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ABSTRACT

A method for formulation and production of Nuclear UnderGround Engineered
Test Surrogates (NUGETS) based on notional improvised nuclear device (IND)
detonations in an underground environment analogous to the Nevada National
Security Site (NNSS) is presented. Extensive statistical analyses of precursory
geochemical and geophysical characteristics are combined with an augmented
surrogate debris cooling technique and predictive IND contributions from the
ORIGEN Fallout Analysis Tool. Precursory and resultant elemental compositions,
cooling curve calculations, and visual comparison of NUGETS to genuine
underground debris are reported. Application of NUGETS methodology to future
studies in urban, underground post-detonation technical nuclear forensic (TNF)

analysis is suggested.
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CHAPTER ONE
INTRODUCTION

This chapter discusses the reasons for study of underground nuclear melt glass
and the application of this study to post-detonation nuclear forensics—specifically

as it pertains to surrogate underground nuclear explosive melt debris production.

1.1 Impetus for Study

The threats of both nuclear proliferation and nuclear terrorism have existed for
over a decade and persist at present [2]. Because a credible attribution capability
is believed to deter such acts, a set of mechanisms to achieve attribution is
necessary. One such mechanism is nuclear forensics, which is defined as “the
analysis of nuclear materials recovered from either the capture of unused materials
[pre-detonation], or from the radioactive debris following a nuclear explosion
[post-detonation] [3].” Thus, a nation’s capability to conduct nuclear forensics
analysis is of crucial national importance and contributes to deter, mitigate, and
attribute events of nuclear terrorism. The development of such capabilities is the
subject of U.S. law, among the principle missions of numerous U.S. government

agencies, and the focus of much professional and academic research [3], [4].

Each of the three most-recent breakout nuclear weapons states, North Korea
(2006), Pakistan (1998), and India (1974) conducted its initial nuclear weapon test
underground [5]. From the perspectives of stealth and radionuclide containment,
it seems logical that any future proliferators may follow suit. Moreover, the threat
of malicious non-state actors acquiring the materials and technology with which to
execute acts of nuclear terrorism abides. These reasons have given rise to the focus
of this investigation: understanding a portion of the myriad characteristics of

underground post-detonation nuclear debris, the material which generally consists



a variably vitreous matrix that carries information on the composition and origin

of the device.

Specifically driving this work is the plausibility of an attack wherein an
improvised nuclear device (IND) is detonated in deep, subterranean, urban
infrastructure (e.g., a subsurface parking structure below a high-rise building, a
major subway station, etc.). While the probability of such an attack is open to
debate, the -catastrophic consequences resulting therefrom demand these
incredible risks be addressed. It is proposed here that by understanding the
contribution of geochemical and device constituents to forensic radiochemical
indicators in debris formed in a “controlled” environment—one where many
conditions and specifications of the system are well-characterized—that
conclusions may be drawn about the same effects in an uncontrolled setting. In
this case, the controlled environment is a sealed underground test cavity

representative of the Nevada National Security Site (NNSS).

1.2 Technical Nuclear Forensics Applications

In this study, hypothetical values for nuclear forensics indicators are produced
for two notional INDs detonated in representative NNSS geology using the Oak
Ridge Isotope Generation (ORIGEN) Fallout Analysis Tool (FAT). These data
inform chemical formulations which are employed with an empirically derived
cooling function for the creation of a new type of surrogate nuclear debris, known
here as Nuclear UnderGround Engineered Test Surrogates (NUGETS). These
post-detonation surrogate debris samples may be exploited in a number of
different ways to support material collection and analysis (MC&A), verification and
validation (V&V), and paradigm-altering thrust areas within the current Defense
Threat Reduction Agency (DTRA) materials identification & debris analysis
solutions (MIDAS) program and the technical nuclear forensics (TNF) community

at large [6].



CHAPTER TWO
LITERATURE REVIEW AND BACKGROUND

The literature review which follows covers journal articles, technical reports,
and other information reported in the literature regarding topics specifically
germane to this work from 1958 to present. This review is intended to provide a
cohesive background with regard to the topics of radiation and physical damage
mechanisms in nuclear detonations along with the phenomenology of those
mechanisms in production of both genuine and surrogate post-detonation

underground nuclear weapon debris.

2.1 Effects of Underground Nuclear Weapon Detonations

The effects of any nuclear detonation are a complex, multifaceted result of
perhaps the even more complicated process which causes the detonation—prompt
supercritical fission.  An exhaustive presentation of the physical and
thermodynamic processes involved in nuclear detonations is given by Bridgman
and is well-supplemented for practicality by Moody, Grant and Hutcheon;
Glasstone and Dolan; and Serber [7]—[10]. For ease of discussion, the effects of an
underground nuclear detonation considered in this study are categorized into
three areas: ionizing radiation, thermal radiation, and shock/pressure. While
these three are not mutually exclusive because one or more often contribute to the
other(s), it is convenient to think of the effects in this way. The application of these
effects is addressed further in §2.2 with regards to influence on the formation of

underground nuclear debris.

2.1.1 Detonation Timeline

Before delving how the specific effects of an underground nuclear detonation

are achieved, it is instructive to deliver a general timeline of events which occur

3



during and immediately following the fission detonation itself. Various sources
report the numerous aspects of the detonation timeline, but a 1989 report by the
U.S. Congress Office of Technology Assessment (OTA) provides an excellent
summary [11]. The following discussion is derived principally from the OTA

document with additional details provided by other sources as noted.

1st Generation ('

¥

/ @\

2nd Generation [ o

s/ N

/N /
o

(‘/

3rd Generation < ¢
/N /N

N £ NN

4th Generation (= (= (W (W [ < | * <

@ Uranium-235 atom @ neutron
>

Fig. 2.1 — Graphic representation of a supercritical fission chain reaction [12].

Prior to the time of ignition, referred to here as to = t = 0, interactions of firing
mechanisms and other weapon elements modify the subcritical fissile material in
the device’s core such that prompt supercriticality (kett >> 1) is achieved (cf. Fig.
2.1). With these modifications, a quantity of free neutrons introduced to the
system gives rise to the first generation of fissions within the fissile material. Given
the supercritical configuration, the first generation of fission neutrons begets a
larger second generation which produces an even greater third generation and so

forth. The exact measure of a neutron’s lifetime—that is the time from which it is

4



introduced or “born” into the system until it is absorbed or leaves the system—is
variable with the physical state of the system, but a common approximation of this

time is 1 x 108, or 1 “shake,” colloquially [7].

As tens of generations of fissions occur, the very high energy density of the
fissioning fuel causes the device to expand at an explosive rate. This expansion
combined with depletion of the fissile mass by the fission process itself, drives the
fuel out of the supercritical state [7]. Eventually the fission reaction ceases (Keff =
0) in a process commonly referred to as mechanical disassembly. During the
fractions of a microsecond (<100 shakes) for which the supercritical fuel assembly
is maintained, several moles of fuel atoms fission, each releasing approximately
200 MeV—on the order of several tens of kilotons (kt) of 2-methyl-1,3,5-trinitro-
benzene (i.e., TNT, CAS RN®: 118-96-7) total. Pressures generated by this activity
reach the order of 100 psi, and temperatures generated in the device reach the order
of 108 K. At this point, the explosive energy deposition creates a shock wave which

begins to move outward from the device [9], [11].

Within the following milliseconds (105 shakes), the remaining matter from the
device and the immediate, surrounding geologic media are vaporized. The intense
heat creates a gaseous bubble of very high pressure. This pressure, added to
explosive momentum created by the rapid expansion of the device (shock wave)

begins to create a spherical cavity within the underground media [11].

In the next few tenths of a second (107 shakes), the pressure and momentum
previously imparted to the surroundings are equalized by the pressure of the
bounding rock and soil. At this point, the cavity reaches its maximum dimensions.
The shock wave continues outward from the cavity, crushing rock immediately
beyond the cavity, permanently compressing the rock beyond that, and elastically

compressing rock and soil even farther out. The elastically compressed media



subsequently relaxes creating seismic waves which propagate through the

surrounding earth similar to the action of an earthquake [11].

On the order of a few seconds (108 — 109 shakes), the vaporized and molten
debris begins to condense and solidify on the surfaces of the cavity (cf. §2.2, Fig.
2.2). As the cavity cools, pressure drops, and the fluid rock begins to flow down

the walls, pooling in the bottom of the cavity [11].

Test device
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shock -~

front \ o g

Compressed alluvium or
fractured rock
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Final configuration with collapsed
chimney and redistributed
radionuclides (no surface crater)

Fig. 2.2. — Illustration of an underground nuclear detonation cavity and

chimney formation [13].



Finally, in the following minutes, hours, or longer (>101° shakes), the glass pool
at the bottom of the cavity cools and solidifies. As the cavity cools, the gas pressure
within the cavity drops such that it is exceeded by the weight of the overburden. If
the overburden is highly fractured or otherwise unstable, a chimney is created by
the crushed rock falling from above and filling in the cavity (cf. Fig. 2.2). This effect
continues upward until the void is stabilized by mutually supporting rubble,
unaffected rock is able to support the remaining overburden, or the chimney
reaches the surface forming a retarc (i.e., a subsidence crater). The chimney and
retarc formation processes are generally the last notable effects of the detonation

and may take months (>10!2 shakes) to occur [11].

2.1.2 Ionizing Radiation

The ionizing radiations resulting from a nuclear weapon detonation takes many
forms and arise from many diverse processes. Alpha (a) particles, beta (<)
particles, photons (y-rays and x-rays), and neutrons (n), of myriad energies are
released from the fuel, fission fragments, and irradiated device components [7],
[9]. This mixed radiation field may be further subcategorized into two very general
time-dependent groups, prompt and delayed (residual). Prompt radiation is
loosely defined as that which occurs within 1 min of the detonation [9]. For
purposes of this study, the prompt fraction is of primary concern as most physical

processes involved in debris formation result from this portion.

Forsaking a rigorous presentation of fission thermodynamics and particle
transport which may be found in Bridgman’s text, the processes which drive the
prompt ionizing radiation source term in a nuclear detonation are summarized
here [7]. The majority of the discussion will focus on photon production and
interaction, as some 70-80% of the weapon yield occurs in the form of photon
radiation [7], [9]. Nonetheless, a discussion of this type which neglects the other
forms of radiation would be incomplete at best.
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Alpha and both charge states of § particulate radiation result predominantly
from the unstable state of the fissile material and the resulting fission fragments,
respectively. While significant contributors to the overall residual radioactivity
(and decay heat load) at late times, the contribution of these source terms to the
prompt inventory is largely insignificant [9]. For these reasons, discussion of a
and [* radiations are often minimized in the literature. Likewise, the direct
contribution of neutrons and prompt gamma rays to physical detonation effects
are somewhat insignificant (=3% of the total energy) [9]. While these radiations
emanate from various processes and produce notable dosimetric effects, the
influence of neutron and gamma radiation on physical, debris-producing damage
is relatively small. Beyond physical damage, the IND’s neutron spectrum and flux
do play a vital role in driving the radiochemical composition of the post-detonation
debris through activation interactions with device components and elements of the

local blast environment [9].

The dominant form of prompt ionizing radiation produced in a nuclear
detonation is that of x-rays. The large population of x-rays which emanates from
a nuclear weapon are first born of fission in the weapon’s fissile core within the
first 100-shakes. Kinetic interactions of fission fragments with neighboring matter
drive temperatures of the core exponentially higher within the first few tens of
generations. As the internal system energy increases, ionization occurs, freeing
high-energy electrons which undergo coulombic interactions with nuclei, ions, and
other free electrons producing bremsstrahlung photons. These photons
subsequently undergo Compton and Rayleigh scatter as well as photoelectric
interactions according to the photon wavelength and applicable material cross-
sections. As temperatures in the core rise to >107 K (on the order of keV), free
electrons are driven to local thermodynamic equilibrium with the surrounding
system. This gain of kinetic energy along with the short mean free path between
coulombic interactions with other ions in the system produces increasing numbers

of even higher energy photons [7].



As these photons propagate through media surrounding the fissile material
(e.g., high-Z tamper, low-Z chemical explosive byproducts, medium-Z case, etc.),
they continue to undergo scattering and absorption reactions according to energy
and material cross-sections. With each successive interaction, the photon
spectrum decreases in total intensity, although it may become harder (due to
absorption of low-energy photons), or softer where scattering interactions
dominate. As these interactions occur, energy is imparted to the surrounding
materials in a very short amount of time which corresponds to the length of the x-
ray pulse (i.e., a few shakes). Given this extreme energy deposition in an
infinitesimal time, inertia forbids significant movement of the absorber atoms
which essentially undergoes an instantaneous internal energy gain. This rapid
change in systemic energy density causes ionization and reemission of secondary
photons at close ranges and is the driving force behind thermal and pressure effects

which will be discussed in the following subsections [7].

2.1.3 Thermal Radiation

Oftentimes in the literature, thermal radiation is often directly associated with
or considered part and parcel of the prompt ionizing radiations discussed in §2.1.2.
Thus, what is meant by prompt “thermal radiation” in the context of this work shall
be specified. Adhering to the previous delineation between prompt and residual
radiation, thermal radiations in this discussion are those which (regardless of
initial form) have downscattered into the ultraviolet, visible, or infrared spectra,
imparting thermal energy (i.e., heat) to the immediate surrounding media by
absorption and inelastic scatter. Thermal radiation results from approximately

half the total x-ray yield of the device (i.e., *35% of the total energy yield) [9].

Aside from the negligible thermal energy released by the conventional
explosives, essentially all thermal radiation and damage resulting therefrom is
produced secondary to the x-ray pulse described in §2.1.2. The intense x-ray pulse
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from an underground detonation is absorbed and reradiated in a distance on the
order of 103 less than in air [7]. As the ionization and reradiation processes take
place, a plasma sphere or “fireball” is created. The fireball’s growth is best

considered in three stages: burnout, diffusion, and hydrodynamic growth [7].

Following its development, the fireball very quickly radiates to an extent at
which downscatter, absorption, and radial dispersion preclude the photons from
completely ionizing the environment to any greater extent. This point—at which
all the prompt fission x-radiation is considered consumed—is commonly referred

to as burnout [7].

After burnout, the fireball continues to grow via thermal diffusion. The thermal
reradiation created by burnout x-rays expands ever outward, depositing photon
energy over an increasing spherical volume at ever decreasing temperatures. As
this effect propagates, the fireball growth rate eventually falls below the speed of
sound in the surrounding medium—a point referred to as hydrodynamic
separation. The temperatures at hydrodynamic separation in an underground
detonation are of the order of 107 K; pressures at this point reach 107 psi [7]. The
thermal radiation combined with the compression caused by kinetic energy
transfer and surface ablation (i.e., the causes of the shock wave) at the moment of
hydrodynamic separation are sufficient to ionize, vaporize, and melt the rock
surrounding the device at hydrodynamic separation. Because of the density of the
surrounding geologic media, hydrodynamic separation in an underground blast is

estimated to occur at the outer skin of the fully ionized device [7].

During the hydrodynamic growth phase, the fireball continues to grow, ever
more slowly as it is outpaced by the phonon shock front [7]. Because the many
visual and spectroscopic techniques used to characterize fireball growth in
atmospheric testing are precluded by the earth itself, underground fireball

propagation is not as well defined [9]. Nevertheless, the hydrodynamic phase of
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underground fireball growth may be considered as sequential absorption and
reradiation of thermal energy across differential radii of a growing sphere behind
the shock front. This process will continue outward until essentially all photons

are absorbed and the fireball is extinguished.

2.1.4 Shock and Pressure Effects

Shock and pressure effects in an underground detonation occur principally by
the near-instantaneous deposition of x-radiation energy into the medium
surrounding the device [7]. This rapid deposition affects the absorbing medium in
one of two ways. In the first case, the x-radiation is so intense that it exceeds the
latent heat of vaporization of the material. The vaporized material is blown off and
imparts an exhaust momentum into the adjacent layer of material in a very short
amount of time. In the second case, the x-radiation intensity is such that it remains
below the material’s vaporization threshold, but still imparts significant energy

very rapidly. The pressure created by this impulse of energy is shown in eq. 2.1.

p(x) = ¥sPoEqep (x) (2.1 [7]
where
p(x) is the pressure at depth, x, in the material,
ys is the Griineisen constant, a material property,
po is the original material density, and

Edep(x) is the internal energy deposited at depth x.

Like the fireball, once initiated, the shock wave propagates outward from the
device in three sequential phases: hydrodynamic, plastic, and elastic [7]. While the
plastic and elastic phases are of crucial importance in estimating physical damage
to coupled structures, they are of little import to debris formation. Thus, this study
is most concerned with the hydrodynamic phase of the shock wave. As discussed

in §2.1.3, the temperature and pressure of the shock wave at the time of
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hydrodynamic separation are of the order of 107 at a fraction of a meter from the

point of detonation (i.e., the surface of the device casing) [7].

The hydrodynamic shock wave will propagate outward, losing energy as it
travels. Inthe early time, the kinetic energy transfer will remain sufficient to shock
melt the surrounding geologic media by means of compression out to several
meters from the working point [11]. The extent of this melt will later be assisted
by the diffusive growth of the thermal fireball behind it, but is bound by the
material properties of the earth at the shock front location. In order to shock melt
the rock, the Edep term of eq. 2.1 must exceed the latent heat of fusion of the
material according to the current equation of state, as a function of geochemistry,

water content, and material phase under high temperature and pressure.

Immediately following the hydrodynamic phase comes the plastic phase of the
shock wave. Itis in this phase where the maximum cavity dimensions are achieved
in a contained underground detonation [7], [9]. This dimension will drive the
cooling of the cavity and the, ionized, vaporized, and melted debris within it and
will be dealt with specifically in §3.1.2 [14]. In the plastic phase, the shock wave
has lost enough energy that it is no longer able to ionize or melt the medium
through which it is traveling. However, its pressure is sufficient to plastically
deform the layers of rock just beyond the shock-melted mass. Due to these intense
compressive forces, the medium’s modulus of elasticity is exceeded and it is unable
to rebound to its original position. Subsequently, the further degraded shock wave
continues outward, elastically disturbing the soil and rock at distances greater than
three cavity radii from the working point [11]. These elastic compression and
relaxation cycles form the beginning of seismic disturbances felt at great distances

from the detonation [7].
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2.2 Underground Nuclear Explosive Melt Debris

Discussed in this section are the composition, mechanisms of formation,
physical properties, and radiological properties of underground nuclear explosive
melt debris (U-NEMD). The acronym U-NEMD is adapted from Smith’s NEMD
terminology due to the variable crystalline and vitreous nature of the debris (cf.
§2.2.3) [15]. In this context, U-NEMD is considered as those substances which are
physically altered from their original (usually crystalline or metallic) state by the
heat and pressure of the nuclear explosion such that they condense and solidify in
a vitreous matrix upon return to ambient temperature and pressure. Generally,
the discussion is concerned with the bulk melt debris contained within the cavity
described in the preceding sections. It is noteworthy, however, that glassy debris
may be found in the extra-cavity environment where temperatures exceed material
melting points, or where plasma and vapor condensate are promptly injected into

preexisting fissures during the detonation process [16], [17].

A brief discussion of various methods of surrogate nuclear melt debris
formulation and production is included as reference for the attempt made at

surrogate U-NEMD production in this work.

2.2.1 Precursor Composition

Given the essentially closed nature of the system involved in a deep
underground nuclear detonation, the composition of the debris precursor is
somewhat easily bound. The expected elemental composition of the debris is
derived primarily from the host geochemistry with additional contributions from
residual device components (e.g., case, high explosive, tamper, fissile material,
etc.), activation products (including portions of both previous categories), and
fission products corresponding to the consumed fuel and tamper masses [15],

[18]-[21]. In a testing environment, significant contributions may be expected
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from stemming materials (i.e., media used to backfill an underground test
emplacement borehole), and to a lesser degree, downhole instrumentation and
other associated infrastructure within the cavity radius [15]. In the case of an
urban detonation, the composition is likely to become significantly convoluted by
the presence of various layers of infrastructure (e.g., building materials, pipelines,

subway trains, etc.) with highly variable bulk compositions [22].

Estimates reported in the literature, which vary by a factor of five, claim between
500 and 2,500 metric tons of geologic media are vaporized or melted per kiloton
yield in an underground detonation [14], [15], [21], [23]—[27]. Given the relatively
small mass of an IND and the even smaller mass of fuel—and thus, fission
products—present, the major contributors to debris mass are the surrounding
geology and the activation products induced in situ. Host geochemical and
geophysical properties which directly affect debris composition and formation are
diverse and multivariate (cf. §3.1.3). Variability notwithstanding, in the case of the
United States testing program, pre-shot geochemical inventories were acquired
and catalogued. These data aide in predicting debris composition, and thusly,
serve as a baseline for this study. From a forensics perspective, geophysical and
geochemical variation may be confounding in the case of investigating clandestine
or illicit testing in restricted areas, but construction records and land survey data

should provide limited assistance in bounding urban scenarios.

Detonation phenomenology and the rate of cavity cooling affect the debris
formation process, final nuclide composition, physical, and radiological properties

[15]. These factors are discussed in the following sections.

2.2.2 Formation Mechanisms

In the past seven decades, a great deal has been composed on the effects of
underground nuclear detonations vis-a-vis debris formation mechanisms and
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phenomena. This discussion considers sixteen such documents composed from
1958-2016 and focuses on data that is pertinent to bulk debris formation [7], [13]-
[17], [19], [21], [24]—-[31]. Moreover, it focuses on that which pertains to surrogate

debris formulation and production in a laboratory setting.

The generally espoused U-NEMD formation process centers on phenomenology
which occurs shortly after the blast cavity reaches its maximum size. At this point,
the cavity is essentially filled with a mix of fully and partially ionized matter,
vaporized matter, and superheated steam at high pressure. At the same time, it is
lined with shock-heated molten and fused layers of rock which are held in place for
a short time by the elevated cavity pressure [7], [17]. The condensate and
precipitate from the plasma and vapor along with the molten and fused cavity
lining which compose the bulk U-NEMD are those in which this study is primarily
interested [17], [19], [30].

Within the next few seconds, expansion of the plasma and gas within the
chamber and through fissures in the crushed rock as well as conductive heat
transfer to the surrounding earth cause the cavity to begin cooling. As this cooling
occurs, deionization and condensation processes ensue. It has been reported in
multiple cases that the cooling and deionization processes in a post-detonation
environment results in the alteration of the relative concentrations of naturally
present oxidation states of debris species [19], [24], [25]. Specifically, Fe is seen
enriched in the divalent versus the trivalent state when compared with the
geochemical precursor in which Fe2+ is rarely reported as it is uncommon in nature
[19], [25]. Likewise, one study reports redox effects on U and Pu species in both
underground and near-surface nuclear detonations [19]. In the samples
considered, U is found oxidized from the metallic state to the hexavalent and
tetravalent states with U¢+ being the dominant form. Plutonium is reported only
as oxidized to the tetravalent state. Such phenomena are highly variable and seem

to demonstrate tenuous relationships to the proximity of the element to any
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quenching device (e.g., surrounding rock, air, water, etc.) as well as the redox state

of the precursor media [19], [25].

Upon dissipation of the plasma, the quickly cooling matter begins to undergo
phase transitions as a function of partial vapor pressures, boiling points, and
freezing points [13], [21]. The order in which elements and compounds tend to
condense and solidify leads to a classification of debris constituents as generally
refractory or generally volatile. These definitions vary widely based upon the
detonation scenario (i.e., underground, underwater, near-surface, above ground,
high-altitude) and are employed here in a manner befitting those products which
will remain gaseous, suspended vapors, or surface deposits (volatile) versus those
which will remain in the liquid or solid phase (refractory) as the cavity

environment returns to ambient temperature and pressure.

As a matter of course, the most refractory species condense first. Condensable
gasses liquefy and begin to collect on the surface of cavity walls while a small
fraction are reported to condense and begin to solidify in suspension [15], [19].
The refractory species include approximately 60-85% of fission and activation
products, residual fuel actinide species (i.e., U and Pu), and the majority of
geophysical precursor material [15], [25], [26]. On the same order of time (several
seconds), pressure within the cavity decreases such the molten condensate on the
ceiling and walls of the cavity begins flowing downward under the influence of
gravity [13], [19], [21], [26]-[29]. As the melted debris flows down the walls,
mixing occurs between shock melted debris, molten refractory debris, condensing
vapors, and crushed solids from the roof and walls of the cavity [15], [28]. This
flow ultimately collects in a thick, lens-shaped pool of U-NEMD on the floor of the
cavity which contains 95-98% of all glassy U-NEMD formed during the detonation

[15], [17], [19], [21], [24], [26], [27].
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The U-NEMD that pools on the cavity floor consists primarily of refractory
debris products and is well-depleted in volatile products [15], [17], [21], [24], [26],
[30]. It is reported that the pooled melt is generally well-mixed and shows no
major elemental migration, but microscopically the glass demonstrates chemical
heterogeneity [24]. As the cavity continues to cool and pressures continue to
decline toward the ambient, more volatile species condense and are deposited on
the surface of bulk debris and within fissures adjacent to the cavity [15]. This
process is the unique nature of fractionation within a contained underground
detonation versus the field-wide fractionation experienced in an above ground

detonation [30].

As noted in numerous studies, a critical difference between underground debris
formation and that in other detonations is the duration of cooling [30], [31]. The
thermal gradient and prolonged cooling in the post-detonation cavity influences
debris morphology, mixing, and chemistry [19]. Dissipation of a thermal source
term which has driven many thousands of tons of rock to temperatures at least on
the order of 103 K through highly insulating media is a very slow process compared
to that of an air or water burst [14], [26], [27]. In order to estimate the cooling
duration, a 1967 study by Olsen applies Newtonian cooling principles to the cavity
cooling problem. He derives an empirical relationship between cavity temperature
and time as a function of cavity radius, yield, bulk water content, and various
thermophysical properties of the local geology [14]. While the relationship fits
experimental data well, several thermophysical properties are not well-defined in
the very unique environment with which the study is concerned. It appears at
present that Olsen’s derivation is the only readily accessible means by which to
evaluate the time-dependent temperature of the post-detonation cavity. Thus, his

method is employed in this work as a surrogate U-NEMD production modifier (cf.

83.3 and §5.3.1).
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It suffices to say, the debris solidification process begins within seconds of
detonation and extends over many subsequent minutes, hours, or days [15], [17],
[19]. The exact time to solidification is difficult to ascertain as it is a function of
many variables including chemical composition, location within the debris puddle
relative to an ambient temperature source, yield of the weapon, etc. [17]. The cavity
cooling and debris solidification processes are also affected by various external
phenomena. Internal pressure and temperature gradients (<3.6 x 104 K/cm at the
wall-melt interface) cause crushed overburden to fall from the chimney and spall
from walls into the cavity becoming entrained in the molten pool of debris [7], [14],
[15], [17], [21], [26], [29]. The introduction of this relatively cool geologic media
as well as the reintroduction of groundwater in detonations below the water table
into contact with the melt pool accelerate the cooling by natural conduction [13].
These intrusions cause localized debris quenching and chemical alteration layer
formation to occur. A computer model of one such scenario where groundwater
flow contributed to cavity cooling in the Anvil Cheshire shot is shown in Fig. 2.3.
According to the empirically derived model by Maxwell, et al, a duration of 50 years
or greater may be necessary to fully dissipate the initial thermal load from a large
detonation in saturated volcanic tuff. A similar study by Johnson, et al, recorded
temperatures in excess of 77 K above ambient in the Plumbbob Rainier melt pool

five months post-detonation (cf. Fig. 2.4) [26].

2.2.3 Physical Characteristics

The aforementioned formation mechanisms (cf. §2.2.2) result in a collection of
very diverse, heterogeneous U-NEMD both inside and immediately adjacent to the
blast cavity. Underground debris varies in physical shape, size, texture, color,

crystallinity, location, and amount and type of inclusions.

As noted, the majority of U-NEMD is contained in a large, continuous, lens-

shaped puddle which coalesces at the bottom of the post-detonation cavity and
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Fig. 2.4 — Temperature profile of the post-detonation debris cavity five months
after the Plumbbob Rainier test [26].
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may be up to 20-ft thick [17], [32]. However, numerous studies have recorded
various physical forms of U-NEMD in addition to the puddled debris. The large
puddle is usually accompanied by coatings, splashes, and smears of U-NEMD on
the walls, ceiling, and fractured host rock debris throughout the cavity which is
formed when crushed host rock falls into the molten pool [21], [24], [32].
Additionally, prompt injection of vaporized and/or molten debris into preexisting
fissures in the host geology forms thin seams of glassy debris [17], [32]. Stringers
of debris may hang from the cavity ceiling, frozen in place by the high viscosity of

the molten debris and the rapid cooling of the cavity [17].

Ubiquitous to most underground detonations is the formation of numerous
teardrop-shaped to spheroidal beads of U-NEMD in a wide range of sizes from
dust-like to larger beads with diameters in excess of 34 in (cf. Fig. 2.5). These
debris typically result from rapid vapor condensation of Si compounds and from
molten debris dripping from wall and ceiling surfaces. Some remain essentially
round implying solidification before impact on the cavity floor, while others exhibit

flattened bottom surfaces suggesting a viscous property remained at impact [27].

Fig. 2.5 — Beads (1 & r) and elongated droplets (c) from Plumbbob Rainier (I &
¢) [27] and Whetstone Scaup (r) shots [17].

The various physical forms of U-NEMD demonstrate heterogeneous textures,

both in an individual specimen and throughout the blast cavity as a whole.
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Individual samples exhibit a wide range of vesicularity. Some are massive and void
of vesicles, some highly vesicular, and others are pumiceous [17], [24], [30].
Vesicularity seems to indicate outgassing of incondensable gasses as cavity
pressure drops while the debris remains near the liquidus temperature [32].
Particularly, steam is thought to be outgassed at this point which is demonstrated
by the relative dehydration of U-NEMD compared to the precursor [24], [27]. The
complex volume of U-NEMD which composes the puddled debris residing at the
bottom of the cavity is characterized as dark, continuous, and variably vesicular
with light, brecciated, lithic and mineral inclusions [13], [15], [17], [21], [32].
Debris beads are similarly variable in vesicularity. Generally, the thin coatings and
splashes of debris which are found in direct contact with host rock are less vesicular
than bulk debris due to rapid quenching [17]. In addition to vesicularity, some U-
NEMD also exhibit preferentially oriented microfractures which are likely due to
redistribution of residual internal stresses during the cooling process [21]. The U-
NEMD from numerous detonations demonstrates no obvious relationship
between debris texture and host rock type or device type [15], [17], [30]. Three

representative samples of various U-NEMD textures are shown below in Fig. 2.6.

Fig. 2.6 — Representative U-NEMD sample textures: massive with lithic

inclusions (1), highly vesicular (c) [17], and pumiceous (7) [27].

A wide variety of colors is characteristic of U-NEMD. Ranging the full spectrum
from essentially black to nearly colorless, U-NEMD has been recorded in various
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shades of brown, gray, green, red, and off-white [17], [28], [30], [32]. Color, not
unlike many other characteristics appears to be heterogeneous, sometimes
occurring in bands, laminae, or marbled swirls [24], [28]. Tenuous relationships
have been drawn between color and chemical content, location, and radioactive
properties (cf. §2.2.4). The majority of bulk U-NEMD found in the puddle tends
to be dark brown or black. Greens and reds tend to occur in fused material above
the puddled U-NEMD [32]. Dark brown glasses seem to be higher in Fe and Ti
content while lighter “colorless” samples tend to have higher Si and Al content
[24]. Darker glasses also seem to indicate higher concentrations of radioactive

species than do lighter debris specimens [21], [24], [28].

The final major physical characteristic of U-NEMD is its crystalline or
amorphous (i.e., vitreous) nature. The variation in crystallinity is likely due to
duration of cooling in bulk melt debris and to the degree of shock melting in non-
vaporized media. Classically speaking, as cooling time increases, so does
crystallinity. Empirical investigations of debris from a number of tests indicate a
mix of variable proportions of glass and crystal phases in any given debris field due
to non-uniform quenching [15], [21]. The mere presence of crystallinity in U-
NEMD is ubiquitous, however. Crystals tend to consist of Na-Ca feldspars, quartz,
and K-feldspars. Residual pheoncrysts entrained in U-NEMD from host rock
rubble are also noted in the crystalline phases [15]. Crystallinity also exhibits a
relationship to the refractory or volatile nature of its components. Refractory
species seem to be contained strictly in vitreous U-NEMD whereas volatile species
are found in both glassy and crystalline samples [15]. Volatile elements tend to

reside on exposed surfaces, in glass seams, and within vesicles in glassy debris.

In addition to the major physical characteristics, U-NEMD is sometimes subject
to the creation of alteration layers on exposed surfaces and in open vesicles [28],
[30]. These chemical alteration layers result from the interaction of U-NEMD with

liquefied explosion products resulting from pressure and temperature reduction
22



over time or from the reintroduction of natural groundwater in shots below the
static water table level. In either case, the liquid-solid interface creates an
environment several microns in thickness where alkali elements and water form a
distinct concentration gradient. External to that layer is a gel zone of Si network
dissolution. Most affected elements are incorporated into an alteration phase of
clays, zeolites, oxides, and/or hydroxides [21]. Forensically, these alteration layers
are of interest due to their dissolution of any surface-deposited volatile species and
a general alteration of other radiochemical indicators contained in an altered

specimen.

2.2.4 Radioactive Properties

Of high forensic interest is any evidence provided by the radionuclide inventory
held within the U-NEMD; hence, radioactivity has been named among its most
useful attributes [30]. The total radioactive source term in an underground
nuclear detonation is governed by the amount of fissile material present, the
fission-to-fusion ratio, and the total device yield [15]. The radiations inherent to
U-NEMD are a mixed field. Predominant forms are y and (-; but, small
contributions from B+, a, and delayed neutrons (in the early time) also exist.
Sources of these radiations are outlined in §2.1.2 and include residual fuel and
tamper materials, fission products, activation products from the device and
surrounding media, radiochemical tracers (in testing environments), and the
copious progeny of the aforementioned [13], [15], [21], [29], [30], [33]. Thus, itis
useful to understand the distribution of radionuclides in the debris field when

considering collection and further analysis.

Several studies report that the vast majority of radioactive species—including
greater than 98% of residual actinides and 60-85% of bulk fission products—are
contained in U-NEMD [25], [26], [28]. These nuclides are indicative of many
telling aspects of the device which created the debris. Fuel type and enrichment,
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tamper material composition, fusion-to-fission ratio, yield, efficiency, etc. may be

ascertained through radiochemical analyses [20], [29], [30].

Consistent with many physical and chemical traits, radioactivity is
heterogeneously distributed through individual aliquots of U-NEMD. Most
radionuclides also demonstrate heterogeneity in the bulk U-NEMD. While a wide-
area fractionation problem is not of concern in a contained underground nuclear
detonation, the process does affect radionuclide distribution throughout the post-
detonation chamber and chimney. As discussed in the preceding section,
refractory species (i.e., alkaline earth elements, lanthanide elements, actinide
elements, Zr, and Tc ) are generally found in the puddled debris [13], [15], [21],
[29], [30]. Volatile species (i.e., 3H, alkali metals, noble gasses, Ru, Sb, and Te) are
generally dispersed throughout the chimney region and upon the surface of U-
NEMD while the bulk melt is depleted of those species [13], [21], [30]. Johnson’s
study of early underground detonations reports U-NEMD depleted in refractory

radionuclides with gaseous precursors by as much as two orders of magnitude [26].

Fractionation of refractory nuclides is also reported to occur as a function of
crystallinity and as a function of depth within the pooled debris. While both
crystalline and vitreous debris demonstrate radioactivity, refractory elements are
not generally found in crystalline debris [15]. Borg’s study of the Flintlock Pile
Driver shot records U-NEMD found higher in the puddle and chimney as enriched
in volatile species and consequently depleted in refractory species [25].
Specifically, 137Cs is only 20% contained in the glass. Its gaseous parent, 137Xe, has
a 3.818-min half-life which allows it to diffuse for a considerable amount of time
before deposition. Conversely, 9°Sr and 1°6Ru, were 40-80% contained in U-
NEMD. The half-life of 90Kr, the gaseous antecedent of 90Sr, is only 32.32 seconds,
and °6Ru ancestors are all solid at ambient temperature and pressure. Cerium-
144 was found to be uniformly distributed vertically through the puddle glass, and

was used as a benchmark for comparison in the Pile Driver study.
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A number of studies demonstrate spatial correlation of radionuclides by
autoradiography [18], [20], [21], [28]. All report that higher a-emitting
radionuclide densities correspond to darker glasses within any given sample.
Interestingly, a track density is generally homogeneous within the dark glass but
is implicitly heterogeneous throughout a multi-colored sample as a function of
color. In a study by Eaton and Smith, Pu distribution in dark glass was generally
uniform, but isotopic distribution was found to be heterogeneous [28]. It is
unclear whether the dark color is evidence of radiolytic damage or of chemical
composition. Actinide a activity shows no correlation to specific textural features
(e.g., vesicles) [28]. Fahey, et al, found a correlation between areas of high Pu-a
activity and areas of high Ca concentrations through comparison of
autoradiographs with secondary ion mass spectrometry (SI-MS), x-ray
fluorescence (XRF), and back-scatter electron (BSE) microscopy images of
Trinitite. In the same study, U and Th were also found heterogeneously dispersed
in the matrix but without correlation with any other major element concentration
[20]. Similarly, a study by Bonamici, et al, found no correlation between a or

activity and major elemental composition in aerodynamic Trinitite debris [18].

2.2.5 Surrogate Nuclear Explosive Melt Debris

Numerous attempts over the last several years to create realistic surrogate
NEMD appear in the literature. A number of the studies focus on replicating
various aspects of Trinitite (i.e., morphologically, chemically, radioactively),
perhaps the most ubiquitous nuclear debris as it is the only specimen available on
the open market [30], [31], [33], [34]. Chemical compositional planning toward
the creation of urban debris surrogates which represent that expected from a
nuclear attack on a modern city has been reported [22]. Others have pursued
generic nuclear explosive debris which attempts to radiochemically replicate

aerodynamic fallout debris [35].

25



Among these studies production and activation methods vary and include
furnace heating (Molgaard, et al; Carney, et al), high-flux neutron irradiation
(Cook, et al; Carney, et al), CO> LASER heating (Liezers, et al). All focus on surface-
deposited or aerodynamic fallout debris surrogates. None, to date, have
investigated the production of underground surrogate nuclear melt glass. While
Molgaard contends that this is perhaps the most fundamental surrogate debris
type to pursue, he notes that it is also useful as a benchmarking procedure [30].
This gap is one which the present work contends to bridge. Beyond benchmarking
the debris production process, this work begins to explore prolonged cooling which
replicates an underground detonation; and, it sets the stage for investigations into

the combined urban-underground surrogate debris development.
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CHAPTER THREE
SIMULATION AND CALCUILATION METHODS

One goal of this effort is to lay the groundwork for creation of a useful U-NEMD
surrogate. This surrogate is ideally engineered to be chemically, morphologically,
and ultimately, radioactively analogous to actual U-NEMD from the NNSS in the
case of this study. In subsequent work, the idea is to produce an urban variant
analogous to debris created from an IND detonation in deep urban infrastructure.
The following sections outline the methods undertaken to calculate the chemical
and physical process parameters necessary to create such a material, hereafter

known as Nuclear UnderGround Engineered Test Surrogates (NUGETS).

3.1 Conditions and Assumptions

A number of initial modeling conditions and assumptions pertaining to the
several models conducted in this work are addressed in this section. While many
of these conditions would be unknown variables in an actual, malicious detonation
scenario, they are required in order to produce NUGETS with a reasonable degree

of accuracy.

3.1.1 Notional Improvised Nuclear Device Characteristics

The detonation scenarios and chemical recipes presented in the following
chapters are based on two notional INDs with the characteristics shown in Table
3.1 and Table 3.2. Actual weapon designs and components should not and will not
be discussed here. However, the use of various types and enrichments of fissile
material as fuel and the presence of a tamper mass in nuclear weapons is common
knowledge [10]. The notional devices presented here are assumed to achieve the
same yield (20-kt) using 1 SQ of weapon-grade (WG) U or Pu as the fissile fuel
material, and both employ 100 kg of natural U as a tamper [8], [36]. Nuclear yield
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Table 3.1 — WGPu IND characteristics.

Device Type Fission
Fuel WGPu
Mass 8.000 kg
Enrichment 93 /o 239Pu
7 W/o 24°Pu
Tamper U
Mass 100.0 kg
Enrichment Natural
Nuclear Efficiency 13.68%
Conventional Explosive RDX
Mass 2400 kg

Table 3.2 — WGU IND characteristics.

Device Type Fission
Fuel WGU
Quantity 25.00 kg
Enrichment 90 W/o 235U
10 ¥/ 238U
Tamper U
Mass 100.0 kg
Enrichment Natural
Nuclear Efficiency 4.504%
Conventional Explosive RDX
Mass 2400 kg
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efficiency calculations are available in App. I. A 2400-kg quantity of hexahydro-
1,3,5-trinitro-1,3,5-triazine (i.e., RDX, CAS RN: 121-82-4) is included as the
conventional high explosive component; 150 kg of 2017 Al alloy (cf. Table 3.3) is

included as an assumption for device casing and other accompanying components.

Table 3.3 — Elemental composition of 2017 Al alloy.

Element Mass %

Al 94.25
Mg 1.000
Mn 0.7500
Cu 4.000

3.1.2 Model Environment — Geometry

For the calculations and simulations conducted in this work, an environment is
assumed wherein the IND is detonated in a specified geology which is
geochemically and geophysically analogous to that of Area 20 in Pahute Mesa at
the NNSS at a depth-of-burst (DOB) equal to 609.6 m (2,000 ft) below grade. This
DOB was chosen based on very early background work while referring to cavity
radius estimations given by Glasstone and Dolan (cf. eq. 3.2) [9]. In order to
determine the proper post-shot geometry for cooling profile calculations, it is
necessary to determine the post-shot cavity dimensions, and the related mass
consumed. A general assumption made across studies of this nature is that the
cavity which is formed following a contained, underground, nuclear detonation is
generally spherical in shape. Therefore, all calculations which follow adhere to this
assumption. Six various approaches to performing such a calculation are found in

the literature. Each method is discussed below in order of increasing complexity.
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Johnson, et al, correlate cavity radius, Rc, to the cube root of the weapon yield,
W [kt], based largely on evidence collected during post-shot analysis of the
Plumbbob Rainier shot conducted in volcanic tuff at the NNSS [26]. The

relationship is given below in eq. 3.1.

— Sl ~ .3
R, =50 [m] « YW ~ 15.24 [m] « YW (3.1)
Glasstone and Dolan present a similar simple relationship which predicts Rc as
a function of W [kt] based on a given constant corresponding to the “moderately
deep” working point geology [9]. For silicate rocks such as the volcanic tuff found
at the NNSS, the relationship is as follows in eq. 3.2a. Detonations in carbonate

rocks produce cavity radii given in accordance with eq. 3.2b.
_ ft] 3 - m1] 3
R, = 35 [3 kt] « YW ~ 10.67 [gvk_t] « W (3.22)

R, =25 YW =~ 7.620 x VW (3.2b)

Based on French empirical measurements presented by Smith and Bourcier,
another estimation of Rc [m] is made as a function of W [kt] and DOB, d [m] [21].

The estimation is given by eq. 3.3.

R, = 100 r rl‘:—tl x 3\/% (3-3)

Based on early U.S. underground nuclear weapon tests, the University of
California’s Lawrence Radiation Laboratory (i.e, UCLRL, now Lawrence
Livermore National Laboratory) estimated 700 t of soil or rock are vaporized or
melted per kt yield, W [14]. From this estimate, using the local geophysical bulk

density, a cavity volume and radius estimation may be extrapolated. This method
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is likely to prove an underestimate because it inherently neglects the effects of the
pressure wave, specifically plastic compression of rock which permanently
increases the effective cavity radius. Nonetheless, it is included as a first-order
approximation. Given the total mass of altered rock in the cavity, M. [kg], and the
average bulk density of the surrounding geologic media, <pc> [¥8/m3], Rc [m] is

calculated thusly:
Z M, = 7x105« W

XM, 4Am

3

V. = R
< {pe) 3 ¢

3 [2.1x108W
Re = N (3.4)

Boardman, et al, present a method based on further analysis of empirical data

from thirty-five subsurface detonations conducted between 1957 and ¢.1963 [37].
In this method, the calculations account for adiabatic expansion of the cavity to the
extent that the vapor pressure in the cavity is equal to that of the lithostatic
pressure—the pressure exerted on the cavity by the overburden. Equation 3.5
considers d [m]; W [kt]; average bulk density of the surrounding geologic media,
p [8/cm3]; and a constant, C [Mg*-m*-kt /3], which is empirically derived from the
ratio of specific heats of geologic media involved in a number of tests. Boardman
gives a range of C for ten events in tuff between 72.6 and 81.9 where the average
value is 78.1. For the case of volcanic tuff which is of interest in this work, the

cavity radius in m is given by:

cdw 7813w

Re = oma = Tooa (3-5)
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Finally, Bridgman gives a very similar approach based upon data from The
Constructive Uses of Nuclear Explosives that incorporates data from at least ten
various tests in three media types [7]. From Bridgman’s derivation, the cavity
radius in welded tuff, where the units remain consistent with Boardman except
density which is given in k8/m3 and the coefficient which is given in kg*-m" -kt-1/3,

is calculated as:

_ 4303W

R, = o5 (3.6)

Table 3.4 - Cavity radius estimates based on various methods.

Method Estimated Cavity Radius
Rc[m]
Johnson [26] 41.37
Glasstone/Dolan [9] 28.96
Smith/Bourcier [21] 32.01
UCLRL [14] 11.95
Boardman [37] 36.07
Bridgman [7] 35.32
Mean Radius 30.95
less UCLRL 34.75
Median Radius 33.67
Modeling Radius 35.50

The six methods presented were used to estimate a cavity radius based on the

specified scenario (cf. Table 3.4). The derived relationship using UCLRL’s
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consumed mass measurements is, as expected, an obvious outlier. The Boardman
and Bridgman values agree within 1 m, and both methods account more
thoroughly for a number of variables upon which the final cavity radius depends
than do the others. Thus, the studies in this work assume a nominal cavity radius

of 35.50 m.

3.1.3 Model Environment — Geophysical & Geochemical

As noted in §2.2.1, the geochemistry of the detonation site in a remote
underground detonation is the primary driver of the elemental composition of the
resulting U-NEMD. In order to predict the reasonable elemental composition of a
debris surrogate, it is then very important to understand the elemental
composition of the precursor. In order to do so, a thorough statistical evaluation
of the geochemistry, bulk density, and water content of sample sites in Area 20 of
the NNSS was conducted based centrally on the data from the U20N borehole and

its nearest neighbors.

Early working models of the geochemistry involved in this effort were developed
from results of surface geochemical analyses conducted by Rash [38]. However,
this preliminary method was judged a poor approximation based on the vertical

and lateral displacements from the NNSS—609.6 m and 100 km, respectively (cf.
Fig. 3.1).

Subsequently a, more robust model was developed based on data collected by
the United States Geological Survey (USGS) during borehole drilling and sampling
operations at the NNSS [39]. This compilation of data is collectively referred to as
the Petrographic, Geochemical, and Geophysical (PGG) database. The U20N
borehole which was the site of the 1976 Anvil Cheshire shot was chosen as a

reference datum [40]. The data available from PGG in Area 20, near U20N, along
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Rash sites and U20N. Logent
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Fig. 3.1 — Surface sample location RR-31 relative to the U20N borehole site in
the NNSS (red outline) [41], [42].
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Fig. 3.2 - Analyte concentration of the top ten major compounds found in

NNSS geology for five representative locations by mass percent.
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with pictorial and descriptive records of the debris produced from the Cheshire

shot made this choice clear [17], [39].

Preliminary analysis showed the concentration of many analytes appeared to
vary, sometimes drastically, as a function of location (cf. Fig. 3.2). Likewise, bulk
density and downhole water content appeared variable with respect to a number
of recorded conditions (i.e., location, depth, lithology, and stratigraphy) upon
initial inspection. In order to give further credence to the elemental composition,
bulk density, and moisture content estimates represented in models used in this
work a series of analysis of variance (ANOVA) tests were applied to data from the
PGG database.

The ANOVA test establishes the statistical significance of variance in analyte
mass fraction, bulk density, and water content with respect to the variables
mentioned. The Microsoft® Excel® 2013 (v. 15.0.4903.1002) one-way ANOVA test
was used in this study to provide test statistics and p-values based on the following
null and alternate hypotheses. For these analyses, the null hypothesis (Ho) is
considered true if p>0.15. Results of the ANOVA tests on a case-by-case basis are

given in App. II.

For precursor geochemical weight fraction:
HO,W/O: Hitoc—n = Hiloc—n+1 = """ Hiloc-n+6

Haw,: At least one pi is different.
For precursor geophysical bulk density:

HO,p,l: Hiabove Re = HiinRc = Hibelow Rc

H, ,1: At least one pi is different.
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data available in Area 20 for the characteristics of interest.

ANOVA test lends to predictive capabilities is directly affected by that availability.

HO,p,Z: Hitoc-n = Hiloc-n+1 = " = Hijloc-n+10

Hy p,,: At least one pi is different.

Hop3t Uitith-n = Kitith—n+1 = *** = Hilith—n+10

Hy p3: At least one pi is different.

HO,pA: Histrat-n = MHistrat-n+1 = *°° = Histrat-n+27

Hy p4: At least one pi is different.

For precursor water content weight fraction:

HO,HZO,l: Hiabove Re = Hijin Rc = Mi,below Rc

Hy 1,0,1: At least one pi is different.

Hon,02' Hitoc—n = Hijoc—n+1 = *** = Uijloc—n+7

Hy 1,0,2: At least one pi is different.

Hon,0,3: Hitith-n = MHilith-n+1 = = Hilith-n+10

Hy 1,0,3: At least one pi is different.

HO,H20,4: Histrat-n = Histrat-n+1 = *°° = Histrat-n+27

Hy p,0,4: At least one pi is different.

The ANOVA tests employed in this study were ultimately constrained by the

The accuracy an

For instance, many geochemical analytes were available only in single locations or

in single aliquots at a given location. Some of these sample sites, shown in Fig. 3.3,
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Chemical Analyte Sample Locations
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Bulk Density Sample Locations

.......

Water Content Sample Locations

Fig. 3.3 — Geochemical analyte (t), bulk density (m), and water content (b)
sample locations relative to U20N within Area 20 of the NNSS [41], [42].
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were quite distant from U20N, the site of interest. Bulk density and water

content sample sites were generally available closer to the site of interest.

3.2 Fission and Activation Product Models

Beyond geochemical contributions, fission and activation products created
during the IND detonation must also be considered when determining the proper
chemical composition of a NUGETS matrix. The ORIGEN Fallout Analysis Tool
(FAT) was employed to estimate the resulting inventory of fission and activation
products which should be present in a NUGETS sample for the chosen geology and
IND type specified.

3.2.1 Neutron Transport Model in Geologic Medium

In an attempt to ensure proper estimations of neutron activation products, a
preliminary Monte Carlo for n-Particles 6 (MCNP6) test case was employed. The
model was composed of series of nested, concentric spheres composed of the
geologic precursor media (cf. §4.1 for composition) at a temperature of 600 K (the
maximum, as limited by MCNP6). The innermost sphere served as an outward-

facing surface neutron source which produces a 235U(fn,f) Watt spectrum.

Iterative, energy-dependent, surface flux (F2) tallies were taken on the
outermost surface of each sphere to permit observation of total flux attenuation
and spectral shifts. Energy bins were specified according to the 200-group SCALE
6 neutron library. A cosine tally was employed to limit results to those neutrons
leaving an inner sphere and entering the next outer sphere. Weight window
generation and weight window mesh tallies were employed as variance reduction
measures. To determine the success of models employed, a precision cutoff (i.e.,
STOP) card was used which instructed the model to cease generation of neutrons
once the most distant tally converged to <0.5% relative error. Additionally, all ten
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standard statistical checks performed by MCNP6 were validated. In the case that
both the relative error value was met and the model passed all ten statistical

checks, it was considered successful.

Due to the immense size of the cavity and the great mass involved, the largest
successful MCNP6 simulation involved a 2.00-m radius mass of geologic media
with an internal void about the origin of radius 50.0 cm. The internal void served
as the outwardly focused source. Thus, the effective transport distance considered

is 1.50 m.

A full-size, monolithic model of the post-detonation cavity was attempted but
failed to reach an acceptable level of relative error within the available time for
computational modeling in this work. The results of the 1.50-m MCNP6
simulation are presented in §4.2. The corresponding input deck is available in
App. I1I1.

3.2.2 Fallout Analysis Tool Simulations

The following step in developing a representative surrogate composition of U-
NEMD is to calculate the fission and activation product concentrations resulting
from each type of detonation. To accomplish this, two ORIGEN FAT simulations
were conducted—one for each type of IND proposed. Both models employed the
ORIGEN fast neutron spectrum option. The 200-group SCALE 6 neutron
spectrum and the 47-group SCALE 6 photon spectrum were chosen. The
detonation ran for 100.0 shakes in ten steps. Decay times were specified at 1 s, 1
min, 1 h, 1d, 1wk, 1mo,