy

TI3A I N2

Nl 8 NOLd

¥ OLd

(ol € wsvig

(g) 2 wovid

SV IHYR

SIETEI Y

CERS e

¥ 308800

i Doy

I 7 00

-

e ]

602 - (8iqBL J61EM 8A0QY) 1B|4 BIINA - [IIAX OIqEL




OHI WL IN
VAR

ek A

. 602 - (8iqEL 181BM B8AOqY) Jeij LOONA - [IAX G4l ,




POUC - (BIQBL J8lep 8AOQY) duiy LoOLA - AR “i4v i




EIYOO
i Ot
SOHINYID
SIWAD
O WO
HY 4304
VLA
SUIVNI VD
VISSVIdVd

3

ISy
3~

POl = Ui L +Sei BA04G] duig “oviA - HiiA Sla-d




__,

W F P

!

|

i

o

{ |

]

; RSN

o
ok




il

-

SIS SRS G SN S

,
1
B

Polo - Vi L 4800 8040 ) deid v~ A - LiivA “l4-4




Pudo o U i 4 v B0y beig

N

IRTRYA)

G oge d

STRETTR
FR Kl

e,

Wvidvas

VHVIvd

e

HITIVM




P
IS
< |

Ay
.y
- s

1M

tw.,,ccr,. = ReldE L islepy 8ACYY) biid BeA T AR SR L

BYaS

WO

g

v




1
i
E
3

| PR

SO A oy s

T e et

-
) GG i
. e (e Pt i

P
1

S e e

S
"7’*‘1




Puie vl L A s e Ve






i




.
>

1o WA

.

i
.

H

s e S













3t et

;
1










i
:
i
{




i

——

R, g g 2

B

T A

)
E
I

b O vt b 54 e

i
|
I
i




Lt







PP

o 1
8




[

neE
b(3)

| S v
\ L i

NOTEODOR i
\ (o274

- —
e e

P NE—




D)

ca

e B




205 0500

Axy 05010




HIRNG

AL i

N r A

3T Y




°3)

GALENA Y
GALENA O

- GALENAG
DVIDER

. LA
f 3

IEr










+
H

HIEI0




[ i
oL












Wy

<







6 e ————



e

23amaan e

e

w





















