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CALCULATIONAL EXAMINATION
OF THE BANEBERRY EVENT
ABSTRACT
On December 18, 1970, Baneberry, a 10-kt nuclear device, was detonated at a depth of
278 m in hole U8d at the Nevada Test Site. A shock-induced fissure near ground zero
opened and vented radioactive gases and debris into the atmosphere. This report presents
the calculational results describing the sequence of dynamic phenomena that produced the
vent. The calculations predict the long positive velocity pulse and the surface motion that
were observed experimentally. The surface Assure through which the material vented is the
same radial distance from ground zero as the maximum horizontal displacement is
calculated to be. The calculations predict a final cavity radius that is very close to the
measured Baneberry cavity radius. Finally, the calculations indicate that an open fracture
path runs from the cavity to the Baneberry Fault, up the fault to the spall region, and then
vertically to the surface. This was the vent path predicted by calculations and is consistent
with the vent path found from the radioactivity in postshot drill holes. Because of our exten
sions in computational capauilities, we believe this report advances the state of the art for
numerical simulation of the containment problems associated with underground nuclear
tests.

INTRODUCTION
tained a number of undesirable geological features
and material properties, which, taken separately,
would probably not pose a serious threat to con
tainment. The presence of all these undesirable
features at a relatively shallow depth made the
Baneberry site unique. Shock waves interacted with
these features and combined with their relatively
shallow depth to establish a vent path from the
cavity to the surface.
In this report, we hope to use two sets of calcula
tions, BANE 1 and BANF 2, to illustrate the
sequence of events that led to the Baneberry vent
and to pinpoint probable causes. Our calculations
extend only to the first second of real time in the 3.5
min that elapsed before venting was observed at the
surface. Analysis of the motion pictures taken dur
ing the event shows the Baneberry fault and the vent
fissure formed within 2 seconds after the shot time. '
Thus, we propose that conditions actually resulting
in the vent developed at a very early time, i.e. within
the first 2 seconds.

Baneberry, a 10-kt nuclear device, was detonated
at the Nevada Test Site (NTS) on December 18,
1970. It was one of the few nuclear tests, out of the
many hundred conducted at the site, that vented
radioactive material into the atmosphere through
the geologic formation.
The Baneberry test was conducted in hole U8d at
a depth of 278 m. Approximately 3.S min after
detonation, a fissure near ground zero opened and
began venting radioactive gases and debris. Sixteen
minutes after detonation, a subsidence crater
formed above the working point (WP) and slowed
the venting to about or.c-half of its rate prior to
collapse. The total duration of the vent was
approximately two hours.'
The other events where venting occurred,
although small in number, had causes ranging from
line-of-sight pipes to a too shallow depth of burial.
Baneberry's scaled depth of burial (129.3 m/kt'/')
\.ould normally be considered inure than adequate
for containment. However, the Baneberry site con
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opening and closure, and rock melt and vaporiza
tion.

The calculations examined the evolution of the
stress field and the fracture pattern in the area sur
rounding the detonation during thefirstsecond. We
should be able to determine whether the stress field
and associated fracture pattern would lead to a vent
or if they are atypical when compared to a nor
mally contained shot. The two calculations were
done with the TENSOR code. ' The TENSOR
code is a two-dimensional scheme that integrates
the conservation equations of continuum mechanics
to solve problems involving stress-wave propaga
tion. The rock constitutive models in the code take
into account pore collapse, both ductile and brittle
(strain softening) failure, tensile failure with crack
2

As Appendix A illustrates, the Baneberry site has
a complex three-dimensional geology. Representing
that geology with a two-dimensional numerical
model requires sophisticated zoning techniques that
have only recently been developed. The present
(BANE 1) calculations would not have been feasible
before the Baneberry event, even if the geology had
been better known. Thus, this report is an advance
in the state of the art for numerical simulation of
containment problems associated with underground
nuclear tests.
4
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PREVIOUS WORK
The most important result of focusing, however, is
the increase in depth and breadth of spall produced
by shock reflection from the free surface. A onedimensional study does not model the phenomenon
of focusing.

Because little was known about l.he Baneberry
geologic cross section, early one-dimensional
studies ' were based on limited geophysical
properties and rough guesses about the stra
tigraphy. Subsequent geological studies - provided
a more accurate description of the Baneberry site.
The short summary of Baneberry geology given in
Appendix A adequately presents those geologic
features that our calculations indicate contributed
to the vent.
In the period following documentation of the
Baneberry geology, a number of one-dimensional
studies have examined factors contributing
to the venting. Unfortunately many important
physical phenomena are not accounted for in onedimensional models and are better described with
two-dimensional calculations. For Baneberry,
specifically, the one-dimensional studies fail to ac
count for focusing, fault interaction, Paleozoic sur
face reflections, and the reflection from the free sur
face.
5 6
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Fault Interaction
The closest approach of the Baneberry fault to
the WP was 1.3 cavity radii (R^. In addition to the
normally large relative displacements of the
Iithologic units across the Baneberry fault, clay was
identified in the fault region. The presence of clay
along the fault is particularly important because it
reduces the frictional forces that would normally in
hibit motion along the fault. Saturated clay
possesses a low shear strength,
which inhibits
the transmittal of shear waves across the fault. This
latter effect was negated to some extent because the
WP was located in a region of more than 50% clay;
significant shear waves would not be present in any
case. The absence of faults in one-dimensional
studies is a serious shortcoming in assessing the
response of the geologic media to the detonation.
However, simulation of the fault using twodimensional calculations tends to overemphasize
their importance. This point will be discussed in the
Computational Models section.
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Focusing
A boundary exists above the Baneberry WP be
tween a layer of saturated alluvium and an overlay
ing layer of partially saturated alluvium. The
shock wave was refracted as it crossed the boundary
and focused toward the surface. This focusing effect
was first identified in a TENSOR calculation from
the TYBO event. It significantly reduces the rate
at which the shock wave attenuates as it travels
toward the surface. Recently an analytical
method has been developed to correci predictions
of the peak surface velocity for the focusing effect.
i;)

Paleozoic Surface

,3

Shock-wave reflections occurring at the Paleozoic
surface, located at approximately 2 R below and to
the west of the WP, add to the duration and am
plitude of the shock wave arriving at the surface.
c

M
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The density and sonic velocity for the Paleozoic
medium are much higher than the overlying
medium, resulting in a large impedance mismatch
across the interface. Therefore, any incident shock
wave undergoes nearly total reflection as a com
pressive wave. Because the distance between the WP
and the Paleozoic surface is relatively small, the
reflected compressive wave from the Paleozoic sur
face constitutes an important addition to the shock
wave propagating toward the surface. Any onedimensional model of the Baneberry site would nor
mally model only the geologic medium between the
WP and the surface, and the effect of the Paleozoic
surface would not be included. The twodimensional calculations incorporate the Paleozoic
surface in a fashion that reasonably accounts for its
contribution.

but have failed to accurately describe the explosive
dynamics following the nuclear detonation. The
principal objection to plane strain calculations is
that the cylindrical source is a very poor model for a
nuclear explosion. For Baneberry, in particular, the
inadequacies of the plane strain calculations are the
assumptions that the source region is an infinite
cylinder and the explosion occurred in a perfectly
elastic medium.
The source region in plane strain calculations is
represented as in infinite cylinder so that any shock
initiated by movement of the cavity walls attenuates
as R ~ / with range (R) rather than R "'. as in the
case of spherical sources. Consequently, much
larger surface motions are calculated at large dis
tances from the WP than would realistically occur.
Although phenomena similar 10 those observed for
the TENSOR calculations (e.f . differential dis
placement along the fault, focuvng, and Paleozoic
interaction) are exhibited in the plane strain calcula
tion, the degree to which they occur is greatly ex
aggerated. The TENSOR calculations provide more
realistic quantitative estimates of the dynamic
values associated with the Baneberry event. For ex
ample, the TENSOR calculations predict the
development of a containment cage that exists for
several hundred milliseconds. The containment cage
is never seen with plane strain calculations.
] 2

Surface Reflection
The reflection of the incident compressive wave at
the free surface results in a tensile wave propagating
back toward the WP. An accurate representation of
the reflected wave is important in determining the
total depth of spall. Surface motion and radialdivergence effects typically produce extensive frac
tures in the spall region. These fractures may
significantly increase the permeability to the flow of
any radioactive gases reaching the spalled region.
Consequently, an accurate assessment of the total
spall depth and extent of material damage becomes
important to a containment evaluation. Onedimensional calculations do not adequately model
the reflected wave.
Our two-dimensional calculations include these
four factors and indicate that the interaction of all
four factors contributed to the Baneberry vent.
However, underground nuclear events with far sim
pler geologies have been modeled with onedimensional studies - very successfully, par
ticularly in matching free field stress profiles and
surface motions generated by the nuclear explosion.
One-dimensional studies have also provided
valuable information ' for containment evalua
tions and undoubtedly will continue to do so. Un
fortunately, because of the complex geology, onedimensional calculations are definitely not adequate
to describe the Baneberry event.

22

The plane strain calculations also assumed the
Baneberry explosion occurred in a purely elastic
medium. Such an assumption implies no permanent
compaction or hysteresis behavior for the pressurecompressibility (P-i«) response curves. While such
an assumption may be reasonable out at two or
three R in the fully saturated WP medium, geologic
layers exist above and below the WP medium that
are only partially saturated. In th<. s, a significant
amount of permanent compaction can be expected
and a correspondingly greater attenuation of the
ground shock would occur. Similarly, assuming a
purely elastic medium ignores the possibility of frac
tures forming around the cavity region or in the
spall region near the surface. The present study in
dicates that fractures extending from the cavity and
along the fault may link with those in the spall
region, providing a vent path to the surface. Conse
quently, fracture formation is a crucial part of un
derstanding the Baneberry vent, and any study that
omits this physical process must be viewed with
reservation.
^
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The most realistic previous calculations for
Baneberry were developed by Cherry et al. in
1974. This was a two-dimensional, axialsymmetric calculation concentrating on tensile frac
turing from radial divergence of the outgoing shock

Plane Strain Calculations

13
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Plans strain calculations conducted for Bane
berry have incorporated some of the important
physical phenomena and geological features above

3

of the relevant issues of containment, they lacked
important information on the geologic structure
and material properties at the Baneberry die.
We believe the two-dimensional TENSOR
calculations basically overcome the problems dis
cussed; they incorporate all of the major geologic
features and physical properties. Assumptions have
to be made, however, to approximate the threedimensional Baiteberry site with a two-dimensional
model.

and on reflections from various layers, including the
free surface. Two calculations, both modeling a
yield of 120 kt at a depth of 550 m, show a region
around the cavity which is "unfraclured" (no tensile
fractures). The permeability of this "unfractured"
region was interpreted as being low, and cavity
gases would be contained. A similar calculation at
the Baneberry yield and depth shows much less of
an "unfractured" region than the two other calcula
tions. Although these calculations did address some

CONTAINMENT PHENOMENOLOGY
crushed and fractured rock that extends three to five
R (final). A! approximately five R (final), the
shock amplitude decays below the clastic limit of
the geologic media; at this point the shock
propagates clastic-ally at sonic velocities without
permanent deformation of the media.
Initially the spherical shape of both the cavity and
outgoing shock wave results in a principal stress
system that has the same orienanion as the unit vec
tors of a spherical coordinate system. The effects of
the explosion can be easily visualized by considering
a spherical shell of thickness i R located within the
region thai undergoes intense fracturing. As the
shock wave passes through the shell, the shell is dis
placed radially outward. However, the relative mo
tion between the shell surfaces keeps the media
highly compressed so that any tensile effects from
radial divergence are overcome, and all the stresses
within the shell remain compressive. At this lime,
the least compressive principal stresses arc T| = a
and Tj = a $$ (aim and a^ are the hoop stresses),
acting in the 0and i direction, respectively. By con
vention, the </' direction is taken normal to the rz
plane, and T = a^ is always the stress normal to
that plane. The most compressive stress in the rz
plane is always T , while T| is the most tensile. (See
Appendix C.) Shortly after the shock wave traverses
the spherical shell, the elastic strains in the rock at
tempt to recover. Initially, rebound occurs at the
cavity wall, but the entire region out to two R es
sentially rebounds simultaneously. Regions between
two R and four to five R rebound shortly after.
Beyond five R,., the rebound begins to occur at the
sonic velocity. The rebound intensifies the com
pressive hoop stresses from radial convergence so
they exceed the compressive radial stress. At this
time, T| and T reverse roles so that T equals u™
(the most compressive stress) and is acting in the u
direction and is essentially equal to T , ;nc stress
acting in the </J direction. The least compressive

An underground nuclear explosion is "con
tained" if none of its radioactive products are
released into the atmosphere. Radioactive release
can occur through the geologic media, or man-made
alterations of the geology (e.g., an emplacement
hole). We examined only the changes the explosion
produces in the geologic media and whether the
resultant geologic structure effectively contains the
radioactivity. The following discussion draws
heavily from an i-arlier study of the dynamic
events following a nuclear detonation and on the
evaluation of the geologic media as a containment
vessel. M.2W6

c
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Explosive Phenomenology
The description of dynamic events following a
nuclear explosion >'s obtained from calculation;!)
studies using finite-difference methods to solve the
equations of continuum mechanics. Confidence in
these numerical simulations is based on close agree
ment between calculational predictions and ex
perimental results for nuclear '
and highexplosive
cralcring experiments and un
derground nuclear tests. •"'••" We can only speculate
about the processes that lead to late-time effects,
such as chimney formation, and the collapse crater
at the surface.
The energy (W> released by a nuclear explosion
vaporizes the geological medium in the vicinity of
the WP. If 11.72 MJ/kg (2800 cal/g) is assumed
to be the energy required to totally vaporize the
geological medium composed of Si0 -H 0 mix
tures, then for a medium with an in situ density of
approximately 2.1 Mg/m , the vaporization radius
will be 2.0 W '/- m. This sphere of vaporized
medium expands rapid y, creating the ground shock
and cavity. Pressures in the shock are sufficient to
produce a melt region followed by a region of
27
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stress, T, equals a„ and is acting in the f direction.
Although the rock within the spherical shell is
highly fractured and compacted, the residual com
pressive stresses help to keep the fractures closed.
As the ground shock propagates outward from
the WP, it transfers radial momentum to the media,
which, combined with pressures from the vaporized
medium, results in a larjs cavity centered about the
WP. The cavity expansion is rapid, achieving its full
size of 12 to 16 m/kt V within a scaled time of 80 to
100 ms/kl '/ . As the spherically divergent shock
wave crosses geological layers, the impedance dif
ferences result in shear, compressive, or tensile
waves being propagated back toward the WP. After
the shock wave reaches the surface, it is reflected as
a tensile wave, creating spall and developing a frac
tured region that may extend a considerable depth
below the surface. Figure I shows a representative
cross section depicting these regions after cavity
growth and surface spall are completed.
Following full-cavity expansion, the cavity wall
and surrounding rock rebounds, pruducing a region
around the cavity with compressive tangential
stresses that may be large compared to the cavity
pressures. Calculations indicate the region around
the cavity may undergo a period of oscillations
caused by gravitational pressure from above, wave
reflections, and the elasticity of the rocks. However,
dispersion and internal friction rapidly damp such
oscillations. A few seconds after the detonation, all
motion ceases and the earth is reasonably quiet.
The conditions near the end of the dynamic mo
tion phase can be deduced from numerical calcula
tions. A tangential stress field exists in the media
surrounding the cavity creating a relatively stable
structure. The lime this residual stress takes to relax
under stress loads depends upon the creep and flow
characteristics of the rock. At the same time, the
cavity gases cool and cavity pressure drops. The
cavity pressure at the end of the dynamic phase may
vary between one-third to twice the initial overbur
den pressure, depending on the mechanical proper
ties of the surrounding rock. If the cavity cools
enough for a significant amount of gas to condense,
the cavity pressure may drop rapidly. Variation in
the relaxation time of the residual stress and the
decay of the cavity pressure could account for the
large variation in collapse times thai have been ob
served. Some cavities never collapse, some oniy par
tially, and some collapse to the surface or until the
bulked rock fills the available volume created by the
cavity. The time at which collapse occurs after
detonation can vary from a few minutes to many
years; collapse processes are poorly understood at
the present time.
3
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FIR. I. An open and connected fracture system such a.v IhK May
lead lo containment failure.

Time Intervals for Containment
Based on the previous discussion, thrc: time in
tervals are proposed:
1) Interval of dynamic motion.
2) The precollapse interval.
3, The poslcollapse interval.
We assume, in considering these intervals, that the
longer the g»s remains within the cavity volume, the
smaller the threat to containment.
It is during the interval of dynamic .'notion that
the most severe radioactive release might be ini
tiated. In the first few seconds, the cavity gases are
at their highest temperatures and pressures. If any
extensive cracks or connecting fractures leading
from the cavity develop during this interval, they
might be kept open or enlarged by the cavity gas
pressures. Although it may take several minutes to
establish a path to the surface, the result may be a
dynamic vent with cavity gas being ejected at high
velocity.
The precollapse interval is the period between the
end of the dynamic motion and just prior to the in
itiation of cavity collapse. The extent of any
radioactive release during the precollapse interval
may range from a dynamic vent to a slow release of

s

cavity gas through open fissures or spall fractures.
The severity of the release is determined by whether
the gas escapes seconds after detonation or takes
tens of minutes. If the gas remains in the cavity for
several hours, the threat to containment is low and
reduced to porous flow of the noncondensable gases
such as CO2 from the cavity.
The postcoliapse interval involves, primarily, the
porous flow of noncondcn.sablc cavity gases. Dur
ing the collapse process, the cavity gases are ex
posed to large surface:, of cool rock on which con
densation is expected to take place. Porous flow is
not considered a serious threat.

Containment Model
The containment model we use proposes that the
quality of the cavity as a containment vessel is deter
mined by the magnitude of the residual tangential
stress surrounding the cavity. If a compressive
tangential-stress region surrounds ihe cavity and its
magnitude exceeds the cavity pressure, the gases
should be contained in the cavity and should not
generate a crack path toward the surface. This
residual tangential-stress field is called the contain
ment cage.
Experimental evidence supports the concept of
the containment cage. Recent field experiments by
l.ynn Tyler- and laboratory experiments by Alex
Florence indicate a region of compressive tangen
tial stress exists for a relatively long period (minutes
to days) around high-explosive cavities. Florence
hydraulically pressurized cavities produced both
nonexplosively and explosively under similar condi
tions and discovered that explosively produced
cavities required about twice as much pressure to
create a hydrofraclure as the .avities produced
nonexplosively.
For nearly a decade calculations have been
predicting the existence of the rebound effect and
similar residual tangential-stress regions sur
rounding cavities from nuclear explosions.
If
these regions remain stable, they are expected to be
as resistant to fracture propagation by cavity
pressure as those in the high-explosive experiments.
Of the several hundred detonations thai have been
conducted, only five nuclear detonations have vent
ed through the geologic structure. The concept and
presence of the containment cage provides a
physical explanation for this good record. In these
five events, we think the containment cage either
never developed or became unstable. In this report,
calculalional results for Baneberry indicate the
development and then complete loss of the contain
ment cage above the cavity followed by the es
24
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tablishment ol an open path between the cavity and
the surface that was consistent with the actual vent
path. Although the actual vent was not observed at
the surface until 3.S min after the detonation, the
vent path and loss of the containment cage were
clearly evident in the calculations within the first
second after detonation.

Criteria for Evaluating
the Containment Cage
at Late Times
22

Calculations are generally terminated near ihc
end of the dynamic-motion interval and thus cover
only a brief time of the containment danger period.
Consequently, criteria are needed to evaluate the
cavity pressure and residual stress state in the rock
at the end of the calculation to pinpoint any latetime threats to containment.
The definition of containment given ir the
general remarks has changed sublly in the preceding
discussion, .'-'rom a dynamic calculalional point of
view, containment is defined by conditions that
would keep the gases in the cavity. Based on this,
five containment criteria for single, underground
nuclear detonations are proposed:
• The rock surrounding the detonation point
must have sufficient strength to support the residual
compressive tangential stress. This is important in
evaluating creep and flow characteristics of the
containment-cage region and their possible negative
influence on the stability of the cage.
• The residual tangential stress at all points
around the cavity, to a distance of about two R ,
must exceed the cavity pressure. This is the primary
requirement to classify the residual tangential-stress
region as a containment cage. Figure 2 will aid in
understanding this criterion.
c
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I'tg. 2. An idealized stress state qualifying as a containment cage.
(!' is cavity pn sure; R h cavil? radius.) The stress slate is
stabtc(/ju = 0)and is in equilibrium. Containment of the Rases tn
Ihe cavity is achieved by n «
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the Wl\ This criterion ensures a stress gradient that
opposes the cavity pressures and helps lock in the
tangential stress field. (See l-ig. 2).
• The containment cage must maintain its in
tegrity until the shock velocity in the region of the
containment cage is zero and it has survived several
damped oscillations with only minor changes. This
ens res that the containment cage has remained in
tact throughout the period of calculated significant
motion.
If the calculations for a proposed event show that
these five criteria are satisfied, radioactive material
from that event should be contained. If the calcula
tions indicate any one of the criteria is significantly
violated, the containment of the event may be
threatened from a calculalional point of view.

• The containment cagij must develop before
(he arrival of any significant I ensile reflections. This
keeps gas from escaping the cavity during the
dynamic-motion phase and (creating a vent path
toward the surface before thl containment cage is
established. Appreciable tiuaj tities of cavity gases
existing i.i the region well ouJside the cavity boundries represents a situation fal- different from that
being calculated and analyzed).
• Within the containment region, the radial
stresses must be less than the iVingcnlial stresses to
have a stable configuration. In Iddilion, parametric
studies " also indicate that a stilble configuration is
one in which the radial stresslexceeds the cavity
pressure and has u maximum compressive
magnitude at a location of two \'r more radii from
2

COMPUTATIONAL MODELS
cipal geologic features that influence the explosive
phenomenology and contribute to establishing the
observed vent path are incorporated in this calcula
tion. These features include layering, two clay-filled
faults, the Paleozoic surface, the saturated medium,
and the high clay content in the WP vicinity. Their
specific roles will be presented in more detail later
when calculational results are given.
The initial zoning and boundary conditions for
the BANK I calculations are shown in l ig. 4. where
the dimensions of the zones are shown to
progressively increase with distance from the origin.

The three-dimensionality of thcHancberry site is
discussed in detail in Appendix K. The greatest
difficulty in applying our two-dimensional model to
the Bancberry site is the total Absence of any
symmetry axis. To deal with this. We divided the
Baneberry event into two distinct] and separate
calculations. The first calculaliqi, BANE I,
modeled the geologic cross section tot'he west of the
vertical axis through the emplacement hole. The
geologic cross section to the east wasraodeled in the
second calculation, designated as BA1NE 2. Then,
the geometry was reduced to two dimensions by
assuring an axis of symmetry for both cross sections
that coincided with the vertical axis \hrough the
WP. We assumed the emplacement! hole was
stemmed with a material matching the shockresponse characteristics of the surrounding media.
Thus, specific zoning for the stemmed emplacement
hole was not necessary. The properties; of each
material at the Baneberry site are presented in the
next section. The calculational mesh for both
calculations extends from the surface to 1500 m
below the origin (the center of the nuclear source)
and 1500 m horizontally from the origin. The
boundaries below the WP and at the maximum
radial extension are far enough away that boundary
reflections are minimized during the calculations.

;
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Physically (see Fig. 3), this calculation represents
the geologic cross section west of the vertical wis
through the emplacement hole. Thus, all (he prin

Fig. 3. The BANE 1 numerical model of (he Ranebcrry s!ic incor
porates source, layering, (wo weak faults, and material properties.
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Initial zoning and boundary for BANE I.

bonate and 20% water (by weight) that contributes
noncondensible C 0 gases and steam to the latetime cavity pressures. The noncondensible gases are
not considered in these calculations.
• The two faults are the primary problem in
modeling the Baneberry site. The BANE 1 calcula
tions extend both faults along inclined linear lines
from the vertical axis below the WP to a location
approximately 80 m below the surface. They extend
upward well into the medium identified as
alluvium 1. Geologically, both aults were assumed
to be weak along their entire length. To model this
aspect of the faults, we assigned a finite thickness
and assumed they contained the same high clay
properties (i.e., low strengths) found in the WP

The smaller zoning close to the origin provides
accurate treatment of the high-shock pressures at
early times. At greater distances, little compression
occurs so the coarser zoning is adequate.
Several conditions in the BANE I configuration
were potentially threatening to the containment of
an event with Baneberry's yield and depth of burial.
They included:
• A high clay content in the WP layer, with its
low elastic (1.0 MPa) and shear (2.0 MPa) strengths,
is not conducive to the formation ' of a strong
coi.'ainment cage. In addition, these material
properties generally result in larger cavity growth,
which increases the length of tht outgoing shock
wave. The 50% clay layer also contains 4 to 5% car
10
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region. A width of 8 m was chosen for both faults to
accommodate the coarse zoning requirements near
the lop end of the faults. Each fault must be at least
one zone in width.
• The WP geologic layer is saturated ano.
overlayed with a partially saturated, lower im
pedance alluvium layer. The net result of such
geologic stratigraphy is refraction and focusing of
the shock as it crosses the boundaries toward the
surface. This effect reduces the rate of attenuation
below that of a spherically divergent shock.
• The Paleozoic medium below the WP repre
sents a very high impedance material with respect to
any other medium at the Bancberry site. Conse
quently, the shock wave is almost totally reflected as
a compressive wave toward the surface. This com
pressive wave adds length to the shock wave
originally propagating in the direction of the surface
and amplitude to its tail. For caiculational con
venience, the Paleozoic surface between the faults
was raised approximately 80 m to bring it even with
the Paleozoic surface to the west of both faults. This
modification to the numerical model was con
sidered essential to avoid the significant zone distor
tion expected to occur if the tuff in this region,
which contained 20% clay, had been used. Other
than this, we believe the BANE 1 numerical model
accurately simulates the geology west of the vertical
axis trough the emplacement hole.
The most unrealistic fep.iure of the BANE 1
calculation is the modeling Jf the two faults and
Paleozoic surface as rotationally symmetric about
the vertical axis. Actually, the two faults are more
like two parallel planes extending in the
north-south direction. By wrapping these fault
planes in a cylindrical fashion about the vertical
axis, we numerically represent them as two right cir
cular cones with their apexes below the WP and
their bases in the alluvium I medium. The layers
above the WP have a slight slope from the horizon
tal in the BANE 1 model. (See Fig. 3.) The effect of
that slope on shock propagation will be discussed
with the caiculational results.

BANE 2
This calculation represents the Baneberry site east
of the vertical axis through the emplacement hole
and is numerically modeled in Fig. 5. To simplify
the numerical model, the geologic layers were
assumed to be horizontal and of constant thickness.
We believe this is jn accurate approximation
because the layers HO and 100 m below the origin
have only a very small dip angle. Both faults were
omitted. Representing the Paleozoic surface as a
plane at 160 m below the WP is a bigger assump
tion. We made this assumption to maximize the ef
fect of reflective addition to the shock wave
propagating toward the urface. Because the BANE
2 Paleozoic n- face is i. .ctly twice the distance
from the WP as that in bANE I. the effect of the
reflective compressive wave will be sufficiently
less. The initial zoning and boundary conditions for
BANE 2 calculations are shown in Fig. 6. In the
figure, the zone size increases with distance from the
origin to provide finer resolution in the high stress
tcgions. Compared to BANE I, the zoning require
ments for BANE 2 layering were relatively simple
and straightforward, and they were covered by am
ple previous experience. . .36,37
The omission of the two faults and the lowering
of the Paleozoic surface represent the major dif
ferences between the BANE I and BANE 2 calcu' lions. Tne BANE 2 calculation contained three of
the four features cited for BANE 1 thtii could
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Since the fault regions are calculationally the
same medium (saturated tuff with 50% clay) as the
WP geologic layer, the faults do not represent im
pedance mismatches in the horizontal direction.
Consequently, this cylindrical treatment of the fault
zones is not as unrepresentative as it might first ap
pear. In some resp-^ts, the cylindrical treatment of
the Paleozoic surface might constitute a larger per
turbation to the numerical model. In an attempt to
resolve these effects a second calculation, BAWE 2,
was conducted.

Tuff 20% montmorillonite

-200

Tuff 50% montmorillonite
Source
r-Tuff 20% montmorillonite

Partially saturated tuff
iilin.liiiilii.il.ii.il

200

Paleozoic
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400
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Horizontal distance from source — m

Kig. 5. The BANE 2 numerical model of the Bancberry site incor
porates source, layering, and material properties.
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Initial zoning and boundary for BANE 2.

threaten containment. The main purpose of the
BANE 2 calculations was to establish whether those
three features would be sufficient to inhibit forma
tion of the containment cage or affect its stability af
ter formation. As previously stated, from the
calculational standpoint, the containment cage is
crucial for good containment.

geologic features of this site with the two numerical
models. The BANE I calculation incorporates every
geologic feature, but the requirement of cylindrical
symmetry inherent in this model tends to
overemphasize the importance of the faults and
Paleozoic surface below the WP. The purpose of
BANE 2 is to determine if the remaining features,
with the faults omitted and the Paleozoic surface
lowered, still pose a threat to containment from a
calculational viewpoint.
By present standards, the Baneberry site con
tained many physical features and material proper
ties that would now be considered undesirable for
an event of this yield and depth of burial. The basic

n

Summary
Any two-dimensional representation of the
Baneberry event must, of necessity, be a com
promise. We have tried to bracket all the physical

10

question is whether all these factors were necessary
to produce the observed vent. We believe the
following calculational results will present some

convincing answers. Further numerical calculations
may isolate the relative effect of individual features,
but they lie beyond the scope of this report.

CONSTITUTIVE RELATIONS FOR
THE TENSOR CALCULATIONS
8

were taken from a later report describing the site
characteristics: those values have been used to
generate the theoretical curve in the calculations
and in Appendix B for the WP medium. The later
results indicate the medium was saturated (no gasfilled voids), and this is responsible for the
theoretical curve being steeper (less compressive)
than the preliminary experimental results. One
might suspect that some drying of the earlier sam
ples might have occurred between the sampling
(coring) and final laboratory tests.
The high percentage (>50%) of montromillonite
clay in the WP medium significantly decreased the
shear strength of this medium. This fact is il
lustrated in Fig. 7 which compares shear strengths
of the Baneberry WP tuff with other saturated tuffs
located at NTS.

The physical properties for the geologic layers
identified ~ in Figs. 3 and 5 for the Banebcrry
site are summarized in Table I.
Values for the physical properties presented in
this table are sufficient input to the Butkovich
model to generate the pressure-compressibility
(P-M) and the shear-strength-pressure (K-P) results
necessary to describe the material response to
shock propagation. The P-ji and K-P results for
materials identified in Table I are shown in Appen
dix B. The P-n results for the WP layer also show
some laboratory measurements on samples taken
from the Ammonia Tanks luff in hole Ue8f and was
thought to be representative of the WP medium.
Those samples indicated: average in situ density of
1.91 Mg/m . 17.4 wt% water and 1.6% gas-filled
porosity. The corresponding values cited in Table I
38

42
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3

Table 1. A summary of the physical piopeities for matciials in the geologic layers at the Banebeny site.

tn-situ density
(Mg/m3)
Grain density
(Mg/m3)
Weigh* %->
water

Tuff
20% mont."

Tuff

50% mom."

Partially
saturated
tuff

Paleo
zoic

Alluvium 1

Alluvium 2

2.1$

1.94

2.14

2.0

2.0

2.7

2.67

2.64

2.65

2.78

2.60

2.8

1A
9

8.0
17

10.1
6

21.9
0

16.0
2

2.0
0

1053
110
82.6
0.20

1710
110
82.6
0.20

1834
70
42
0.25

1898
10
20
0.42

1950
110
70
0.30

6000
600
7S0
0.S0

0

1

* (%)
Compiesstonil
velocities (m/s)
Elastic limit (bars)
Shear strength (bars)
Poisson's ratio
d
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a

rViontmorillonite * a soft mineral resembling clay.
Geophysical data obtained from drill-hole core samples.
Laboratory measurements of drill-hole core samples.
Assumptions based on similarities with other materials.
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Fig. 7. Shear strength of the Banebeiry tuff near the WP compared with other tuffs at NTS.

CALCULATIONAL RESULTS
The BANE 1 calculation shows that shock wave
interaction with the layering, faults, and high
Paleozoic surface results in a condition that appears
to lead to the containment failure observed on
Baneberry. The BANE 2 calculation results in a safe
containment condition. A direct comparison be
tween the two calculations provides a graphic il
lustration of the phenomenology of containment
failure vs containment.
The detonation of a nuclear device produces a
high-intensity shock wave that propagates
spherically outward from the center of the detona
tion, decaying in amplitude with distance. The
cavity formed by the detonation expands behind the
shock, initially because of the momentum of the
surrounding rock and later because of cavity
pressure. The later expansion produces a secondary
compressive wave that propagates spherically into

the surrounding media. As the compressive wave
propagates from the source and interacts with the
various layers or the free surface, either compressive
or tensile waves are reflected. The Paleozoic rocks
have an impedance much greater than the overlying
tuff and reflect a compressive wave back toward the
surface. At the free surface, a tensile wsve is re
flected back toward the WP. The tensile wave
relieves the stress, producing a spalled region with
fractures both normal and tangential to the surface
for a considerable depth.
Figures 8 and 9 are plots of the arrival time of
these various stress waves along the vertical axis of
symmetry for the BANE 1 and BANE 2 calcula
tions, respectively. Also shown is the cavity growth
history both above and below the WP. Selecting a
point in Fig. 8 on the vertical axis 100 m above the
WP, the various waves arrive in the time sequence in
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Below the WP, the cavity grew to 35 m for BANE
I calculations and 37 m for BANE 2 calculations.
The stagnation pressure caused by the shock wave
against the very high-impedance Paleozoic surface
retarded the cavity growth in BANE 1, while, in
BANE 2, the cavity growth reflected the weaker
strength.; of the media below the WP. The
calculated cavity growth in the horizontal plane of
the WP was 37 m for BANE 1 and 39 m for BANE
2. The measured cavity boundary below the WP,
determined from a postshot drill hole, was 37.3 m.
We believe the calculated cavity boundary in both
BANE 1 and BANE 2 is in excellent agreement with
experimental measurements and confirms that we
have modeled the shear strength correctly for those
materials near the WP.

Table 2. Time sequence for the arrival of waves in the
BANE 1 and BANE 2 calculations. The time represents
the arrival of the wave at a point on the vertical axis
100 m and 160 m above the WP for BANE 1 and
BANE 2, respectively.
Wave

Time of arrival (ms)

BANE 1
Precursor of the main shock
Peak stress of the main shock
Front of wave reflected from
Paleozoic surface
Peak of Paleozoic wave
Front of secondary rccompactJon
wave from cavity
Peak of secondary cavity
rccompaction wave
Front of surface tensile wave
Stress falls to zero

37
80
110
155
250
285
340
520

BANE 2
Pcecut&cu at aula shock
Peak of main shock
Front of surface tensile wave
Stress falls to zero
Particle velocity becomes negative
Peak of secondary recompaction
wave

8

Focusing
80
160
285
300
310

Empirical studies from many nuclear tests show
that ground movement is up to five times greater
when the WP of the event is below a water table. **
The enhanced ground motion is a result of energy
being focused vertically when the plastic portion of
the stress wave is refracted as it crosses the water
table. Because of its high clay content, the
Baneberry WP was surrounded by saturated media,
creating an interface (called the saturation interface)
that acts like a shallow water table. (See Figs. 3 and
5). Motion pictures taken during the Baneberry
event (no surface-motion instrumentation was
fielded) show enhanced ground motion. This is the
result of the yield, depth of burial, the Paleozoic
surface, and depth of saturation interface, which
combined to create a situation not covered in
previous test experience.
The time-of-arrival plots, Figs. 8 and 9 for BANE
1 and 2, respectively, show the abrupt change in the
propagation velocity of the peak as the main shock
crosses the saturation interface. The impedance
contrast resulting from the collapse of pore space
above the interface, results in the particle-velocity
vector field shown in Figs. 10 and 11. Figure 10
(BANE 1) and Fig. 11 (BANE 2) are velocity-vector
plots in the r-z plane of the calculation at a lime of
200 ms. The cavity surface, layering, and geologic
structure are also shown. The saturation interface is
the solid line above the cavity at approximately z
= 50 m in both figures. In a near homogenous
media the velocity vectors would be radial from the
WP (0,0). The velocity vectors shown here are
nearly vertical (upward), resulting in large vertical
displacements in the region above the WP to a
radial range of 150 m from, the axis of symmetry.

375

a

Velocity vectors are positive in the direction of increasing
distance from the WP.

Table 2. Before discussing the effect of these various
waves and their interaction, some comments are ap
propriate on the differences in the cavity growth
between the two calculations and the measured
canity radius of the Baneberry event.

Cavity Growth
The size of the cavity is primarily controlled by
the shear strength of the rock within 1-3 R of the
detonation point. For both calculations, the media
within this range, in order of increasing shear
strength, are tuff 50% montmorillonite, tuff 20%
montmorillonite, partially saturated tuff (PST),
alluvium 2, and the Paleozoic material. The cavity
growth above the detonation point is controlled in
both BANE I and BANE 2 by the strength of the
tuff 20% montmorillonite and the alluvium 2. The
cavity above the WP grew to 37 m in BANE 1 and
35 m in BANE 2. The larger growth observed in
BANE 1 is due to the reflected compressive wave
from the Paleozoic surface and the deep penetration
of the surface tensile wave.
c
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B A N E 1 velocity vector field at a lime of 200 ms. Velocities greater than I m/s all have vectors the same length.

Upon completion of the BANE I calculation,
there was some concern that the sloping layers
above the WP and between the axis of symmetry
and the faults combined with the cylindrical
geometry of the calculation would enhance the ef
fect of the focusing above that due to the layering
alone. Flat, horizontal layers were used in the
BANE 2 calculation to eliminate the cone effect at
the axis of symmetry. Comparison of the stress and
particle-velocity wave profiles (for the two calcula
tions) at 80 and 120 m above the WP showed less
than 10% difference in the peak values, with essen
tially identical waveforms up to the time of arrival
of the reflected wave from the Paleozoic in BANE 1.

From this comparison, we believe the cone effect of
the layering above the WP in BANE I had a negligi
ble effect.

Reflected Waves
There are two major reflective surfaces in both
calculations, the Paleozoic surface and the free sur
face. Differences in the ground motion arise be
tween the two calculations however because of in
teractions of the waves reflected by the two inter
faces. In the BANE 2 calculation (Fig. 9), the com
pressive wave reflected from the Paleozoic (160 m
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B A N E 2 velocity vector field at a time of 200 ms. Velocities greater than I m/s all have vectors the same length.

below the WP) is very weak and could only be
detected a short distance above the Paleozoic. It had
little effect on the ground motion above the cavity.
The main shock wave propagating toward the sur
face had a positive velocity pha^e of about 190 ms
(88 ms/kt '/ ). This is consistent with particlevelocity history measurements on numerous events
that have given positive velocity phases between 80
and 100 ms/kt '/ . The duration of the positive
phase is important in determining the spall depth
because the reflected tensile wave from the surface
can only propagate through regions where the
velocity is positive. Thus the spalling process in the
BANE 2 calculation is consistent with a theoretical
analysis of triangular stress waves in a material with

4S

zero tensile strength yielding a spall depth cf
120 m which is half the wave length.
However, in the BANE 1 calculation (Fig. 8), the
compressive wave that was reflected from the
Paleozoic (80 m below the WP) was strong and
could easily be followed all the way to the surface as
it merged with the main shock wave. This created a
broad double-pulsed wave of nearly equal am
plitude. As it arrived at the free surface, the second
pulse (Paleozoic wave) was able to support the ten
sile reflection of the first pulse (main shock) delay
ing the spalling process and allowing deep penetra
tions of the reflected tensile wave from the initial
shock wave.

3

3
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Figures 12 and 13 show an isometric plot of the
hoop stress field at 700 ms for the BANE I and
BANE 2 calculations, respecli'-'-lj. The r and z axis
form an isometric plane and the magnitude of the
hoop stress is given on the vertical axis. The free
surface is in the foreground of the figures. The
cavity pressure at this time is 37 bars in both
calculations. In the BANE 2 calculation (Fig. 13),
the residual hoop stress completely surrounds the
cavity; its peak magnitude is 180 bars. We conclude
that the BANE 2 stress field would tend to close all
radial fractures and prevent any possibility of gasfrac opening existing fractures or creating new ones
throughout the region defined by a 80-m-thick
spherical shell around the cavity. In contrast, the
residual hoop stress around the BANE 1 cavity
(Fig. 12) has been completely eliminated above the
cavity by the surface tensile wave. Thus, we believe
the stress conditions around the BANE 1 cavity
would allow the cavity gas to escape by either gasfracing through the surrounding medium or
through open fractures.

A velocity gage attached to the Baneberry em
placement pipe 136 m above the working point gave
a peak particle velocity of 11 m/s and a positivevelocity phase duration of 1 s . The BANE 1
calculation compared well with these values in
dicating a peak of 9 m/s and a positive phase dura
tion of 0.85 s.
Analysis of the television film of the Baneberry
event provided a rough estimate of the maximum
displacement and velocity of the surface near sur
face ground zero (SGZ). These rough estimates
were 6 m/s for surface velocity and 1.8 m maximum
displacement. In comparison, the values from the
calculations were 7.8 and 6.8 m/s for surface
velocity, 3.1 and 2.3 m for maximum displacement
in BANE 1 and BANE 2, respectively.
The large positive-velocity phase, combined with
the compressive waves from the Paleozoic and the
normal recompaction wave, set up the conditions
such that the surface tensile wave completely
relieved the overburden stresses between the cavity
and the free surface.
46
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Fig. 12. BANE 1 hoop stress field at a time of 700 ms.
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rraciures arc interpreted as being open or closed
by comparing Ihe orientations of the principal
siresscs with the volumetric strain. The initial shock
wave from the detonation irreversibly compresses
pari of the initial pore space, resulting in a frac
tured, bul compacted, rock matrix. If a tensile wave
then passes through the rock. Ihe matrix remains
compacted, bul the fractures may open. Open frac
tures exist whenever the volume of a /one is greater
than its initial volume. The volumetric strain is
positive if the /one is compacted and negative if ex
panded, figures 14 and 15 are contour plots of Ihe
negative volumetric strain for BANF I and BANF
2. respectively.
The BANK ?. calculation shows only open frac
tures in the spall region: this is expected from Ihe
stress state shown in Fig. 13. BANF 1, however,
shows that open fractures exist from the cavity to
the spall zone via the fault nearest the WP. Interior
contours vary up to 3"i strain or greater (I'ig. 14).
We have ignored that portion of strain caused by
the irreversible compaction of the pore space, but
we believe Fig. 14 shows the most probable path for
cavity-gas escape. The location of radioactivity
detected in the postshol exploratory holes (Appen
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dix A. lig. A-7) is also shown in I'ig. 14 and appears
to correlate well with our interpretation of open
fractures.
The fault farthest from the WP was the primary
shear plane in the BANK I calculation. Figure 16
shows the displacement contours in l-m intervals.
This figure does not show the sharp displacement
gradient that existed along the entire length of the
second fault, but it does show the magnitude of the
displacement within the cone formed by the faults.
Above 100 m, Ihe displacement along the interior
boundary of the second fault was 0.5 m and, on the
outside boundary, was less than 0.2 m. as in Fig. 17.
figure 17 shows the displacement vectors: the
length of the vector corresponds to the magnitude
of the displacement. Displacements greater than
I m all have vectors the same length. This displace
ment gradient extended to the surface parallel to the
l-m contour line in lig. 16 and could be interpreted
as the extension of the fault to the surface which was
observed in the surface-motion pictures from
Banc-berry. '
The surface fissure Ihrough which Ihe vent ap
peared was radially oriented to SCiZ and exlended

300
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-100

-200

500
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I-IK- 14. BWK I neitalisc u contours showing! regions where open fractures exist at a time nf^tHI ins. The- locations where nostsho! drill holes
indicated the presence of radioactiiitv are shown with the svinliols •-*.

M) lo 114 ID from SCiZ. figure 18 shows the
htiri/ontal displacement of ihc .surface along a
radial line from S(iZ outward. The maximum
horizontal displacement occurs at the location of

the fissure. In (he calculation. I he horizontal dis
placement resulted in enhanced tensile failure in this
region (as shown in l-ig. 14) analogous to the for
mation of a radial fracture.

CONCLUSIONS
The geology of the Baneberry site is complex and
has several features which may have contributed to
the observed vent. These are.
• The clay-enriched layer around the Wl' that
extends several hundred metres to the east. The
saturated clay reduced the strength of the tuff below
normal and created an impedance mismatch above
the Wl' layer.

• The double fault system.
• The high Paleozoic scarp on the nest side of
the Wl».
Current containment evaluation is primarily
based on the similarity of the geologic structure and
material properties with other events within the
same yield and depth of burial range thai ha\e suc
cessfully been contained. The above lea: res are all
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B A N E 2 negative ft contours showing regions where open fractures exist at a time of 900 ms. Note that no open path exists betweea

the cavity and surface.

outside previous good containment experience for
the Baneberry yield and depth of burial. However,
except for the low strength caused by the clay, many
events with larger yields and deeper depths of burial
have been detonated below a saturated interface
(water table) or near Paleozoic scarps or within
fault systems and have been contained. On occa
sion, two or more of these features have been pre
sent and successful containment still occurred. The
Baneberry site is unique only because all of the
above features appeared at a shallower depth than is
normally found at the Nevada Test Site.

We have attempted to evaluate the complex
three-dimensional geologic structure with two twodimensional numerical calculations. The first,
BANE 1, incorporates all the above features, but
the geometry of the calculation exaggerates the ef
fect of the fault system and high Paleozoic surface.
In the second calculation, BANE 2, the fault system
was eliminated and the Paleozoic surface was
significantly lowered, but the saturated clay layer at
the WP and other layering was retained. Thus, the
two calculations should bracket the observed
phenomenology.
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Both calculations predict enhanced ground mo
tion, consistent with the high particle velocities ob
served in Baneberry. The BANE 2 calculation iden
tifies the refraction of the shock across the saturated
interface as the cause of the enhanced motion.
Both calculations predicted cavity radii in close
agreement with measured Baneberry cavity radii,
indicating that the shear strength of the rock was
properly modeled.

The BANE 2 calculation indicated that
Baneberry would contain the radioactive debris, so
enhanced ground motion from focusing and the low
strength would not, by themselves, have caused a
containment failure.
The BANE 1 calculation predicted the long
positive-velocity pulse observed on Baneberry and
showed it was due primariiy to the reflected com
pressive wave from the high Paleozoic surface and,
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BANE 1 displacement vectors at a time of 900 ms. Displacements greater than 1 ra all have vectors the same leagth.

of the fault system and Paleozoic surface, the
BANE 1 calculation, in general, agrees with all of
the measurements and observations made on
Baneherry.
On the basis of these two calculations, it is clear
that the enhanced ground motion from focusing
and low shear strength were not sufficient by them
selves to cause the vent, but, in combination with
the faults and high Paleozoic scarp, they do account

in part, to motions within the fault regions. The
BANE 1 calculation predicted the observed exten
sion of the fault system to the surface. The BANE 1
calculation also predicted the path of the leak from
the cavity to the spall zone via the fault, as was ob
served in the event. In addition, the location at
which the maximum calculated displacement oc
curred coincides with the observed radial vent
fissure at the surface. Thus, despite the exaggeration
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for the observed vent. The BANE 1 calculation established that the jflection wave from the
Paleozoic surface was a major contributor to the

vent. Whether the presence of the fault was required
or just offered a path of least resistance remains to
be resolved.
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APPENDIX A
BANEBERRY GEOLOGY
Regional Geology
The Nevada Test Site (NTS) is located within the south central part of the Great Basin section of the
Basin ;md Range physiographic province. Linear north-to-northeast trending mountain ranges characterize
this province. The ranges arc separated by intermountain basins such as Yucca Flat.
In general, the rocks of the Basin and Range Province can be characterized as metamorphic rocks of
liarly Precambrian age (1640 million years ago) ; sedimentary rocks of Late Precambrian age (850 million
years),''''. Paleozoic, and Mesozoic age; plutonic rocks of Mesozoic and Tertiary age; and volcanic and
sedimentary rocks of Cenozoic age.
During the Mesozoic age, complex thrusting and folding occurred, and a number of granitic plutons were
intruded. In the Tertiary period, a change to extensional deformation occurred, creating three general
groups of interrelated structures: block faulting, major zones of strikeslip faulting, and volcano-tectonic
features.
48
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NTS Geology
The geology of NTS can be broadly divided into a basement of compressively deformed Upper Precam
brian and Paleozoic sedimentary rocks, an overlying section of Tertiary and Quarternary volcanic rocks,
broken up by normal faulting, and Late Tertiary and Quarternary alluvium and colluvium cut by normal
faulting.
The Precambrian and Paleozoic rocks at NTS can be divided into, four groups: an Upper Precambrian
and Lower Cambrian clastic sequence in which quartzite predominates, a Middle Cambrian through Middle
Devonian carbonate sequence, the Devonian and Mississippian Eleana Formation, composed of argillites and
quartzites, and a sequence of Late Paleozoic carbonates.
During the Paleozoic and Mesozoic eras, these rocks were subjected to several periods of compressive
deformation. At NTS, the Mesozoic deformation resulted in the formation of folds and thrust faults,
primarily the C.P. Thrust and its associated Mine Mountain Thrust.
The C.P. and Mine Mountain thrust faults are generally characterized by Upper Precambrian and Lower
Paleozoic rocks overlying Middle and Upper Paleozoic rocks. Later, the thrusts were cut by normal faulting
and have not been active in the Tertiary.
Tertiary volcanic rocks form a composite sequence of 12,190 m thick. These volcanic rocks, especially
the pre-Upper Miocene formations, are irregularly distributed as a result of preexisting topography, erosion,
and subsequent structural deformation.
The extension that produced the north- to northeast-trending normal faulting began between 14 and 17
million years a g o and is probably continuing today. At NTS, two normal fault systems are present. The
older set strikes northeast and northwest. This system appears to have formed during, or shortly after, the ex
trusion of the oldest tuffs because the frequencies of faulting in the older tuffs (> 17 million years) and the preTertiary rocks are similar. The older faulting appears to have stopped between 17 and 14 million years ago.
The younger fault set strikes north-south. This phase of faulting appears to have begun between 17 and 14
million years ago and is probably still continuing. For example, the fault scarp along the Yucca Fault shows it
is active. These north-south faults control the position and orientation of the present basins and ranges.
The final elements in the NTS geologic picture are the Late Tertiary and Quarternary alluvium- and
colluvium-filled basins. Because they are structurally controlled by the north-south fault systems, they must
have developed and been Filled with alluvium in the last 17 million years. In some basins the alluvial fill is
more than 1000 m thick. Several ages of alluvium have been recognized. Some faults, such as the Yucca Fault,
were contemporaneous with, or postdated, the younger alluvium.
52
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Geology of Area 8
The geology of Area 8 is largely controlled by a series of northeasl inking normal faults that step the
Paleozoic rocks up from beneath Yucca Flat on the east to the Eleana Hills on the west. (Fig. A-l). Several of
these faults were crucial factors in the Baneberry geology.
The Paleozoic rocks under Area 8 consist of the Eleana Formation, and both Middle and Lower
Paleozoic carbonates. Beneath the northwestern portion of Yucca Flat, the Lower Paleozoic carbonates are
thrust over the Eleana formation as a result of the C.P. Thrust Fault. The Lower Paleozoic carbonates are
separated, in turn, from the overlying Devonian carbonates by the Mine Mountain Thrust Fault. The inter
vening Lower Paleozoic elastics are absent. Both thrust faults formed as a result of compressional deforma
tion an estimated 70 to 90 million years ago.
The Paleozoic rocks are overlain by Tertiary volcanic tuffs. The volcanic rocks in Area 8 range are 17 to
11 million years old. The volcanic tuffs can be grossly subdivided into two groups: a pre-Belted Range tuff
group and a group composed of Belted liange and younger tuffs. The volcanic centers where the older group
originated were at great distances from the NTS, while the sources of the younger tuffs were on or near the
NTS. The older tuffs are irregularly distributed and commonly occur only in the deeper portions of Yucca
Flat. The younger group is much more uniform in distribution and thickness.
Tertiary/Quarternary alluvium overlies the tuffs. The older alluvium is predominantly tuffaceous, in
dicating that, at the beginning of alluvial deposition, mostly volcanic rocks were being eroded. Later the
volcanic rocks were stripped off the underlying Paleozoic rocks. The Paleozoic rocks were eroded in increas
ing quantities, leading to a larger number of Paleozoic clasls in the younger alluvium. The Eleana Formation
is the main source of Paleozoic clasts in the Area 8 alluvium.
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The alluvium, tuffs, and Paleozoic rocks were subjected to extcnsional deformation beginning about 26
minion years ago. This resulted in the north-northwest- to northeast-trending faults which cut Yucca Mat.
Some, such as the Vucca Fault, are still active.
The large number of drill holes in Area 8 has revealed more of the geologic complexity of Yucca Flat than
is normally observed with a single drill hole (Table A-1). From extensive drilling, we see that an irregular
Paleozoic surface, unconformities, pinching and swelling of lithologic units, and faulting are common in Area
8. d i g . A-1). '
1

Geology of the Banebcrry Site
The Buncberry Test was executed in hole U8d in northwestern Yucca Flat at NTS (Fig. A-2). Two
previous events had been conducted nearby, Discus Thrower in U8a and Cythus in U8b; both were suc
cessfully contained. The Baneberry site was chosen on the basis of geophysical information from U8a-I0, an
instrument hole f«r the Discus Thrower event. The primary requirement was a sonic velocity of about 2440
m/s at depths between 213 and 283 m. The geology for the Bancbcrry site presented in this section is based on
exploratory work
following the Banebcrry event.
l t S 4 5 5

U8d Drilling History
Hole U8d and surrounding holes are shown in Fig. A-3. Table A-1 lists the important facts about each.
The hole was spudded in on Oct. 25, 1970. Drilling problems began early Nov. 6 when the drilling bit
became plugged. Because of caving problems it was necessary to cement back in 13 stages using a total of
1042.1 m 'ofcement.
There were four poslshol-hole surface locations: PSIA, PS2A, PS3A, and PS5A. Each had several
sidetrack holes at various depths. The surface location of these holes are plotted on Fig. A-3.

Fig. A-2.

Location of U8d (Banebcrry) al (he Nevada Test Site.

Fig. A-3. Locaiion of drill holes in the vicinity of 1/84.
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Tabic A-1.

Hole
number

Location

Drill holes ncai Bancbcny.

Measured
hole depth
(m)

Hole
diameter
(m)

Spud
date

Completion
date

U-8a 10

N 268.% 1.8
E 202,855.1

584.6

0.25

12-1-65

12-27-65

U-8d

N
E
N
E

299.3

2.18

10-25-70

12-10-70

349.9

0.25

1-7-71

1-12-71

142.0-225.9
109.7-350.2

0.25
0.25

1-9-71
1-12-71

1-9-71
1-15-71

274
136.3-330.4

0.25

2-23-71

0.25

31-71

88.1446.3
88.1-149.4
68.9-149.4

0.25
0.25
0.25

3-3-71
3-6-71
3-6-71

72.2-349.6
264.6

0.25
0.25

3-7-71
4-21-71

3-10-71
4-26-71

0.25

4-26-71

4-29-71

0.25
0.25
0.25

4-29-71
5-1-71

5-1-71
5-2-71

5-3-71
54-71

5-3-71
5-6-71

U-8d PS IA
PS 1AA
PS IAB
U-8d PS 2A

268.983.8
202.823.2
268,922.2
202,902.4

N 268,879.3
E 202,823.3

PS 2AA
PS 2AB
PS 2AC"
PS 2AD
PS 2AE
U-8d PS 3A

N 268,887.2
E 202,798.9

PS 3AA

51.5-269.8
263.7453.9
36.6-358.1

PS 3AB
PS 3ABC
PS 3AD
<J-8d PS 5A
PS 5AA
UE-81*
UE-8g
l/E-8h
UE-8i

a

c

89.0-358-1
N 268,910.3
E 202,752.7
N
E
N
E
N
E
N
E

268,952.0
203,003.1
269,089.0
202,735.0
269,065.0
202,615.0
268,876.4
202,810.6

3-1-71
3-3-71
3-5-71
3-7-71
3-6-71

36.6-120.7
157.3

0.25

41.2-157.6
685.2

0.25
0.16

5-5-71
1-14-71

5-6-71
3-1-71

24.4

0.91

3-3-71

7-2-71

490.7

0.25

4-13-71

4-23-71

365.8

0.32

8-13-73

10-18-73

0.25

This hole was plugged with cement from 136 to 72 m.
This hole was tack cemented.
This hole was canceled at the request of the user.

Stratigraphy
The stratigraphy at the Baneberry site is based on data from drill holes U8d, Ue8i, and U8a-10 (Table A2). The Cenozoic-Paleozoic rock contact is at 442 m. Drill hole U8a-I0 penetrated 40 m of Devonian
limestone and dolomite, 96 m of Eleana argillite, and 7 m of lower (?) Paleozoic dolomite. Overlying the
Paleozoic sedimentary rocks are an estimated 177 m of Cenozoic tuffs. Above the tuffs in U8d is an estimated
265 m of alluvium.
In the U8d vicinity, most of the older tuffs are missing. Only the tuff of Redrock Valley is present in U8a10. All of the younger tuff units, from the Belted Range Tuff to the Ammonia Tanks Member of the Timber
Mountain Tuffs, are present.
A 61-m thick colluvium deposit ofreworkedAmmonia Tanks Tuff, other tuffs, and Paleozoic rock frag
ments overlies the tuffs in Ue8i. The overlying alluvium is divided into a tuffaceous alluvium, 242.3 to 210.3 m
in Ue8i, and a mixed alluvium above 210.3 m.
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Table A-2. Lithology of U8d and sunounding holes.

Uthology
Alluvium
(Paleozoic chits domhnte)

Alluvium (volcanic claats
dominate)

Ue8h
0-530'
Alluvium and colluvium;
tuffaceous; approximately
15% montmorillonite in
lower part

Coauvium and tuffaceous
sediments; reworked
Timber Mountain debris

Ammonia Tanks Tuff

Rainier Mesa Tuff

Not present

530'-590'
Adiflow tuff; slightly
welded; 15%
montmoriUonlte.

Drill holes
U8d

De8i

Ue8f

0-690'
Similar to Ue8i

0'-~640'
Partially altered clayey
matrix; 10% clay

0-755'
Sonilar to Ue8i

690--870'
Tuffaceous sands and
gravels; argillized;
similar to Ue8i

-640-795'
Tuffaceous sands and
gravels; altered clayey
matrix; clay content
10 to 15%.

755-1000'
Tuffaceous sand and gravel;
day content increasing to
45% downward.

S70'-895' ± 25'
Unknown; cutting
samples only; may include
0'-S0' Ammonia Tank
debris; 65% clay alteration.

795'-995'
Argillized; 15 to 60%
montmorillonite; average
45%.

1000-1100'
Pebbly, sandy tutTaceous clay;
SO to 70% montmoriUonite.

895' ± 25' to 982' TJ>.
Nonwelded, argillized aahflow
tuff; ~65% montmorillonite.

995'-1040'
Nonwelded, slightly argillized
tuff; estimate 10 to 30%
montmorillonite.

1010-1140'
Extrapolated from drfll
hole U8a-10 to U8d
position; similar to t'eSi.

Not present

1040-1100'
Moderately welded in middle,
argillrzed in upper and
lower interval.

Not present

Structure
The Baneberry site is located along the western edge of a structural basin. Fig. A-4. The Baneberry Fault
bounds the west side of the basin and has displaced the Paleozoic surface approximately 300 m. It strikes
about N20°E and has a dip of 68° near the surface and 59° at depth. The U.S. Geological Survey suggests it is
a zone of closely spaced shears. The absence or thinning of units above the Fraction Tuff on the upthrown
side suggests this fault has been active since post-Fraction Tuff times, although a strike-slip component of mo
tion could also explain the geological difference across the fault. A second fault west of the Baneberry Fault
with less displacement is indicated by the postshot drilling. As discussed below, the alteration in the Baneberry
areas was, in part, controlled by these faults.
9
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Alteration
Alteration of tuffaceous material to montmorillonite occurs in the alluvium, as well as in the nonwelded
tuffs (Fig. A-4). The U.S. Geological Survey suggests the alteration is best developed, but not restricted to
the hanging wall of the Baneberry Fault. In addition, it is formed almost entirely in beds of vitric porous tuff
or tuffaceous alluvium. The clay content ranges up to a maximum of 92% in a Grouse Canyon tuff sample
from Ue8f. The clay distribution is based on semi-quantitative x-ray diffraction analysis of sidewall samples
and E-Iogs.
The high montmorillonite content of the rock in the vicinity of the Baneberry WP significantly lowered
the shear strength and fully saturated the rocks, even though it is well above the water table. In addition, the
upward decrease in the alteration resulted in a boundary between fully and partially saturated rocks.
Although the specific mechanism of alteration is unknown, the U. S. Geological Survey has speculated
that it involved the movement of Mg- and Ca-rich waters, either along the top surface of the Eleana aquiclude
then downward along the Baneberry Fault, or in an artesian rise of water from an aquifer in the Eleana, again
in the vicinity of the Baneberry Faults. In either case, it is proposed that the. Baneberry Fault channeled large
volumes of water through the Baneberry area causing the alteration.
9

Postshot Effects
The Baneberry test was conducted at 7:30 a.m. (PST) on December 18,1970. At 3.5 min after detonation,
dynamic venting began. The location of initial radioactivity release, estimated to be 90 m southwest of surface
ground zero, was not observed in the view field of photographic or television cameras. The fissure rapidly
elongated in a N 60° E direction and ultimately extended from 18 to 114 m southwest of U8d. As illustrated in
Fig. A-S, taken at about 8 min after detonation, significant venting occurred along the entire length of the
fissure until collapse at 16.5 min after detonation. After collapse, venting occurred from that portion of the
fissure outside the collapse crater. Although there was an appreciable decrease in the velocity of the venting at
about 2 h after detonation, vapor could be observed drifting up from thefissureuntil about 24 h after detona
tion.
Formation of the vent fissure was clearly discernible on the motion pictures 1 to 2 s after the detonation.
While the vent fracture was radial in the southwest direction from surface ground zero, it was also approx
imately perpendicular to the direction of the minimum principal in situ stress. The direction of minimum stress
orientation has been determined by measurements in the tunnels beneath the Rainier and Aqueduct Mesas of
Area 12, several miles northwest of U8d. The collapse crater and vent fissure extending beyond the crater
rim are shown in Fig. A-6. In addition to the vent fissure, there were hundreds of other circumferential and
radial fractures produced within 400 m of U8d. There was a definite asymmetry in the distribution of fractures
with a significantly smaller number occurring east and northeast of the collapse crater. A similar distribution
occurred on the Discus Thrower event. The collapse crater has an average diameter of 128 m with a slight
elongation to the northeast. It is 24 m deep with the deepest portion 10 m northwest of ground zero.
To develop the geology and determine the vent path, a number of exploratory holes were drilled after the
shot (Fig. A-7). As indicated in Fig. A-7 and Table A-l, there were four slant holes with 12 associated
sidetrack holes and three vertical exploratory holes. Drill holes PS-2AA, PS-2AB, and PS-2AC indicated
radioactivity in the cavity region. Drill hole PS-3ABC indicated radioactivity along the Baneberry fault. Drill
hole PS-3AB intersected the Baneberry Fault above its juncture with the vent fissure and indicated radioac
tivity along the vent fissure but not along the Baneberry Fault drill hole.
Based on the location of the radioactivity in the postshot drill holes, it appeared the most probable path
was from the cavity to the Baneberry Fault, up the fault to the spall region and intersection with the vent
fissure, and then vertically to the surface.
8

56

30

Fig. A-S. Venting along (he entire length of the Assure at 8 min after detonation.
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Fig. A-6. Fractures produced by the Baneberry event (U8d) and topography of the Baneberry area. Heavy line shows location of conspicuous
scarp along a fault, with bar and ball on the relatively downthrown side and the displacement in feet. Cross-hatched areas are gaping fissures;
broad stippled lines show location of trenches A, B, C, and D.
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Isometric block diagram of Baneberry area, showing drill holes, geology, clay alteration, and radioactivity encountered in drill

holes.
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APPENDIX B
THE PRESSURE-COMPRESSIBILITY (P-fi) AND
SHEAR STRENGTH-PRESSURE (K-P) CURVES
FOR BANEBERRY
For the BANE 1 and BANE 2 calculational models, the geology associated with the Baneberry site
(Fig. A-4) was divided into six separate layers. For the BANE 1 calculations the two faults were assumed to be
8 m in width along their entire length and composed of material identical to the 50% montmorillonite clay
found in the WP region. The BANE 1 and BANE 2 calculational layering schemes are shown in Figs. 3 and 5.
The general physical properties for ec.ch layer identified were obtained from geophysical logs and laboratory
measurements taken on core samples from the area and have been summarized earlier in Table 1. These
physical properties are sufficient input to generate the P-n and K-P response for each layer shown in this ap
pendix. Starting at the surface the P-M and K-P response curves are depicted in Figs. B-1 through B-6 for each
layer encountered with depth. Thus Fig. B-1 presents the P-p and K-P response for alluvium I located just
below the surface and Fig. B-6 shows the corresponding curves for the Paleozoic surface below the WP.
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The 50% clay medium.
a. P-fi curves to 3.0 GPa.
b. P-|i curve to 100 GPa.
c. K-P lo'ding and unloading curve.
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2.0

APPENDIX C
TIME EVOLUTION
This appendix presents a time evolution of the events following the nuclear detonation. Computer
graphics of the BANE I and BANE 2 calculations have been selected at specific times to give a direct com
parison of the predicted dynamic results. Figures for the BANE I calculations were selected to show dynamic
events leading to establishment of the open fracture path between the cavity and the surface. Corresponding
figures for the BANE 2 calculations demonstrate the similarities and differences. This appendix is intended to
supplement the discussion in the text. Remarks associated with the Figs. C-l through C-16 are meant to call
attention to certain prominent dynamic events and arc not intended to represent a complete description of
what is shown.
The coordinate functions for each figure are defined in the text; but, for the reader's benefit, we have
provided the following discussion as an aid to understanding the Figures.
The stress tensor acting on a small incremental volume in a cylindrical coordinate system has nine com
ponents. Symmetry arguments for the stress tensor reduce these to six: T , T , T,^, and T , T,^,, and T^.
Since the problem under consideration is axially symmetric, there is no displacement allowed in the <j> direc
tion. Under these conditions T $ and T ^ are always zero, leaving only four components of the stress tensor,
three in the r-z plane (T„., T^, and T ) and one normal to the r-z plane (T^). The three components in the r-z
plane are reduced to two components by a coordinate transformation to yield the principal stresses T) and T .
This transformation to principal stress coordinates is given by
a

rr

r2

t

rj

2

T

+T

T +T
T, = —'
l
2

- Q,

l

where

Because Q is positive definite and the conventional sign for compressive stress is negative, T is always more
compressive than Tj. This leads to the following definitions:
• T, is the most tensile stress in the r-z plane.
• T is the most compressive stress in the r-z plane.
• T is the hoop stress acting normal to the r-z plane.
The particle velocity is represented by
2

2

3

"u = (u,v,) ,
where
u = component of "u in the r direction
v = component of Win the z direction.
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The value of pressure is obtained for each time step (or TENSOR cycle) and each zone from the relation

P = - J(T, +T

2

+ T) ,
3

where T,, T , and T3 are the three principal stresses. Pressure is a scalar quantity representing a mean for the
trace of the tensor matrix; it is invariant with respect to choice of coordinates or coordinate transformation.
The coordinate function P-0 refers to the pressure at each point (zone) in the calculation minus the initial
overburden pressure at each point (zone) in the calculation. The value of the overburden pressure at any point
can be found by the simple relationship
2

i
2

where g is gravitational acceleration (9.8 m/s ), and the sum is over the geological layers of density p; and
thickness (Az)j between the surface and point in question.
The quantity DVO is termed the "maximum volumetric strain from tensile failure" and is primarily
useful as a dimensionless figure of merit indicating the extent of tensile damage. At each time step, the in
cremental strains within each zone are calculated and converted to incremental stresses via a generalized
Hooke's Law. The resulting principal stresses are then compared with the tensile strength of the material. If
any of the principal stresses exceed the tensile strength, they are relaxed toward a state of zero stress, thereby
modeling the opening of a fracture normal to the respective principal stress direction. The corresponding
relaxation of the mean stress is simply the average of the changes in the three principal stresses. The change in
mean stress is converted to a volumetric strain by dividing by the bulk modulus of the matrix material. DVO is
the sum of these volumetric strains and is a monotanically increasing function of time.
The function negative n refers to the amount of expansion or to the negative volumetric strain a zone has
undergone with respect to its initial volume. The presence of negative n is interpreted as the opening of frac
tures in the medium.
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b. BANE 2 —
Strong focusing across die 20%<lay interface
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BANE 1.
Tensile wave is reflecting from the 20%-clay
layer below the WP.
The velocity field is nearly radial.

«. BANE I —
Strong focusing across rte Sunday interface
girt* stresses tptroxlmttely 19* Mgfcer then
BANE 2.
The tensile wave is reflecting from the fault and
the compressive wave is reflecting from the
Paleozoic layer.
The velocity fldd fa vertical above the cavity.
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Tensile waves from the 20%-clay interfaces
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fault. A strMf compressive wave is retlectiaf
from the Paleozoic layer.
The velocity field is vertical above cavity.
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b. B A N E 2 —
Focusing of shock wave occurs both above and
below the W P level. A large zero-stress region
develops 40 m below the W P and extends 100 m
horizontally. Material motion is stUl largely
radial.

Strong focusing towards surface of stress wave
and velocity field occurs. Compressive wave from
the Paleozoic layer Is closing the zero-stress
region. A large horizontal flow occurs above the
Paleozoic layer and outside the second fault.
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a. BANE J —
Strong focusing towards surbce of stress wave
am) velocity field occurs. Tensile failure occurs
aloaf the 20%-ciay interface above the WP,
resulting from the till of the layer aid motion
alone the fault. The horizontal flow is large in the
partially saturated tuff.

fa. BANE 2
Focusing of the stress wave and velocity field
above and below WP layer ocean. No tensile
failure is seen along 20%-clay interface.
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face occurs and a nearly horizontal velocity field
exists in WP layer.

a. BANE 1 —
The compressive wave from the Paleozoic layer
develops » strong (>20 MPa) compressive-stress
region around the cavity.
The velocity field is nearly vertical above the
faults aid horizontal on the far side of the faults.
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a. B A N E I —
A h l g h - t t r « regkM ( > 2 0 M P « ) surrounds Ihe
cavity. A precursor precedes (he main shock.
Tensile failure Is evident at the Alluvium I inter
face and along the fault.

b. B A N E 2 —
The stress field is irregular around the cavity and
is less than that of B A N E I . A precursor merges
wild the m i n shock.
Small tensile failure occurs, starling at the
Alluvium 1 interface. Large tensile failure occurs
in Ihe region 40 m below the W P and extends 200
m horizontally.
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The strew Held around the cavity It still affected
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a. BANE I —
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». BANE 1 —
Further decay of the stress field around the
cavlry occurs. The precursor arrives at the sur
face.
The velocity field it vertical above the cavity and
horiHMtal on the far side of the faults.
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b. BANE 2 —
The stress field around the cavity is increasing.
The precursor arrives at the surface.
The velocity field Is undergoing reversal Just
above the cavity but is stlH horizontal in the WP
layer.
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a. B A N E 1

-

b. B A N E 2 —
A containment cage begins to form. Spall occurs
to a depth of 120 m.

The contaianMat cage is weak aad unstable.
Spall occurs to a depth of 120 m.
Velocity field reverses in the horizontal direction.

The velocity field reverses in the region *bove the
cavity.
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There fe fiirtter decay of (fa contarouient cage.
Horizontal rebound b coaplete and the velocity
field is positive above the cavity.

b. BANE 2 —
Tne contalirranrt cage is firmly tsttblistied.
Material rebound in the horizontal direction
results En a small positive velocity Held above the
cavity.

50

fllilllS

Fig. C-12.

b. BANE 2 —
The containment cage is strong with some decay
above the cavity.
The velocity field is positive between the cavity
and surface.

a. BANE 1 —

Time:

The containment cage falls. An open fracture

0.50 s

path exists between the cavity and surface.
The velocity field is positive between the cavity
and surface.
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a. BANE 1 —
No containment cage exists. There is an open
fracture path to the surface.
Velocity field is positive above the cavity.

b. BANE 2 —
The containment cage is still strong.
A small positive velocity field exists above
cavity.
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a. BANE 1 —
No containment cage exists. There is an open

0.70 s

fracture path lo the surface.

b. BANE 2 —
A good containment cage exists.
A small positive velocity field exists above
cavity.

A snail positive velocity field exists above the
cavity.
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b. B A N E 2 —
The containment cage is still good and Increasing
in strength. Velocity field reversal occurs in
region just above cavity.

«• BANE 1 N o containment cage exists. There is an open
fracture path to the surface. Reversal of velocity
field occurs starting above cavity.
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a. BANE 1 —
No confiinmnu cage exists There (s in open
fracture path to the surface.
A negative velocity Meld for 150 m above the
cavity can be expected to lead to recompaclion.

b. BANE 2 —
A strong containment cage surrounds the cavity
and its strength is increasing.
A negative velocity field txbts between the
cavity and surface.
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