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RADIONUCLIDES IN AN UNDERGROUND ENVIRONMENT 

Joseph L. Thompson, CST-7, MS J514, Los Alamos National Laboratory 
Los Alamos, NM, 87545, USA 

In the 100 years since Becquerel recognized radioactivity, mankind has been very 
successful in producing large amounts of radioactive materials. We have been less 
successful in reaching a consensus on how to dispose of the billions of curies of 
fission products and transuranics resulting from nuclear weapons testing, electrical 
power generation, medical research, and a variety of other human endeavors. 
Many countries, including the United States, favor underground burial as a means 
of disposing of radioactive wastes. There are, however, serious questions about 
how such buried wastes may behave in the underground environment and 
particularly how they might eventually contaminate water, air and soil resources on 
which we are dependent. This paper describes research done in the United States in 
the state of Nevada on the behavior of radioactive materials placed underground. 
During the last thirty years, a series of "experiments" conducted for other purposes 
(testing of nuclear weapons) have resulted in a wide variety of fission products and 
actinides being injected in rock strata both above and below the water table. 
Variables which seem to control the movement of these radionuclides include the 
physical form (occlusion versus surface deposition), the chemical oxidation state, 
sorption by mineral phases of the host rock, and the hydrologic properties of the 
medium. The information gained from these studies should be relevant to planning 
for remediation of nuclear facilities elsewhere in the world and for long-term 
storage of nuclear wastes. 

Introduction 

There are a number of places in the world in which mankind's activities have resulted in 
large amounts of radioactive material being deposited in the environment. Unfortunately, 
many of these sites pose a threat to our health so scientific work there is focused on ways 
to isolate or remove the radionuclides. Field studies of radioactive material behaviors may 
assume a lesser importance than remediation efforts. There is one site in the United 
States, however, where conditions appear more favorable for conduct of field studies of 
radionuclide interactions with the environment At the Nevada Test Site (NTS), over 10** 
curies of radioactive materials have been deposited underground during the last thirty 
years. This material is within a 3600 km^ administratively controlled area and does not 
pose any immediate danger to surrounding communities. We have been characterizing 
this radioactive material and observing its behavior for a number of years. Some of what 
we have learned should be useful in predicting radionuclide interactions within other 
geologic and hydrologic environments and so this information will be of value in 
remediation or nuclear waste storage at other sites. In this paper we describe our field 
work at the NTS and outline the behaviors of certain radionuclides there as we understand 
them today. 

The Field Study Site 

At the NTS, the radionuclides we work with include fission products, nuclear fuel 
elements, neutron activation products and tritium. Because of their short half-lives, many 
of the radionuclides produced by a nuclear device can be observed only within a few days 
or weeks after the nuclear explosion. Much of our work has focused on radionuclides 
with half-lives longer than a year. The geologic environment consists of volcanic rock — 
alluvium, layered tuff, rhyolitic lava. The hydrologic environment ranges from very low 
water content near the ground surface to 100% saturation below the water table. 
Hydraulic transmissivity varies from 10-* m^/day for fractured rhyolites to 10~2 m^/day 
for zeolitized tuff aquitards. Radionuclides are found in all physical states: gas (for 



example, Kr-85); liquid (aqueous solutions of molecules such as tritiated water or ions 
such as Cs + , aqueous colloidal suspensions) and solids (surface deposition or 
incorporation in bulk material). The chemical environment is often oxidizing with pH 
values 6.5 to 8 and temperatures a few tens of degrees centigrade. Radionuclide transport 
may occur by gas diffusion or by groundwater carrying dissolved or suspended material. 
A detailed description of the NTS and of initial studies of radionuclide transport there is 
contained in Reference [1]. 

Radioactive Source Material 

The initial disposition of the radioactive materials underground at the NTS is a function of 
the conditions of the nuclear test (composition and performance of the device) and of the 
site (depth of burial, geophysical characteristics of the medium). Some materials may be 
dispersed hundreds of meters from the burial location either because they move as gases 
through the geologic formations or because they are injected through fractures by the 
pressure generated by the explosion. However, we find that a very large fraction of the 
radioactive source from a nuclear test is confined within the cavity created by the event 
The rock and device components vaporized by the explosion cool within a few seconds to 
form a liquid and finally a "melt glass" which accumulates in the bottom of the cavity [2]. 
It is within this glass that the highest concentrations of refractory radionuclides (e.g., 
Zr-95, Eu-155, Pu-239) are found. Volatile species (e.g., tritium, Sb-125, Ru-106) 
distribute throughout the cavity and deposit on the cavity walls. When the cavity collapse 
occurs (usually within a few minutes or hours) the heterogeniety of the radionuclide 
distribution is increased by more mixing of refractory and volatile materials. Even if the 
collapsed cavity is infilled with water, the initial heterogeneous distribution of 
radionuclides may be maintained for years [3]. 

The Role of Groundwater in Transport 

Most of the movement of radionuclides underground at the NTS occurs through the 
agency of moving groundwater. We have found radioactive material deposited hundreds 
of meters from the site where it was generated when there was no water transport 
involved; these situations seem to involve movement of gas or vapor at the time of the 
nuclear test [4]. For example, Cs-137 has iodine and xenon precursors with half-lives of 
a few minutes. These elements move as gases and, consequently, Cs-137 may be found 
even in dry locations at a distance from site of the nuclear event. In a few cases, we have 
found materials with no gaseous precursors which appear to have been injected through 
fractures because of the pressures generated by the explosion [5]. Nevertheless, 
groundwater is generally required for radionuclides to move through the underground 
environment. The radioactive material is first incorporated into the groundwater, then is 
transported as the water moves through the geologic media. We observe that 
radionuclides which are deposited on cavity surfaces are more readily dissolved into 
groundwater than are those embodied in the melt glass [6]. As a consequence of this, the 
species most abundant in the groundwater in the cavity region will be those which had the 
highest production and were relatively volatile. Refractory materials, even if abundantly 
produced, can require years of leaching before they are available for transport by 
groundwater. Even after it is dissolved in water, a radioactive species may not move far 
from its original site. If it has a strong tendency to sorb on the surfaces of the native rock, 
it may become immobile. For example, cesium ion has a strong affinity for NTS 
tuffs [7]. In a pumping experiment which lasted for 17 years we were unable to move 
Cs-137 from a cavity through a 91-m interval to the pumped well, even though other non-
sorbing species (tritium, Kr-85, Cl-36) appeared at the pump after several years[8]. The 
effectiveness of sorption for retardation is highly dependent on the geologic environment 
and mechanism of water flow, however. The study referred to above was in alluvium 
where the water was moving by saturated porous flow. At several other sites on the NTS 
where water is moving through fractured rhyolite we observe Cs-137 transport over 
several hundred meters within a few years. Moving groundwater may transport 



radioactive material which is in the form of colloids. The colloidal material may be 
composed of the radionuclide (e.g., plutonium in the +4 oxidation state readily forms 
colloids) or may consist of natural colloids on which radioactive species have sorbed. Our 
first observation at the NTS of radionuclide transport in the form of colloids occurred 
several years ago [9]. We have since observed it again at a similar site where there is 
relatively rapid water movement through fractured media. 

Summary 

The NTS provides a favorable location for a field study of radioactive material behavior. 
For the environmental radiochemist the creation of this site is serendipitous; it is unlikely 
that any government would allow such large quantities of radioactive material to be placed 
underground both above and below the water table and without any engineered barriers, 
solely for research purposes. From the observations we have made to date at the NTS, it 
is apparent that groundwater is crucial to movement of radionuclides in this environment. 
The important factors in groundwater transport are those which affect the dissolution or 
suspension of the radioactive species into the aqueous phase, those which relate to the 
mechanics of flow (pore size, fracture aperture, hydraulic head), and those which affect 
the interaction of transported species with the geologic media (rock composition, surface 
exposure, propensity for sorption. 
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/ In the 100 years since Becquerel recognized radioactivity, mankind has been very \ 
f successful in producing large amounts of radioactive materials. We have been less \ 

successful in reaching a consensus on how to dispose of the billions of curies of \ 
fission products and transuranics resulting from nuclear weapons testing, electrical 
power generation, medical research, and a variety of other human endeavors. 
Many countries, including the United States, favor underground burial as a means 
of disposing of radioactive wastes. There are, however, serious questions about 
how such buried wastes may behave in the underground environment and 
particularly how they might eventually contaminate water, air and soil resources on 
which we are dependent. This paper describes research done in the United States in 
the state of Nevada on the behavior of radioactive materials placed underground. 

j During the last thirty years, a series of "experiments" conducted for other purposes 
(testing of nuclear weapons) have resulted in a wide variety of fission products and 
actinides being injected in rock strata both above and below the water table. 

\ Variables which seem to control the movement of these radionuclides include the 
I physical form (occlusion versus surface deposition), the chemical oxidation state, 
\ sorption by mineral phases of the host rock, and the hydrologic properties of the / 
\ medium. The information gained from these studies should be relevant to planning / 
\ for remediation of nuclear facilities elsewhere in the world and for long-term / 
\storage of nuclear wastes. „ • ~ . / 

Introduction ~~ ~ -~^~-~^~~~^~.-~~^^^^~-^^ 

There are a number of places in the world in which mankind's activities have resulted in 
large amounts of radioactive material being deposited in the environment. Unfortunately, 
many of these sites pose a threat to our health so scientific work there is focused on ways 
to isolate or remove the radionuclides. Field studies of radioactive material behaviors may 
assume a lesser importance than remediation efforts. There is one site in the United 
States, however, where conditions appear more favorable for conduct of field studies of 
radionuclide interactions with the environment At the Nevada Test Site (NTS), over 108 
curies of radioactive materials have been deposited underground during the last thirty 
years. This material is within a 3600 km^ administratively controlled area and does not 
pose any immediate danger to surrounding communities. We have been characterizing 
this radioactive material and observing its behavior for a number of years. Some of what 
we have learned should be useful in predicting radionuclide interactions within other 
geologic and hydrologic environments and so this information will be of value in 
remediation or nuclear waste storage at other sites. In this paper we describe our field 
work at the NTS and outline the behaviors of certain radionuclides there as we understand 
them today. 

The Field Study Site 

At the NTS, the radionuclides we work with include fission products, nuclear fuel 
elements, neutron activation products and tritium. Because of their short half-lives, many 
of the radionuclides produced by a nuclear device can be observed only within a few days 
or weeks after the nuclear explosion. Much of our work has focused on radionuclides 
with half-lives longer than a year. The geologic environment consists of volcanic rock ~ 
alluvium, layered tuff, rhyolitic lava. The hvdrologic environment ranges from very low 
water content near the ground surface to 100% saturation below the water table. 
Hydraulic transmissivity varies from 10^ nvVday for fractured rhyolites to 10~2 m^/day 
for zeolitized tuff aquitards. Radionuclides are found in all physical states: gas (for 
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In the 100 years since Becquerel recognized radioactivity, mankind has been very 
successful in producing large amounts of radioactive materials. We have been less 
successful in reaching a consensus on how to dispose of the billions of curies of 
fission products and transuranics resulting from nuclear weapons testing, electrical 
power generation, medical research, and a variety of other human endeavors. 
Many countries, including the United States, favor underground burial as a means 
of disposing of radioactive wastes. There are, however, serious questions about 
how such buried wastes may behave in the underground environment and 
particularly how they might eventually contaminate water, air and soil resources on 
which we are dependent. This paper describes research done in the United States in 
the state of Nevada on the behavior of radioactive materials placed underground. 
During the last thirty years, a series of "experiments" conducted for other purposes 
(testing of nuclear weapons) have resulted in a wide variety of fission products and 
actinides being injected in rock strata both above and below the water table. 
Variables which seem to control the movement of these radionuclides include the 
physical form (occlusion versus surface deposition), the chemical oxidation state, 
sorption by mineral phases of the host rock, and the hydrologic properties of the 
medium. The information gained from these studies should be relevant to planning 
for remediation of nuclear facilities elsewhere in the world and for long-term 
storage of nuclear wastes. 

Introduction 

There are a number of places in the world in which mankind's activities have resulted in 
large amounts of radioactive material being deposited in the environment. Unfortunately, 
many of these sites pose a threat to our health so scientific work there is focused on ways 
to isolate or remove the radionuclides. Field studies of radioactive material behaviors may 
assume a lesser importance than remediation efforts. There is one site in the United 
S tates, however, where conditions appear more favorable for conduct of field studies of 
radionuclide interactions with the environment At the Nevada Test Site (NTS), over 10** 
curies of radioactive materials have been deposited underground during the last thirty 
years. This material is within a 3600 km^ administratively controlled area and does not 
pose any immediate danger to surrounding communities. We have been characterizing 
this radioactive material and observing its behavior for a number of years. Some of what 
we have learned should be useful in predicting radionuclide interactions within other 
geologic and hydrologic environments and so this information will be of value in 
remediation or nuclear waste storage at other sites. In this paper we describe our field 
work at the NTS and outline the behaviors of certain radionuclides there as we understand 
them today. 

The Field Study Site 

At the NTS, the radionuclides we work with include fission products, nuclear fuel 
elements, neutron activation products and tritium. Because of their short half-lives, many 
of the radionuclides produced by a nuclear device can be observed only within a few days 
or weeks after the nuclear explosion. Much of our work has focused on radionuclides 
with half-lives longer than a year. The geologic environment consists of volcanic rock — 
alluvium, layered tuff, rhyolitic lava. The hydrologic environment ranges from very low 
water content near the ground surface to 100% saturation below the water table. 
Hydraulic transmissivity varies from 10^ m^/day for fractured rhyolites to 10~2 m^/day 
for zeolitized tuff aquitards. Radionuclides are found in all physical states: gas (for 


