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Abstract

Downhole sonar surveys from the four active U.S. Strategic Petroleum Reserve sites have
been modeled and used to generate a four-volume sonar atlas, showing the three-dimensional
geometry of each cavern. This volume 4 focuses on the West Hackberry SPR site, located in
southwestern Louisiana. Volumes 1, 2, and 3, respectively, present images for the Bayou Choctaw
SPR site, Louisiana, the Big Hill SPR site, Texas, and the Bryan Mound SPR site, Texas. The atlas
uses a consistent presentation format throughout.

The basic geometric measurements provided by the down-cavern surveys have also been used
to generate a number of geometric attributes, the values of which have been mapped onto the geo-
metric form of each cavern using a color-shading scheme. The intent of the various geometrical
attributes is to highlight deviations of the cavern shape from the idealized cylindrical form of a
carefully leached underground storage cavern in salt. The atlas format does not allow interpreta-
tion of such geometric deviations and anomalies. However, significant geometric anomalies, not
directly related to the leaching history of the cavern, may provide insight into the internal struc-
ture of the relevant salt dome.
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Introduction

This sonar atlas is intended to provide a comprehensive, “snapshot” view of the cavern geom-
etry for all oil-storage caverns currently constituting the four active sites of the U.S. Strategic
Petroleum Reserve (SPR). The atlas presents visual images of the most current (as of August
2007) downhole sonar surveys, which have been rendered in three-dimensional view, using three-
dimensional geological computer modeling. Images are presented both for each cavern, individu-
ally, and for the cavern field, as a whole, at each SPR site. An index map showing the locations of
the four active SPR sites, located along the Gulf Coast of Texas and Louisiana, is presented in fig-
ure 1. As described below, this volume 4 focuses on caverns at the West Hackberry SPR facility.

The rationale underlying the compilation of this sonar atlas is two-fold. First, a single, com-
prehensive “view” or “picture” of all of the SPR caverns does not exist. Thus, it may be useful to
have such a compendium, for broad-scale general reference across the Strategic Petroleum
Reserve Project. Second, the leaching of large underground-storage caverns may be conceptual-
ized as a large-scale geologic “test” of the enclosing salt mass at a particular location within the
salt-dome structure. Although the details of cavern geometry will change with ongoing storage
operations, the effects of the major geological influences present within the salt stock, will be
reflected in the overall cavern geometry. Thus, it may be possible to infer a meaningful amount of
information regarding the internal structure of the salt dome from examining the cavern geometry.

This report is organized as follows. We present a very brief overview of the sonar imaging
technique. As downhole sonar surveys are the fundamental raw data upon which this sonar atlas is
constructed, it is important that some of the physics and limitations of the sonar surveying process

100°W oW

s Dallas
Fr. Worth o e

Louisiana ¢

Texas
Baton Rouge
/ "._\"w(}rh'rm.\' 4 3o°n

Bayou Choctaw —_ o

30N Houston °
= -

Bryan Mound —_ ./

L, \ West Hackberry
Big Hill

q 25°N
25°N

100°W a0

Figure 1. Index map showing the locations of the four active Strategic Petroleum Reserve sites along the
Gulf Coast of Texas and Louisiana.
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be understood. We then present the rationale and formulation of the various geometrical
“attributes”, which we compute for each sonar survey, and which are intended to enhance visual-
ization of likely important geologic features, above and beyond the simple three-dimensional geo-
metric form of the sonar results.

After presenting the methodology underlying the visual images that form the bulk of the atlas,
we present the visualizations, themselves. For each of the four active, SPR sites — Bayou Choc-
taw (La.), Big Hill (Tex.), Bryan Mound (Tex.) and West Hackberry (La.) (fig. 1) — we first
present results for each cavern individually. The visual presentations follow a more-or-less uni-
form format, in order to facilitate comparisons between caverns. We then present visualizations of
the overall cavern field, for each of these sites. Again, the presentation format is intended to be
consistent across the four sites.

Because of the large number of images generated for each cavern, this sonar atlas is presented
in four separate physical volumes. Volume 1 contains images for sonar surveys obtained at the
Bayou Choctaw SPR site, in central southern Louisiana. Volume 2 of the sonar atlas contains
images for the Big Hill SPR site, which is located in extreme southeastern Texas. Volume 3 con-
tains images from the Bryan Mound SPR site, also located in southeastern Texas, but to the west
of the Big Hill site. Finally, Volume 4 presents the sonar images derived from surveys conducted
at the West Hackberry SPR facility. West Hackberry is located in extreme southwestern Louisi-
ana.

In keeping with the concept of an atlas, this multi-volume report is limited to presenting the
objective sonar images, themselves. No interpretation or discussion of the cavern shapes is
included.

Methodology

Sonar Surveying

The downhole sonar surveys, upon which this sonar atlas are based, make use of focused and
directionally oriented acoustic signals to determine the distances from the sonar tool to the cavern
wall. Knowing the velocity of sound in the particular medium within the cavern (usually oil or
brine), the two-way travel time of the acoustical signal may then be post-processed to represent a
distance. The apparent spatial position of the nominal reflecting point on the cavern-wall surface
may then be computed using simple geometrical relationships. The survey tool is rotated through
360 degrees, obtaining radial time-distance measurements at specified angular increments. The
resulting (large) collection of reflecting points, in three-dimensional space, is then modeled, using
appropriate software, to display a geometric representation of the full three-dimensional cavern.
A conceptual representation of the initial, in-the-field, portion of this surveying process is pre-
sented in figure 2.

As shown in the conceptual view of figure 2, the sonar tool is lowered into the cavern through
a well via a wireline. The sonar signal, idealized here as a very narrow, linear beam, is transmitted
from the tool, reflected from a nominal point on the wall of the cavern, and received back by a
receiver, also located on the downhole tool. The uphole equipment multiplies the elapsed time
from transmission to reception of the reflected signal by the velocity of the signal and divides by
two, to yield the straight-line distance from the tool to the cavern wall.
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Figure 2. Highly schematic, conceptual representation of the downhole mechanics of a sonar survey.
No scale.

As the majority of the sonar measurements in a typical underground storage cavern are taken
in the horizontal plane (transmitted and reflected beams in fig. 2), much of the computation is
simple two-dimensional trigonometry. The basic geometry of the calculations necessary to reduce
the nominal straight-line distance to an actual spatial position is illustrated in figure 3.

The x-coordinate of the nominal reflection point, with respect to the position of the sonar tool,
is computed using the cosine of the angle of the direction of the sonar beam (0), whereas the y-
coordinate is computed, similarly, using the sine of that angle. Adding these x- and y-coordinate
increments to the x- and y-coordinates of the well through which the survey tool was lowered into
the cavern, and appending the depth/elevation of the tool within the cavern, yields an x-y-z triplet
associated with the particular direction (azimuth) of the sonar measurement.

Near the top and bottom of a cavern, the sonar measurements are typically taken with the
direction of the sonar beam inclined in the vertical plane. This is done, not only to prevent possi-
ble collision between the tool and the cavern roof or floor, but also to enable the sonar beam to be
incident upon the reflecting surface as close to 90 degrees as possible.

This geometric arrangement requires three-dimensional trigonometry to compensate for the
angle of inclination. However, the computations are simple, and involve merely multiplying the
two-dimensional result by the cosine or sine (x and y, respectively) of the angle of inclination (¢).
“Up” is taken as a positive angle, whereas “down” is taken as negative. For inclined measure-
ments, the z-coordinate of the reflecting point is computed from the depth of the tool plus-or-
minus the depth increment attributable to the angle of inclination. This geometry is shown sche-
matically in figure 4.
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Figure 3. Geometry assumed in reducing the nominal, measured sonar distances to cavern geometry
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Figure 4. Geometry assumed in reducing inclined sonar distances to cavern geometry (coordinates of
reflecting point).

40 West Hackberry SPR Site SAND2007-6051



Computation of the x-, y-, and z-coordinates, as performed in generating the cavern geome-
tries shown in this report, are summarized as equations (1) through (3), below.

Ziijy = Zeotar — Z¢j) + D sindy j ©)

where:
J indicates a particular depth for a set of circumferential measurements,
iindicates a particular azimuthal angle within that sweep of measurements,
Oindicates the trigonometric equivalent azimuthal angle of the measurement, and
dindicates the angle of inclination of the measurement.

D is the fundamental, measured two-way transit time converted to distance.

Xeollar Ycollar @Nd Zgoyiar are the spatial and elevation coordinates of the well collar, or more
properly, the x- and y-coordinates of the casing shoe. The casing shoe is the actual point from
which the sonar tool hangs inside the larger cavern. However, for most SPR caverns, the absolute
horizontal difference between collar and shoe locations is minimal.

In practice, the idealized conditions and mechanisms outlined above may be far from reality.
The sonar “beam” is, in fact, nowhere near a zero-width linear entity, traveling in a straight line
from source to wall to receiver. The beam is more properly a waveform, that expands radially out-
ward from the sonar-tool transmitter. Neither is the cavern wall a flat surface oriented precisely at
90 degrees to the path of travel of the sonar signal.

To complicate matters further, the velocity of the acoustical signal is not necessarily well
known, nor even constant along the path of travel. This latter issue of non-constant velocity is of
particular concern when making inclined sonar distance measurements. Some of these real-world
problems, which combine to make the two-way travel time, and subsequently the distance mea-
surements, uncertain to varying degrees, are illustrated in figures 5 and 6.

In figure 5, the sonar signal is shown as a wavefront, expanding radially away from the
source. The signal becomes both weaker (and potentially less recognizable) with distance trav-
eled, and wider. The increase in width of the beam means that reflections may be generated from
portions of the cavern wall not directly in the intended (nominal) path of the beam. The position
of the nominal reflecting point will be estimated incorrectly, as a result.

In this illustration, the time (= distance) values, associated with the “oblique reflection path”
or the “shorter travel-time reflection path”, would be used in association with the azimuthal angle
of the “nominal sonar beam”. Thus, the computed radial distance, along that assumed, nominal
path, will be shorter than the actual distance, in that direction, to the cavern wall. In reality, any
number of off-nominal reflection geometries may be present for a given sonar survey.

Figure 6 shows yet-another confounding issue affecting sonar measurements conducted using
inclined signals, particularly those made near an interface between fluids of differing composition
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Figure 5. Conceptual illustration of possible spurious, calculated reflection positions resulting from
irregular cavern-wall geometry.

— and hence of differing velocities. Here, in the figure, an upward-directed sonar pulse passes
first through a layer of brine, and then through a layer of oil, on its way to being reflected and
passing through the oil and brine, again, in reverse order. Because of the differing velocities of
sound in these two fluids, the waveform is refracted at the interface, and thus the signal impinges
on the cavern wall in a geometry not captured by the idealized computations of figure 4. Both the
actual distance and the angular position of the reflecting point are affected by the differing veloci-
ties of sound in the two media.

Three-dimensional Computer Visualization

The geometric calculations, outlined above as equations (1) through (3), produce a large num-
ber of spatially distributed points in three-dimensional space. Although merely displaying the col-
lection of computed reflecting points would convey some information, visualization of the cavern
geometry is facilitated by converting the assortment of points to a surface. The visualization soft-
ware used by Sandia, performs this conversion through use of a finite-element-like mesh.

Because the sonar measurements are recorded and reported in a known order, and because the
number of measurements for each 360-degree sweep of the cavern at a given depth level is con-
stant, it is a relatively simple matter to list the mesh nodes and, more importantly, to describe the
connectivity among the set of nodal coordinates. The result of processing the resulting 2-D sur-
face mesh in three-dimensions is illustrated in figure 7.

In part (a) of this illustration, each horizontal ring of line intersections (the nodes) represents a
single nominal reflection point. The nodes in the illustration have been connected by lines to aid
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Figure 6. Calculation of an erroneous apparent reflecting point on the wall of a cavern resulting from
refraction of the sonar beam at the density interface between the oil- and brine-filled portions of the cavern.
No scale; relationships exaggerated.

visualization of these zero-size objects. The lines also indicate the connectivity among the nodes,
which is essential for generating an actual surface for visualization [fig. 7(b)].

Cavern Attributes

In addition to the basic geometry of a cavern, Sandia has developed a set of attributes — or
computed quantities derived from the basic distance-measurement data. Using the computer, the
values of these attributes may be mapped onto the geometric outline of the cavern using various
colors. Part (b) of figure 7 repeats the same mesh from part (a). However, in this view, the quadri-
lateral cells, between each set of four reflecting-point nodes, have been filled in, and they are col-
ored by their subsea elevation.

Through judicious selection of the specific attributes computed, and by manipulation of the
color scale applied to mapping those attributes onto the cavern “shell”, it is possible to highlight
departures from the idealized cylindrical shape of a carefully constructed SPR-type cavern. Such
departures may be related either to the leaching history of the cavern (including small-scale leach-
ing associated with oil movements) or to the solubility of the salt itself. It is this latter characteris-
tic that is believed to allow interpretation of geological features within the salt stock. Ultimately,
understanding the internal structure of the SPR salt domes is one of the major justifications for
this atlas.

The attributes we use are of four basic types. The first type is simply the elevation of the sur-
face at each nodal location. The second type of attribute are several values directly related to the
radius of the cavern.There are two different “radius values” (described below), as well as the min-
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Figure 7. Visualization of a simplified sonar mesh representing the walls of an underground storage
cavern.

(a) Visualization of computed mesh nodes, located at intersections of lines. Only the “front” of the cavern is
shown for clarity. (b) Solid mesh generated by connecting the nodes in (a) to form (mostly) quadrilateral

imum, average, and maximum radii observed at any given depth level. The third type of attribute
values are those related explicitly to deviations from symmetry. The computation of these various
attributes is presented below. The final type of attribute values involve the relationship of a base
cavern to other caverns within the cavern field.

Elevation

The elevation attribute is not particularly revealing of anything specifically related to the
geometry of an individual cavern. However, it is an exceedingly simple value to associate with the
spatial position of each node (which, by definition, includes the elevation). As a mapped attribute,
it is useful when comparing the spatial positioning of more than one cavern in a view, as it directly
highlights differences in vertical position among a set of geometric (cavern) objects. Figure 8
illustrates such a comparison of vertical positions for two caverns.

Cavern Radius

The radius attribute is defined simply as the measured distance from the sonar-surveying tool
to the “apparent reflection point” of the cavern wall. The radial distance, R, is simply

Ri.j= Distance(i,j) (4)
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Figure 8. Two arbitrary caverns, located at different vertical positions, showing the elevation attribute.
No scale.

where i indicates the particular azimuthal direction (measured from 0 degrees = north), for depth
station j.

The number of azimuthal distances surveyed, for a particular sonar run, may vary from a min-
imum of eight (8) (for very old surveys, only) to a (known) maximum of 128. The actual number
of radii is dependent upon both the age of the survey and the survey operator. Unless specified
otherwise, the azimuthal survey directions are assumed to be evenly distributed over 360 degrees.

Note that we assume that the sonar reflection is from a “point” on the surface of the cavern
wall, and that the wall at that point is virtually normal to the path of the incident sonar beam. Sim-
ilarly, the sonar signal is assumed to travel as a single ray. In fact, the sonar beam is a wavefront,
expanding outward with distance, and the reflecting surface may have a substantially more com-
plicated geometry than that of a plane (i.e., fig. 5). Presumably most of the influence of these con-
founding factors have been incorporated, to a greater or a lesser extent, into the signal processing
algorithms used by the sonar operator. A full discussion of these influences, as well as of the dif-
ferent orientation- and depth-control methods, employed by the survey operator, is beyond the
scope of this report.
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Centered Radius

The radius attribute, just described, is that distance value directly reported by the underlying
sonar survey of the cavern. As such, the distance to the cavern wall from the sonar tool is affected
by the positioning of the well, through which the tool is lowered into the cavern, with respect to
the outline of the cavern itself. If the well collar, or more specifically, the casing shoe, from where
the sonar tool hangs on its supporting wireline cable, is offset significantly with respect to the
“center” of the cavern, the “radial”” distances will vary markedly from one side of the cavern to the
other, simply by virtue of the offset origin for the survey. The conceptual diagram of figures 2 and
3 show such an offset. To reduce the impact of such external influences, not directly related to the
geometry of the cavern itself, we define what is termed the centered radius attribute.

The centered radius is computed by first finding the bounding coordinates of the overall cav-
ern. After the x, y, and z coordinates of each apparent reflecting point on the cavern margin have
been computed, the minimum and maximum x and y values, Xmin, Xmax; Ymin, Ymax, are identi-
fied, for the set of readings at each individual depth station. The averages of these maximum and
minimum coordinate values are then taken, by definition, to represent the horizontal center of the
cavern at this depth. Thus:

Xmax(j)—Xmm(j)
2

(5)

Ymax,;, — Ymin,;
(0))] )
> (6)

Using this defined center as the basis, it is then a simple matter to iterate through the list of reflec-
tion points, and to compute the “centered radial” distances from this constant x-y position, for
each depth station, using the Pythagorean theorem. Thus:

Ycen(j)

2 2
Reentered; ;) = J(X(i,j)—xcen(j)) - (Y= Yeeng) )

Figure 9 presents a comparison of the differences between the direct “radial” distance mea-
surement and the equivalent centered radius distances for the same cavern. The cavern has been
specifically selected, based on its markedly off-center access well.

Minimum Radius, Maximum Radius, and Average Radius

The minimum- (Rmin), maximum- (Rmax), and average-radius (R) attributes are defined on a
depth-by-depth basis, over the j depth stations surveyed. These values are computed simply as the
minimum, maximum, and arithmetic average of the Nradii distance measurements reported by the
sonar surveying tool at each individual depth station. Accordingly, these attribute values are con-
stant for each surveyed depth level, j.
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Figure 9. Comparison of the radius (left) and centered radius (right) attributes for a cavern for which the
access well (x), through which the cavern was surveyed, is particularly off center.
(a) Top view; (b) perspective view. No scale.
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Rmax = Max(R ). 9)

and

Nradii

2 Rip
Rij= =—— 10
W " Nradii (10)

The overall average cavern radius, across the entire vertical height of the cavern, may also be
computed, as:

NdepthNradii
2 2 Rai
Rcavern = d=1_1=1 (11)

Ndepth - Nradii

This latter value is constant for each cavern. Thus, it is useful essentially when comparing
more than one individual cavern, as within a cavern field. A simple example is shown in figure
10.

Radius Standard Deviation

It may be instructive to investigate the degree to which the nradii individual radial distance
measurements, at any particular depth level, vary among each other. This variation provides one
measure of cavern asymmetry, or deviation from a pure cylindrical form. A very simple, and rela-
tively intuitive, measure of this consistence of cavern size is the radius standard deviation. This
attribute is computed on a depth-by-depth basis.

We use the standard computational formula for a standard deviation, which avoids the need to
compute the average radius, at each depth station, separately from, and prior to, computing the
deviations of the individual values from that average. Thus:

~Nradii Nradii 2 —%
2 .
Z R(i’j)— z R(i’j) /(Nradii)
i=1 i=1
Rsdev,; = (12)
Nradii-1

Out-of-Round Distance and Ratios

A somewhat more-involved cavern-geometry attribute is the so-called out-of-round distance,
here indicated AR. This radial attribute is intended to highlight geometrical irregularities over the
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Figure 10. Example of the overall cavern radius attribute.

The “overall” radius is constant for a given cavern. Note that the right-most cavern is shown as
intermediate in overall radius, even though it appears significantly larger than the left-most cavern. The
averaging of the vastly different radial measurements, across the total vertical height of the cavern, yields
an overall radius value less than the corresponding measure for the much shorter left-most cavern. No

vertical extent of the cavern. The values are computed as the difference between an individual
centered-radial measurement and the average radius for the same depth level.

AR jy = Rcentered; ;) - R 13

Because any particular cavern, at a given depth, may be markedly large or smaller in diameter
than at another depth, we may also evaluate the departures from “roundness” with respect to the
average radius of the cavern at the same depth. The value, through which this type of deviation
from symmetry is evaluated, is termed the out-of-round ratio, ARratio. This value is computed
simply as the quotient of the actual out-of-round distances (AR(L i) ), and the average radius at that
depth.
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A separate measure of the overall out-of-round ratio for the entire cavern is computed using
the individual out-of-round-distance deviations and the overall average diameter of the entire cav-
ern. Thus:

AR, .
— D (15)

ARoverall; )=
Rcavern

Figure 11 presents illustrations of the several out-of-round attributes. In this illustration, we
present the out-of-round distance, in feet, in part (a) and the out-of-round ratio, as a fraction, in
part (b). Recall that equation (14) computes the out-of-round ratio by dividing the out-of-round
distances [fig. 11(a)] by the average cavern radius at that depth level, thus normalizing the devia-
tions.

The overall out-of-round ratio, also a fraction, is shown in part (c) of the figure. Note that the
color scales appear identical in parts (a) and (c), as the only difference between these two cavern
attributes involves division of the individual deviation distances, part (a), by a constant. However,
as the magnitudes of the attributes are significantly different, the two attributes provide different
perspectives on how much the cavern departs from the idealized cylindrical form.

Part (d) of figure 11 presents a top view of this same cavern. The approximate orientation of
the perspective views is shown by the arrow (from the northwest).

Pillar-to-Diameter Ratios and Minimum Inter-cavern Distances

Another, entirely different class of attributes may also be defined, which examine the geomet-
rical relationship of one cavern to its neighbors. This class of cavern-relationship attributes are an
expansion of more conventional assessments of cavern spacings and of their impact on cavern sta-
bility.

Conventionally, one way of examining the relationship between any given cavern and its near-
est neighbors, which are usually the caverns of greatest interest, is through the so-called pillar-to-
diameter ratio. The pillar-to-diameter ratio, P/D, is defined as the quotient of the minimum thick-
ness of the pillar(s) of salt, separating the cavern of interest from adjacent caverns, divided by the
“diameter” of that cavern. This ideal relationship is illustrated in figure 12. As the idealized form
of an oil-storage cavern is a right-circular cylinder, it is quite easy to determine the two input val-
ues required for P/D from a map view of the caverns.

In practice, even carefully leached underground storage caverns depart from the idealized
cylindrical form. Historically, this real-world condition has been acknowledged by using a mea-
sure of the average diameter of the cavern of interest as the denominator of the P/D ratio. The
most straightforward method of deriving the average cavern diameter — conceptualized as the
diameter of a cylindrical cavern of equivalent volume — is to extract that equivalent diameter by
solving the algebraic expression for the volume of a cylinder (V = =r h) for radius, and multi-
plying the radius by 2 to find the diameter.
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Figure 11. Examples of the three out-of-round attributes described in the text.

(a) Out-of-round distance; (b) out-of-round ratio; (c) overall out-of-round ratio. (d) Top (map) view of
cavern, showing approximate direction of perspective views (arrow). Note that whereas the color mapping
is nearly identical, the scale values are markedly different. See text for discussion.
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Figure 12. Geometrical relationships involved in the standard computation of the pillar-to-diameter ratio.
Note that P:D for cavern A > P:D for cavern B. No scale.

However, whereas this approach to determining an average diameter works well for relatively
well-formed caverns, usually leached specifically for storage purposes, the average-diameter
methodology has increasingly severe limitations as the form of the cavern departs from that of a
cylinder. As many SPR storage caverns are converted brine caverns, there are a wide variety of
departures from the idealized cavern shape. For some caverns, the average cavern diameter, based
upon equivalent volumes, simply is not an acceptable measure of cavern geometry.

Although there is no real substitute for a full 3-D geomechanical analysis for examining cav-
ern stability, related to neighboring caverns, in detail, it is possible to use downhole sonar mea-
surements to compute a “pillar-to-diameter ratio” in three dimensions. The 3-D P/D ratio thus
becomes an attribute, which may be mapped onto the geometric form of the cavern, just as we
have described for the more directly derived sonar attributes.

The 3-D P/D ratio attribute is thus defined as the minimum distance from each mesh node, on
the cavern of interest, to any of the mesh nodes describing any of the neighboring caverns,
divided by the average cavern diameter at the depth of the particular mesh node. This may be
written, in terms of the nomenclature we have been using above, as:

MIN [ DISt [ (Xa yaz)' 1 * (Xa yaz)' 1 ] ]
[P/D]I’J’k* — |1,_J1,k |2,]2, k2 (16)
2 RJ, k*
where k* indicates the cavern of interest, and Dist][...] is shorthand for the computed
(Pythagorean) distance between the mesh node described by indices i and j on the base cavern
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(k*) and all the other mesh nodes on caverns k2 = 1 to Ncavern neighboring caverns. As implied
by equation (16), the calculation of 3-D P/D is complex and computationally intensive.

This three-dimensional pillar-to-diameter relationship is illustrated in figure 13. As suggested
by the numerous dashed arrows, the pillar distances, P, from each particular point under consider-
ation on the sonar mesh constituting the base cavern, must be computed to each and every (rele-
vant) point on the sonar mesh constituting each neighboring cavern. The minimum pillar distance,
Pmin, 1S then selected and divided by the average diameter, “D”, associated with the current point
of interest. Once this three-dimensional P:D value has been computed and stored, the search
moves to the next point of consideration on the sonar mesh of the base cavern, and the process is
repeated.

Snider and Stein (2006) and Rudeen and Snider (2007) have developed computer algorithms
that minimize the computations necessary to find P, by screening the mesh(es) describing the
nearest-neighboring caverns to eliminate grid nodes that cannot possibly be related to the mini-
mum distance between the two cavern walls. Examples of such screened-out mesh nodes include
points on the backside of the neighboring cavern, or nodes near the base of the neighbor cavern
when examining nodes near the top of the cavern of interest.

The resulting computer program [Rudeen and Snider (2007)], implementing these sorting,
searching, and computing algorithms, makes practical the use of the three-dimensional pillar-to-
diameter as a mappable attribute for this atlas. We present illustrations of cavern geometries
showing both the minimum distance, in absolute terms, and as the P/D ratio.

Sonar Meshes
Average o
“D”g i e Sonar Node |. -
& kA N TV
9“0“\03\_1?‘-""
(‘O 0{\(\9 'i--' e Y
S (S Ty [ L -
'.‘\e\g" 3 N i i =4
Point Under APt
Ty Consideration
Base Cavern Neighboring Cavern

Figure 13. Conceptual illustration of the concepts underlying the definition and calculation of the three-
dimensional pillar-to-diameter ratio.
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Note that the minimum distance, Pmin, will be the same for any two specific nodes involved
on caverns “A” and “B”, whether comparing cavern “A” to cavern “B”, or vice versa. However,
the P/D values associated with those two nodes will almost certainly be different. The divisor for
one node, say on cavern “A,” will be the average diameter at its depth, whereas the divisor for the
ratio associated with the other node will be the average diameter for the other cavern, “B” [equa-
tion (16)].

Results: The Sonar Atlas

The West Hackberry cavern field is shown in map view in figure 14. The dates of the most
recent available sonar surveys, which are used in this report, are given in table 1.

Table 1: Dates of West Hackberry Sonar Surveys Presented in

Atlas
Cavern Sonar Date Operator
WH-6 12-Aug-1982 Dowell
WH-7 25-May-2005 Socon Cavity Control
WH-8 11-Sep-2003 Sonarwire, Inc.
WH-9 26-May-1977 Dowell
WH-11 28-May-2003 Sonarwire, Inc.
WH-101 26-Sep-2006 Socon Cavity Control
WH-102 22-Aug-1983 Sonarwire, Inc.
WH-103 27-Aug-2000 Sonarwire, Inc.
WH-104 11-Jul-2000 Sonarwire, Inc.
WH-105 2-Aug-2000 Sonarwire, Inc.
WH-106 28-Jun-2000 Sonarwire, Inc.
WH-107 26-Nov-1999 Sonarwire, Inc.
WH-108 22-Apr-2003 Sonarwire, Inc.
WH-109 3-Apr-2006 Socon Cavity Control
WH-110 19-May-2003 Sonarwire, Inc.
WH-111 24-Apr-2006 Socon Cavity Control
WH-112 7-Jul-2006 Socon Cavity Control
WH-113 4-Nov-2000 Sonarwire, Inc.
WH-114 31-Jul-2006 Socon Cavity Control
WH-115 17-Aug-2006 Socon Cavity Control
WH-116 22-Apr-2000 Sonarwire, Inc.
WH-117 29-Mar-2004 Socon Cavity Control

Cavern Geometry

The actual images showing the geometry of the various caverns are presented below. A con-
sistent presentation format has been adopted. The intention of this format is to facilitate compari-
sons between and among the different caverns and the different attributes for each cavern.

First, a top (map) view of the cavern is presented at the beginning of each cavern section. Sec-
ond, we present (1) the measured radius, (2) the centered radius, (3) the averaged radius, (4) the
minimum radius, and (5) the maximum radius. Next, we present the various measures of depar-
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Figure 14. Index map showing positions of the West Hackberry caverns within the DOE SPR property
boundary

ture from the idealized cylindrical form: (6) the radius standard deviation, (7) the out-of-round
distance, (8) the out-of-round ratio, and (9) the overall out-of-round ratio. Finally, we present the
measures of each cavern in relationship to the other caverns in the field. The first part of this rela-
tionship involves (10) the distance from each point of the external surface of the cavern to the
closest point on any neighboring cavern. The second part of this relationship involves (12) the
three-dimensional pillar-to-diameter ratio.

Each of these computed cavern attributes is presented from four quadrants of the compass:
southwest, southeast, northeast, and northwest. The angle of inclination of the perspective views
is constant at from 20 degrees above the horizontal. After reviewing many, many sonar images,
these view angles appear to capture the overall image of the caverns in a fairly satisfactory man-
ner, for a static, printed format.

Some brief comments on the presentation, itself, are appropriate. The spatial axes shown for
each sonar image are generated by the computer modeling program. As such, there is only mini-
mal control over the positioning of the axis labels and the coordinate values. As the cavern views,
described in the preceding paragraph, rotate through 360 degrees, the labels rotate also. Thus in
some images, the labels will be “reversed”. They are always shown “properly” from the south.

Some clipping of the various images has also been necessary to fit the various images into the
page format of this report. This effect has been minimized. However, where the choice was
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between a larger image of the cavern, proper, and including the entire image (especially axis
labels) in the visible portion of the figure, we opted for the larger cavern image. Mental compen-
sation for these two unavoidable visualization artifacts should be fairly easy and intuitive.

Velocity of Sound

One of the “cavern” attributes contained in some sonar survey files is the measured velocity of
sound, as recorded by the sonar tool during its vertical transit of the cavern. We present, as the
final image in each cavern set, a horizontal view showing this measured velocity. The view is
from due south.

Note that the velocity profile is a function of the fill state of the cavern at the time of the sur-
vey. Note, also, that the velocity profile is not provided by all sonar vendors. The result is that we
are unable to present a meaningful illustration of this type for a number of the caverns.

The Interactive Sonar Atlas

Additional details and greater insight into the cavern geometries may be gained through use of
the digital images, included on the compact disk contained in the pocket at the back of this report
volume. These digital files contain the same set of cavern attributes as the printed illustrations.
The user may step through the various display attributes one at a time.

However, the format of the files allows the user to view and manipulate each image, as may be
desired. The cavern models may be rotated to view the images from any desired direction, using
the mouse. Additionally, the images may be panned across the computer screen, and zoomed in or
out to any desired magnification. Finally, the user may print any particular view, or save the image
to a digital image file for later use. The cavern identification, as well as the visible attribute, are
indicated on the screen, in order to ensure positive identification of the particular view.

Installation instructions for the visualization software are included in the Appendix. The
appendix also contains more detailed instructions for using the visualization software and manip-
ulating the viewer,

The viewer is proprietary software of C Tech Development Co. (www.ctech.com). However,
the software may also be used in “unlicensed” mode. In unlicensed mode, only files that have
been written containing a special binary code are viewable. Other files cannot be loaded or
viewed. In essence, then, the “license” is portable with the model files, themselves. Sandia
National Laboratories is able to write these binary codes into each and every model file, thus
facilitating use of such models by anyone, without the need to purchase a separate license for the
player, itself.
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The West Hackberry SPR Site

Cavern WH-6

450 East
Figure 1. Map view sonar image of cavern WH-6, showing the basic geometric shape of the cavern. Grid

squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-6, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 10°; (b) azimuth 150°, elevation 10°.
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Figure 3. Sonar images of cavern WH-6, showing the basic geometry of the cavern. View from (a)

azimuth 60°, elevation 10°; (b) azimuth 300°, elevation 10°.
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Figure 4. Sonar images of cavern WH-6, showing the geometry of the cavern colored by measured radius.
View from (a) azimuth 210°, elevation 10°; (b) azimuth 150°, elevation 10°.
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Figure 5. Sonar images of cavern WH-6, showing the geometry of the cavern colored by measured radius.
View from (a) azimuth 60°, elevation 10°; (b) azimuth 300°, elevation 10°.
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Figure 6. Sonar images of cavern WH-6, showing the geometry of the cavern colored by centered radius.
View from (a) azimuth 210°, elevation 10°; (b) azimuth 150°, elevation 10°.

62 West Hackberry SPR Site SAND2007-6051



(@

Aol

Centered Rodius

B T |

1ft 143 ft 285 fr 427 f1

(b)

”"JiTB'y'E,H

Centered Rodius

N T |

1ft 143 f+ 285 fr 427 f1

Figure 7. Sonar images of cavern WH-6, showing the geometry of the cavern colored by centered radius.
View from (a) azimuth 60°, elevation 10°; (b) azimuth 300°, elevation 10°.
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Figure 8. Sonar images of cavern WH-6, showing the geometry of the cavern colored by average radius.
View from (a) azimuth 210°, elevation 10°; (b) azimuth 150°, elevation 10°.
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Figure 9. Sonar images of cavern WH-6, showing the geometry of the cavern colored by average radius.
View from (a) azimuth 60°, elevation 10°; (b) azimuth 300°, elevation 10°.
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Figure 10. Sonar images of cavern WH-6, showing the geometry of the cavern colored by minimum
radius.View from (a) azimuth 210°, elevation 10°; (b) azimuth 150°, elevation 10°.
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Figure 11. Sonar images of cavern WH-6, showing the geometry of the cavern colored by minimum radius.
View from (a) azimuth 60°, elevation 10°; (b) azimuth 300°, elevation 10°.
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Figure 12. Sonar images of cavern WH-6, showing the geometry of the cavern colored by maximum
radius.View from (a) azimuth 210°, elevation 10°; (b) azimuth 150°, elevation 10°.
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Figure 13. Sonar images of cavern WH-6, showing the geometry of the cavern colored by maximum
radius.View from (a) azimuth 60°, elevation 10°; (b) azimuth 300°, elevation 10°.
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Figure 14. Sonar images of cavern WH-6, showing the geometry of the cavern colored by radius standard
deviation. View from (a) azimuth 210°, elevation 10°; (b) azimuth 150°, elevation 10°.
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Figure 15. Sonar images of cavern WH-6, showing the geometry of the cavern colored by radius standard
deviation. View from (a) azimuth 60°, elevation 10°; (b) azimuth 300°, elevation 10°.
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Figure 16. Sonar images of cavern WH-6, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 10°; (b) azimuth 150°, elevation 10°.
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Figure 17. Sonar images of cavern WH-6, showing the geometry of the cavern colored by out-of-round
distance. View from (a) azimuth 60°, elevation 10°; (b) azimuth 300°, elevation 10°.
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Figure 18. Sonar images of cavern WH-6, showing the geometry of the cavern colored by out-of-round
ratio. View from (a) azimuth 210°, elevation 10°; (b) azimuth 150°, elevation 10°.
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Figure 19. Sonar images of cavern WH-6, showing the geometry of the cavern colored by out-of-round
ratio. View from (a) azimuth 60°, elevation 10°; (b) azimuth 300°, elevation 10°.
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Figure 20. Sonar images of cavern WH-6, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 10°; (b) azimuth 150°, elevation 10°.
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Figure 21. Sonar images of cavern WH-6, showing the geometry of the cavern colored by overall out-of-
round ratio.View from(a) azimuth 0°, elevation 10°; (b) azimuth 300°, elevation 10°.
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Figure 22. Sonar images of cavern WH-6, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern.View from(a) azimuth 210°, elevation 10°; (b) azimuth 150°,
elevation 10°.
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Figure 23. Sonar images of cavern WH-6, showing the geometry of the cavern colored by minimum
distance to the nearest neighboring cavern. View from(a) azimuth 60°, elevation 10°; (b) azimuth 300°,
elevation 10°.
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Figure 24. Sonar images of cavern WH-6, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 10°; (b) azimuth 150°,
elevation 10°.
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Figure 25. Sonar images of cavern WH-6, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 10°; (b) azimuth 300°,
elevation 10°.

SAND2007-6051 Cavern WH-6

81



No Sonic Velocity Data Available

Figure 26. Sonar image of cavern WH-6, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of August 1982. View from due south, elevation zero.
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Cavern WH-7

Figure 1. Map view sonar image of cavern WH-7, showing the basic geometric shape of the cavern. Grid

squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-7, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 3. Sonar images of cavern WH-7, showing the basic geometry of the cavern. View from (a)

azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-7, showing the geometry of the cavern colored by measured radius.

View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-7, showing the geometry of the cavern colored by measured radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 6. Sonar images of cavern WH-7, showing the geometry of the cavern colored by centered radius.

View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-7, showing the geometry of the cavern colored by centered radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 8. Sonar images of cavern WH-7, showing the geometry of the cavern colored by average radius.

View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-7, showing the geometry of the cavern colored by average radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 10. Sonar images of cavern WH-7, showing the geometry of the cavern colored by minimum

radius.View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-7, showing the geometry of the cavern colored by minimum radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 12. Sonar images of cavern WH-7, showing the geometry of the cavern colored by maximum

radius.View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-7, showing the geometry of the cavern colored by maximum

radius.View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 14. Sonar images of cavern WH-7, showing the geometry of the cavern colored by radius standard

deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-7, showing the geometry of the cavern colored by radius standard

deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-7, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-7, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-7, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-7, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-7, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 21. Sonar images of cavern WH-7, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-7, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-7, showing the geometry of the cavern colored by minimum
elevation 20°.
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Figure 24. Sonar images of cavern WH-7, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 25. Sonar images of cavern WH-7, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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No Sonic Velocity Data Available

Figure 26. Sonar image of cavern WH-7, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of May 2005. View from due south, elevation zero.
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150

Figure 1. Map view sonar image of cavern WH-8, showing the basic geometric shape of the cavern. Grid

squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-8, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 3. Sonar images of cavern WH-8, showing the basic geometry of the cavern. View from (a)

azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-8, showing the geometry of the cavern colored by measured radius.

View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-8, showing the geometry of the cavern colored by measured radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 6. Sonar images of cavern WH-8, showing the geometry of the cavern colored by centered radius.

View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-8, showing the geometry of the cavern colored by centered radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 8. Sonar images of cavern WH-8, showing the geometry of the cavern colored by average radius.

View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-8, showing the geometry of the cavern colored by average radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 10. Sonar images of cavern WH-8, showing the geometry of the cavern colored by minimum

radius.View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-8, showing the geometry of the cavern colored by minimum radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 12. Sonar images of cavern WH-8, showing the geometry of the cavern colored by maximum

radius.View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-8, showing the geometry of the cavern colored by maximum

radius.View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 14. Sonar images of cavern WH-8, showing the geometry of the cavern colored by radius standard

deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-8, showing the geometry of the cavern colored by radius standard

deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-8, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-8, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-8, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-8, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-8, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 21. Sonar images of cavern WH-8, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-8, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-8, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 24. Sonar images of cavern WH-8, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 25. Sonar images of cavern WH-8, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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No Sonic Velocity Data Available

Figure 26. Sonar image of cavern WH-8, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of September 2003. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-9, showing the geometric shape geometry of the cavern.
The “open” center is an artifact of the surveying technique. Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH

210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 3. Sonar images of cavern WH-9, showing the basic geometry of the cavern. View from (a)

azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-9, showing the geometry of the cavern colored by measured radius.

View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-9, showing the geometry of the cavern colored by measured radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 6. Sonar images of cavern WH-9, showing the geometry of the cavern colored by centered radius.

View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 7. Sonar images of cavern WH-9, showing the geometry of the cavern colored by centered radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 8. Sonar images of cavern WH-9, showing the geometry of the cavern colored by average radius.

View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-9, showing the geometry of the cavern colored by average radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 10. Sonar images of cavern WH-9, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 11. Sonar images of cavern WH-9, showing the geometry of the cavern colored by minimum radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 12. Sonar images of cavern WH-9, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 13. Sonar images of cavern WH-9, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 14. Sonar images of cavern WH-9, showing the geometry of the cavern colored by radius standard

deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

, elevation 20°.
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Figure 15. Sonar images of cavern WH-9, showing the geometry of the cavern colored by radius standard

deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 16. Sonar images of cavern WH-9, showing the geometry of the cavern colored by out-of-round

, elevation 20°.

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°
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Figure 17. Sonar images of cavern WH-9, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 18. Sonar images of cavern WH-9, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 19. Sonar images of cavern WH-9, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-9, showing the geometry of the cavern colored by overall out-of-

elevation 20°.

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°
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Figure 21. Sonar images of cavern WH-9, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 22. Sonar images of cavern WH-9, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 23. Sonar images of cavern WH-9, showing the geometry of the cavern colored by minimum
distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,
elevation 20°.
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Figure 24. Sonar images of cavern WH-9, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio.View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-9, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,
elevation 20°.
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No Sonic Velocity Data Available

Figure 26. Sonar image of cavern WH-9, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of May 1977. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-11, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-11, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.

SAND2007-6051

162 West Hackberry SPR Site



(b)

(@)

Figure 3. Sonar images of cavern WH-11, showing the basic geometry of the cavern. View from (a)

azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-11, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-11, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 6. Sonar images of cavern WH-11, showing the geometry of the cavern colored by centered radius.

View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-11, showing the geometry of the cavern colored by centered radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 8. Sonar images of cavern WH-11, showing the geometry of the cavern colored by average radius.

View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-11, showing the geometry of the cavern colored by average radius.

View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 10. Sonar images of cavern WH-11, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-11, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.

171

Cavern WH-11

SAND2007-6051



(b)

(@

Moximum RBadius

Maoximum Radius

61 fr 121 f+ 180 f+ 2§t 61 fr 121 fr 180 f+

2 fr

Figure 12. Sonar images of cavern WH-11, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-11, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.

173

Cavern WH-11

SAND2007-6051



(b)

(@)

~1En

150

East

Radius Stdbev

KL
Radius Stdbev

18 f1

12 ft

Gy

ofr

18 f1

12 ft

G fr

ofr

Figure 14. Sonar images of cavern WH-11, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-11, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-11, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-11, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-11, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-11, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-11, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 21. Sonar images of cavern WH-11, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-11, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-11, showing the geometry of the cavern colored by minimum
distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 24. Sonar images of cavern WH-11, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-11, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 26. Sonar image of cavern WH-11, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of May 2003. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-101, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-101, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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showing the basic geometry of the cavern. View from (a)

Figure 3. Sonar images of cavern WH-101

azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-101, showing the geometry of the cavern colored by measured

radius azimuth. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-101, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 6. Sonar images of cavern WH-101, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°,

elevation 20°; (b) azimuth 150°, elevation 20°.

SAND2007-6051

192 West Hackberry SPR Site



(@

r

Hhmi
fentered Rodiog

o0 ft or fr 115 f+ ¢ ft 50 ft or fr 115 ft

2 1

Figure 7. Sonar images of cavern WH-101, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 8. Sonar images of cavern WH-101, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-101, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°,

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 10. Sonar images of cavern WH-101, showing the geometry of the cavern colored by minimum

elevation 20°; (b) azimuth 150°, elevation 20°.

radius. View from (a) azimuth 210°,
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Figure 11. Sonar images of cavern WH-101, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 12. Sonar images of cavern WH-101, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°,

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-101, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 14. Sonar images of cavern WH-101, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°;

(b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-101, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 16. Sonar images of cavern WH-101, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°,

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-101, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-101, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°,

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-101, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-101, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 165°,
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Figure 21. Sonar images of cavern WH-101, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°

elevation 20°; (b) azimuth 300°, elevation 20°.

207

Cavern WH-101

SAND2007-6051



ast

Minimum Distonce

Minimum Distonce

00 Tt DBl f1 ohZ ft 419 £t 500 T4 DB1ft obZ ft

418 ft

Figure 22. Sonar images of cavern WH-101, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-101, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°;

(b) azimuth 300°,

elevation 20°.
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Figure 24. Sonar images of cavern WH-101, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-101, showing the geometry of the cavern colored by three-

dimensional pillar-to-diameter ratio. View from (a) azimuth View from (a) azimuth 60°

azimuth 300°, elevation 20°.

elevation 20°; (b)
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No Sonic Velocity Data Available

Figure 26. Sonar image of cavern WH-101, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of September 2006. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-102, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-102, showing the basic geometry of the cavern. View from (a)

azimuth 210°,

elevation 20°; (b) azimuth 150°, elevation 20°.
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102, showing the basic geometry of the cavern. View from (a)

Figure 3. Sonar images of cavern WH

elevation 20°.

azimuth 60°, elevation 20°; (b) azimuth 300°
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Figure 4. Sonar images of cavern WH-102, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 5. Sonar images of cavern WH-102, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 6. Sonar images of cavern WH-102, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 7. Sonar images of cavern WH-102, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 8. Sonar images of cavern WH-102, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 9. Sonar images of cavern WH-102, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 10. Sonar images of cavern WH-102, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 11. Sonar images of cavern WH-102, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°

elevation 20°.

, elevation 20°; (b) azimuth 300°
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Figure 12. Sonar images of cavern WH-102, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 13. Sonar images of cavern WH-102, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 14. Sonar images of cavern WH-102, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-102, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-102, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 17. Sonar images of cavern WH-102, showing the geometry of the cavern colored by out

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-102, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 19. Sonar images of cavern WH-102, showing the geometry of the cavern colored by out

ratio. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 20. Sonar images of cavern WH-102, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.

SAND2007-6051

232 West Hackberry SPR Site



-Round

'

Dverall E}I.ITQ

-Round

I Out-of

COvera

(a)
s

05

1

-

07

-4

05

-0

n7

-14

Figure 21. Sonar images of cavern WH-102, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-102, showing the geometry of the cavern colored by the minimum

distance to the nearest neighboring cavern. View from (a) azimuth 210°

elevation 20°.

elevation 20°; (b) azimuth 150°,
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Figure 23. Sonar images of cavern WH-102, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°;

elevation 20°.
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Figure 24. Sonar images of cavern WH-102, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-102, showing the geometry of the cavern colored by three-

dimensional pillar-to-diameter ratio. View from (a) azimuth View from (a) azimuth 60°

azimuth 300°, elevation 20°.

, elevation 20°; (b)
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No Sonic Velocity Data Available

Figure 26. Sonar image of cavern WH-102, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of September 2006. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-103, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-103, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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showing the basic geometry of the cavern. View from (a)

elevation 20°.

Figure 3. Sonar images of cavern WH-103
azimuth 60°, elevation 20°; (b) azimuth 300°
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Figure 4. Sonar images of cavern WH-103, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-103, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 6. Sonar images of cavern WH-103, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-103, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.

Cavern WH-103 245

SAND2007-6051



(b)

ast

Average Radius

Seft 104 f+ 155 ft 1ft 5e ft 194 f+ 155 ft

1t

Figure 8. Sonar images of cavern WH-103, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-103, showing the geometry of the cavern colored by average

radius. View from (a) azimuth View from (a) azimuth 60°, elevation 20°;

, elevation 20°.

(b) azimuth 300°
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Figure 10. Sonar images of cavern WH-103, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-103, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°,

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 12. Sonar images of cavern WH-103, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-103, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 14. Sonar images of cavern WH-103, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-103, showing the geometry of the cavern colored by radius

elevation 20°.

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,
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Figure 16. Sonar images of cavern WH-103, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-103, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-103, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-103, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-103, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 21. Sonar images of cavern WH-103, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-103, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-103, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°;

(b) azimuth 300°,

elevation 20°.
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Figure 24. Sonar images of cavern WH-103, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-103, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 26. Sonar image of cavern WH-103, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of August 2000. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-104, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-104, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 3. Sonar images of cavern WH-104, showing the basic geometry of the cavern. View from (a)
azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-104, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-104, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 6. Sonar images of cavern WH-104, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-104, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 8. Sonar images of cavern WH-104, showing the geometry of the cavern colored by average

radius. View from (a) azimuth View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-104, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 10. Sonar images of cavern WH-104, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-104, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 12. Sonar images of cavern WH-104, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-104, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 14. Sonar images of cavern WH-104, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-104, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-104, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.

SAND2007-6051

280 West Hackberry SPR Site



33 ft -36 -13 ft 10 Fy 33 ft

10 Fy

-13 ft

Figure 17. Sonar images of cavern WH-104, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°,

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-104, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-104, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-104, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 21. Sonar images of cavern WH-104, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 22. Sonar images of cavern WH-104, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-104, showing the geometry of the cavern colored by minimum
distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.

Cavern WH-104 287

SAND2007-6051



5
<,
s

Ele

['.1_#1 50 il 0.0 15CEaST
P/D Ravio
| I [
100 126 1.5¢

(b)

Vation
2,500

3,000

-3,500

uq“DUD

-4.500

-1 St

150 g g

15
F/D Rafio aSt

| [

106G

1.26 1.5 178

Figure 24. Sonar images of cavern WH-104, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 25. Sonar images of cavern WH-104, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 26. Sonar image of cavern WH-104, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of July 2000. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-105, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-105, showing the basic geometry of the cavern.View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 3. Sonar images of cavern WH

elevation 20°.

azimuth 60°, elevation 20°; (b) azimuth 300°
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Figure 4. Sonar images of cavern WH-105, showing the geometry of the cavern colored by measured

radius.View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-105, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 6. Sonar images of cavern WH-105, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-105, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 8. Sonar images of cavern WH-105, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-105, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 10. Sonar images of cavern WH-105, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-105, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°

, elevation 20°.

, elevation 20°; (b) azimuth 300°
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Figure 12. Sonar images of cavern WH-105, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-105, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 14. Sonar images of cavern WH-105, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-105, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-105, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-105, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-105, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-105, showing the geometry of the cavern colored by out

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 20. Sonar images of cavern WH-105, showing the geometry of the cavern colored by overall out-of-

elevation 20°.

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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Figure 21. Sonar images of cavern WH-105, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-105, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.

SAND2007-6051

312 West Hackberry SPR Site



ctance

)

ARl

Minimum Distance

(@
J

550 Tt 644 ft TeEF 475 ft BhE 644 ft TeEF

475 ft

Figure 23. Sonar images of cavern WH-105, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°;

(b) azimuth 300°,

elevation 20°.
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Figure 24. Sonar images of cavern WH-105, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-105, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 26. Sonar image of cavern WH-105, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of August 2000. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-106, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-106, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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106,

Figure 3. Sonar images of cavern WH

azimuth 60°, elevation 20°;

(b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-106, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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106, showing the geometry of the cavern colored by measured

Figure 5. Sonar images of cavern WH

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 6. Sonar images of cavern WH-106, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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, showing the geometry of the cavern colored by centered

elevation 20°; (b) azimuth 300°, elevation 20°.

Figure 7. Sonar images of cavern WH-106

radius. View from (a) azimuth 60°
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Figure 8. Sonar images of cavern WH-106, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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106, showing the geometry of the cavern colored by average

Figure 9. Sonar images of cavern WH

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.

Cavern WH-106 325

SAND2007-6051



(@

‘IS[:IEaS,[

Minimum Radius

150 00

Minimum Rodius

45 ft B8 Fy 132 ft 1ft 45 ft B8 Fy 132 ft

1t

Figure 10. Sonar images of cavern WH-106, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.

Cavern WH-106 327

SAND2007-6051



(b)

(@

e
oo
(T,
e
£
gy
Ny
=
o g
=%
= =
a3 |
[ \ [ It _-1| |
1 . . 1
=1 fum = ==
nﬁ.._ = = &
L = S 73 =
w2 o o7 o v
—
T}
L)
=
Py
2t
-
.......................................................... =3
— 2
_anm
2t
'E
=
............................... E
2=

146 ft

o0 ft 99 fr 118 ft 1t o0 ft

1t

Figure 12. Sonar images of cavern WH-106, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 14. Sonar images of cavern WH-106, showing the geometry of the cavern colored by radius

elevation 20°.

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°
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Figure 15. Sonar images of cavern WH

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-106, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-106, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 19. Sonar images of cavern WH

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-106, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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Figure 21. Sonar images of cavern WH
round ratio. View from (a) azimuth 60°,
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Figure 22. Sonar images of cavern WH-106, showing the geometry of the cavern colored by the minimum

(b) azimuth 150¢°,

elevation 20°;

distance to the nearest neighboring cavern. View from (a) azimuth 210°,
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106, showing the geometry of the cavern colored by minimum

Figure 23. Sonar images of cavern WH

(b) azimuth 300°,

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°;

elevation 20°.
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Figure 24. Sonar images of cavern WH-106, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH
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Figure 26. Sonar image of cavern WH-106, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of June 2000. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-107, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-107, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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107, showing the basic geometry of the cavern. View from (a)

Figure 3. Sonar images of cavern WH

elevation 20°.

azimuth 60°, elevation 20°; (b) azimuth 300°
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Figure 4. Sonar images of cavern WH-107, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-107, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 6. Sonar images of cavern WH-107, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-107, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°

elevation 20°.

, elevation 20°; (b) azimuth 300°
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Figure 8. Sonar images of cavern WH-107, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-107, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 10. Sonar images of cavern WH-107, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-107, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 12. Sonar images of cavern WH-107, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-107, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 14. Sonar images of cavern WH-107, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 15. Sonar images of cavern WH-107, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-107, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-107, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 18. Sonar images of cavern WH-107, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-107, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°

, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-107, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 21. Sonar images of cavern WH-107, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°
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Figure 22. Sonar images of cavern WH-107, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-107, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°

elevation 20°.
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Figure 24. Sonar images of cavern WH-107, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-107, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 26. Sonar image of cavern WH-107, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of November 1999. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-108, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-108, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 3. Sonar images of cavern WH-108, showing the basic geometry of the cavern. View from (a)

azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-108, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-108, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.

Cavern WH-108 373

SAND2007-6051



Centered Rodiog

fentered Radius

Seft 104 £+ 55 f+ 1ft oe ft 104 £+ 155 ft

1t

Figure 6. Sonar images of cavern WH-108, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-108, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 8. Sonar images of cavern WH-108, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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-108, showing the geometry of the cavern colored by average

Figure 9. Sonar images of cavern WH

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 10. Sonar images of cavern WH-108, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-108, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 12. Sonar images of cavern WH-108, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-108, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 14. Sonar images of cavern WH-108, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-108, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-108, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-108, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-108, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-108, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-108, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 21. Sonar images of cavern WH-108, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-108, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-108, showing the geometry of the cavern colored by minimum
distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 24. Sonar images of cavern WH-108, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-108, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 26. Sonar image of cavern WH-108, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of April 2003. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-109, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-109, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 3. Sonar images of cavern WH-109, showing the basic geometry of the cavern. View from (a)

azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-109, showing the geometry of the cavern colored by measured

elevation 20°.

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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Figure 5. Sonar images of cavern WH-109, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 6. Sonar images of cavern WH-109, showing the geometry of the cavern colored by centered

elevation 20°.

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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Figure 7. Sonar images of cavern WH-109, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 8. Sonar images of cavern WH-109, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 9. Sonar images of cavern WH-109, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 10. Sonar images of cavern WH-109, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 11. Sonar images of cavern WH-109, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 12. Sonar images of cavern WH-109, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-109, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 14. Sonar images of cavern WH-109, showing the geometry of the cavern colored by radius

elevation 20°.

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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Figure 15. Sonar images of cavern WH-109, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-109, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 17. Sonar images of cavern WH-109, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 18. Sonar images of cavern WH-109, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°

elevation 20°.

elevation 20°; (b) azimuth 150°,
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Figure 19. Sonar images of cavern WH-109, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-109, showing the geometry of the cavern colored by overall out-of-

elevation 20°.

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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Figure 21. Sonar images of cavern WH-109, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.

Cavern WH-109 415

SAND2007-6051



dst

~15
000 150p
Minimum Distonce

ctonce

51

150
Ainimm

(@)

NOFHIBDD g

B3l ft 614 £t ooy ft

447 £t

B3l f1 £14 £+ ooy it

447 1

Figure 22. Sonar images of cavern WH-109, showing the geometry of the cavern colored by the minimum

; (b) azimuth 150°,

elevation 20°;

distance to the nearest neighboring cavern. View from (a) azimuth 210°

elevation 20°.
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Figure 23. Sonar images of cavern WH-109, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°

elevation 20°.

; (b) azimuth 300°,

, elevation 20°;
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Figure 24. Sonar images of cavern WH-109, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-109, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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No Sonic Velocity Data Available

Figure 26. Sonar image of cavern WH-109, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of April 2006. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-110, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-110, showing the basic geometry of the cavern. View from (a)
azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 3. Sonar images of cavern WH-110, showing the basic geometry of the cavern. View from (a)

azimuth 60°

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-110, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-110, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 6. Sonar images of cavern WH-110, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-110, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 8. Sonar images of cavern WH-110, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-110, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°

elevation 20°.

, elevation 20°; (b) azimuth 300°
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Figure 10. Sonar images of cavern WH-110, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-110, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 12. Sonar images of cavern WH-110, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-110, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 14. Sonar images of cavern WH-110, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

, elevation 20°.
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Figure 15. Sonar images of cavern WH-110, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-110, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-110, showing the geometry of the cavern colored by out

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 18. Sonar images of cavern WH-110, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-110, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 20. Sonar images of cavern WH-110, showing the geometry of the cavern colored by overall out-of-

elevation 20°.

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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Figure 21. Sonar images of cavern WH-110, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-110, showing the geometry of the cavern colored by the minimum

distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°;

(b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-110, showing the geometry of the cavern colored by minimum
distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 24. Sonar images of cavern WH-110, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-110, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 26. Sonar image of cavern WH-110, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of May 2003. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-111, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-111, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 3. Sonar images of cavern WH-111

azimuth 60°, elevation 20°;

(b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-111, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 6. Sonar images of cavern WH-111, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 8. Sonar images of cavern WH-111, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-111, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 10. Sonar images of cavern WH-111, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH

radius. View from (a) azimuth 60°

, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 12. Sonar images of cavern WH-111, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-111, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 14. Sonar images of cavern WH-111, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-111, showing the geometry of the cavern colored by radius

elevation 20°.

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°
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Figure 16. Sonar images of cavern WH-111, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-111, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-111, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-111, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 21. Sonar images of cavern WH-111, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-111, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-111, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°;

(b) azimuth 300°,

elevation 20°.
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Figure 24. Sonar images of cavern WH-111, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

Figure 25. Sonar images of cavern WH-111, showing the geometry of the cavern colored by three-

dimensional pillar
elevation 20°.
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No Sonic Velocity Data Available

Figure 26. Sonar image of cavern WH-111, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of April 2006. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-112, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-112, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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showing the basic geometry of the cavern. View from (a)

Figure 3. Sonar images of cavern WH-112
azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 4. Sonar images of cavern WH-112, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-112, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 6. Sonar images of cavern WH-112, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-112, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 8. Sonar images of cavern WH-112, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-112, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 10. Sonar images of cavern WH-112, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°

elevation 20°.

elevation 20°; (b) azimuth 150°,
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Figure 11. Sonar images of cavern WH-112, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 12. Sonar images of cavern WH-112, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-112, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 14. Sonar images of cavern WH-112, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°;

(b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-112, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-112, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-112, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 18. Sonar images of cavern WH-112, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°

elevation 20°.

elevation 20°; (b) azimuth 150°,
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Figure 19. Sonar images of cavern WH-112, showing the geometry of the cavern colored by out

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 20. Sonar images of cavern WH-112, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 21. Sonar images of cavern WH-112, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 22. Sonar images of cavern WH-112, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-112, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°;

(b) azimuth 300°,

elevation 20°.

Cavern WH-112 495

SAND2007-6051



(b)

‘Vation
2,500

L

T -
A

TPy
=t
D
b

ma
[

e -3,000

3

- -3.500

3

4,007

4,

4500 -

~150 DD 5
P/D Ratio P/D RuTIoCEaSt

B | [ B | _n
106 1.26 1.5 1.78 106G 1.26 1.52’ 1.78

Figure 24. Sonar images of cavern WH-112, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-112, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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No Sonic Velocity Data Available

Figure 26. Sonar image of cavern WH-112, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of July 2006. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-113, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.

SAND2007-6051 Cavern WH-113 499



(b)

(@

Figure 2. Sonar images of cavern WH-113, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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-113

Figure 3. Sonar images of cavern WH

azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-113, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH
radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 6. Sonar images of cavern WH-113, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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-113, showing the geometry of the cavern colored by centered

Figure 7. Sonar images of cavern WH

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 8. Sonar images of cavern WH-113, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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113, showing the geometry of the cavern colored by average

Figure 9. Sonar images of cavern WH

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 10. Sonar images of cavern WH-113, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-113, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 12. Sonar images of cavern WH-113, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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113, showing the geometry of the cavern colored by maximum

Figure 13. Sonar images of cavern WH

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 14. Sonar images of cavern WH-113, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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113, showing the geometry of the cavern colored by radius

Figure 15. Sonar images of cavern WH

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-113, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-113, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-113, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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-113, showing the geometry of the cavern colored by out-of-round

Figure 19. Sonar images of cavern WH

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-113, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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-113, showing the geometry of the cavern colored by overall out-of-

Figure 21. Sonar images of cavern WH
round ratio. View from (a) azimuth 60°

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-113, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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113, showing the geometry of the cavern colored by minimum

Figure 23. Sonar images of cavern WH

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 24. Sonar images of cavern WH-113, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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-113, showing the geometry of the cavern colored by three-

Figure 25. Sonar images of cavern WH

dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 26. Sonar image of cavern WH-113, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of November 2000. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-114, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-114, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°;

(b) azimuth 150°, elevation 20°.
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Cavern WH-114 527

114, showing the basic geometry of the cavern. View from (a)
, elevation 20°.

Figure 3. Sonar images of cavern WH
azimuth 60°, elevation 20°; (b) azimuth 300°
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Figure 4. Sonar images of cavern WH-114, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 5. Sonar images of cavern WH-114, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,

Cavern WH-114 529

SAND2007-6051



rentered Ro

46 ft 911 136 ft 1 46 ft 911 136 ft

1t

Figure 6. Sonar images of cavern WH-114, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-114, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 8. Sonar images of cavern WH-114, showing the geometry of the cavern colored by average

elevation 20°.

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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Figure 9. Sonar images of cavern WH-114, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 10. Sonar images of cavern WH-114, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-114, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 12. Sonar images of cavern WH-114, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-114, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 14. Sonar images of cavern WH-114, showing the geometry of the cavern colored by radius

elevation 20°.

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°
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Figure 15. Sonar images of cavern WH-114, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-114, showing the geometry of the cavern colored by out-of-round

elevation 20°.

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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Figure 17. Sonar images of cavern WH-114, showing the geometry of the cavern colored by out

distance. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 18. Sonar images of cavern WH-114, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-114, showing the geometry of the cavern colored by out

ratio. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 20. Sonar images of cavern WH-114, showing the geometry of the cavern colored by overall out-of-

elevation 20°.

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

SAND2007-6051

544  West Hackberry SPR Site



(@

[
f-Round

J

0
{
ut

|
Overall ©

Round

Dverall Out-of-

L

2

01

04

G
=Y

Figure 21. Sonar images of cavern WH-114, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-114, showing the geometry of the cavern colored by the minimum

; (b) azimuth 150°,

elevation 20°;

distance to the nearest neighboring cavern. View from (a) azimuth 210°

elevation 20°.
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Figure 23. Sonar images of cavern WH-114, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°;

(b) azimuth 300°,

elevation 20°.
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Figure 24. Sonar images of cavern WH-114, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-114, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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No Sonic Velocity Data Available

Figure 26. Sonar image of cavern WH-114, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of July 2006. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-115, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-115, showing the basic geometry of the cavern. View from (a)

azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 3. Sonar images of cavern WH-115, showing the basic geometry of the cavern. View from (a)

azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-115, showing the geometry of the cavern colored by measured

elevation 20°.

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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Figure 5. Sonar images of cavern WH-115, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°

elevation 20°.

, elevation 20°; (b) azimuth 300°,
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Figure 6. Sonar images of cavern WH-115, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 7. Sonar images of cavern WH-115, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 8. Sonar images of cavern WH-115, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°

elevation 20°.
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Figure 9. Sonar images of cavern WH-115, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 10. Sonar images of cavern WH-115, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-115, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°,

elevation 20°.

elevation 20°; (b) azimuth 300°
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Figure 12. Sonar images of cavern WH-115, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-115, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 14. Sonar images of cavern WH-115, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 15. Sonar images of cavern WH-115, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-115, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth View from (a) azimuth 210°, elevation 20°;

(b) azimuth 150°,

elevation 20°.
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Figure 17. Sonar images of cavern WH-115, showing the geometry of the cavern colored by out

distance. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 18. Sonar images of cavern WH-115, showing the geometry of the cavern colored by out-of-round

elevation 20°.

elevation 20°; (b) azimuth 150°,

ratio. View from (a) azimuth 210°,
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Figure 19. Sonar images of cavern WH-115, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°,

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 20. Sonar images of cavern WH-115, showing the geometry of the cavern colored by overall out-of-

elevation 20°.

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°
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Figure 21. Sonar images of cavern WH-115, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-115, showing the geometry of the cavern colored by the minimum

distance to the nearest neighboring cavern. View from (a) azimuth 210°

elevation 20°.

elevation 20°; (b) azimuth 150°,
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Figure 23. Sonar images of cavern WH-115, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°

elevation 20°.

; (b) azimuth 300°,

, elevation 20°;
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Figure 24. Sonar images of cavern WH-115, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-115, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 26. Sonar image of cavern WH-115, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of August 2006. View from due south, elevation zero.

576 West Hackberry SPR Site SAND2007-6051



Cavern WH-116

North

150

0.0

-150

East

Figure 1. Map view sonar image of cavern WH-116, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-116, showing the basic geometry of the cavern. View from (a)

azimuth 210°

(b) azimuth 150°, elevation 20°.

elevation 20°;
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Figure 3. Sonar images of cavern WH

, elevation 20°.

azimuth 60°, elevation 20°; (b) azimuth 300°
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Figure 4. Sonar images of cavern WH-116, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°

elevation 20°.

elevation 20°; (b) azimuth 150°,
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Figure 5. Sonar images of cavern WH-116, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 6. Sonar images of cavern WH-116, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 210°

, elevation 20°.

elevation 20°; (b) azimuth 150°
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Figure 7. Sonar images of cavern WH-116, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 8. Sonar images of cavern WH-116, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 9. Sonar images of cavern WH-116, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°,

elevation 20°; (b) azimuth 300°, elevation 20°.

Cavern WH-116 585

SAND2007-6051



0
150

Norﬂi’g% :

Minimwum Rodi

Minimum Rodius

T4 fi 10 ft

ft

3r ft T4 f1 L0 f+ 1ft ar

1t

Figure 10. Sonar images of cavern WH-116, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-116, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.

Cavern WH-116 587

SAND2007-6051



Moaximum Radiue

47 ft B9 Fy 132 ft 4 ft 47 ft a% Fy 132 ft

4 ft

Figure 12. Sonar images of cavern WH-116, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-116, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 14. Sonar images of cavern WH-116, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 15. Sonar images of cavern WH-116, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 16. Sonar images of cavern WH-116, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 17. Sonar images of cavern WH-116, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°,

, elevation 20°.

elevation 20°; (b) azimuth 300°
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Figure 18. Sonar images of cavern WH-116, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 19. Sonar images of cavern WH-116, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°,

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 20. Sonar images of cavern WH-116, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 21. Sonar images of cavern WH-116, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 22. Sonar images of cavern WH-116, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.

SAND2007-6051

598 West Hackberry SPR Site



Minimum Distance

(@

5EE Tt 626 ft ooy ft 464 ft BRE 626 ft 6oy ft

464 £t
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Figure 23. Sonar images of cavern WH-116, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°, elevation 20°;

elevation 20°.
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Figure 24. Sonar images of cavern WH-116, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-116, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 26. Sonar image of cavern WH-116, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of April 2000. View from due south, elevation zero.
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Figure 1. Map view sonar image of cavern WH-117, showing the basic geometric shape of the cavern.
Grid squares represent 150 ft.
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Figure 2. Sonar images of cavern WH-117, showing the basic geometry of the cavern. View from (a)

azimuth 210°, elevation 20°;

(b) azimuth 150°, elevation 20°.
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Figure 3. Sonar images of cavern WH

azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 4. Sonar images of cavern WH-117, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 5. Sonar images of cavern WH-117, showing the geometry of the cavern colored by measured

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°

elevation 20°.
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Figure 6. Sonar images of cavern WH-117, showing the geometry of the cavern colored by centered

elevation 20°.

, elevation 20°; (b) azimuth 150°,

radius. View from (a) azimuth 210°
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Figure 7. Sonar images of cavern WH-117, showing the geometry of the cavern colored by centered

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 8. Sonar images of cavern WH-117, showing the geometry of the cavern colored by average

, elevation 20°.

, elevation 20°; (b) azimuth 150°

radius. View from (a) azimuth 210°
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Figure 9. Sonar images of cavern WH-117, showing the geometry of the cavern colored by average

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 10. Sonar images of cavern WH-117, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 11. Sonar images of cavern WH-117, showing the geometry of the cavern colored by minimum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 12. Sonar images of cavern WH-117, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 210°

elevation 20°; (b) azimuth 150°, elevation 20°.
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Figure 13. Sonar images of cavern WH-117, showing the geometry of the cavern colored by maximum

radius. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°, elevation 20°.

Cavern WH-117 615

SAND2007-6051



et
o
(4]
13
e
85
™ &
o
= g
e =
= o
L o
b
o
Lt
it
=
i
-
=
L Y
s
w
o
T
=
bt
[m |
L

el ft

14 Fy

7t

0 ft

cl ft

14 Fy

7t

0 ft

Figure 14. Sonar images of cavern WH-117, showing the geometry of the cavern colored by radius

standard deviation. View from (a) azimuth 210°, elevation 20°;

(b) azimuth 150°, elevation 20°.

SAND2007-6051

616 West Hackberry SPR Site



StdDev

W

h
7t

R

el ft

14 Fy

0 ft

cl ft

14 Fy

7t

0 ft

Figure 15. Sonar images of cavern WH-117, showing the geometry of the cavern colored by radius

elevation 20°.

standard deviation. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°
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Figure 16. Sonar images of cavern WH-117, showing the geometry of the cavern colored by out-of-round

elevation 20°.

, elevation 20°; (b) azimuth 150°

distance. View from (a) azimuth 210°

SAND2007-6051

618 West Hackberry SPR Site



(@)

Lt

)
-Round

nhﬂjq‘

Out-

Cut-of-Round

Bl ft

4 f+

T

-3

-30 1

Bl ft

29 ft

Figure 17. Sonar images of cavern WH-117, showing the geometry of the cavern colored by out-of-round

distance. View from (a) azimuth 60°,

elevation 20°; (b) azimuth 300°, elevation 20°.
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Figure 18. Sonar images of cavern WH-117, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 210°

elevation 20°.

elevation 20°; (b) azimuth 150°,
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Figure 19. Sonar images of cavern WH-117, showing the geometry of the cavern colored by out-of-round

ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 20. Sonar images of cavern WH-117, showing the geometry of the cavern colored by overall out-of-

round ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
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Figure 21. Sonar images of cavern WH-117, showing the geometry of the cavern colored by overall out-of-

elevation 20°.

elevation 20°; (b) azimuth 300°,

round ratio. View from (a) azimuth 60°
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Figure 22. Sonar images of cavern WH-117, showing the geometry of the cavern colored by the minimum
distance to the nearest neighboring cavern. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,

elevation 20°.
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Figure 23. Sonar images of cavern WH-117, showing the geometry of the cavern colored by minimum

distance to the nearest neighboring cavern. View from (a) azimuth 60°

elevation 20°.

elevation 20°; (b) azimuth 300°,
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Figure 24. Sonar images of cavern WH-117, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 210°, elevation 20°; (b) azimuth 150°,
elevation 20°.
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Figure 25. Sonar images of cavern WH-117, showing the geometry of the cavern colored by three-
dimensional pillar-to-diameter ratio. View from (a) azimuth 60°, elevation 20°; (b) azimuth 300°,

elevation 20°.
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Figure 26. Sonar image of cavern WH-117, showing the geometry of the cavern colored by the reported
velocity of sound on the survey date of March 2004. View from due south, elevation zero.
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The West Hackberry Cavern Field as a Whole

Figures 587 through 596 show the various caverns at the West Hackberry SPR site in relation-
ship to one another. Only data components that are particularly relevant to the cavern field, itself,
are presented in this section. These include cavern elevation (figs. 587 and 588), overall average
cavern radius (figs. 589 and 590), and the cavern out-of-round distances (figs. 591 and 592). Also
included are the minimum distances to adjoining caverns (figs. 593 and 594), and the three-
dimensional pillar-to-diameter ratio (figs 595 and 596)
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Introduction

This appendix describes a powerful means for examining a three-dimensional geologic model. the geo-
logical modeling software environment, collectively known as MVS (Mining Visualization System),
developed by C Tech Development Corporation (www.ctech.com), includes a derivative model “type”,
known as 4DIM files (for 4-Dimensional Interactive Model). 4DIM models are fully three-dimensional
representations of selected model components, developed through the use of C Tech’s modeling software.

The unique aspect of 4DIM models is that they are user manipulable. In contrast to a static still image
or screen capture, the user may rotate, pan, and zoom in or out on any part of the model that is desired. The
ability to rotate and change the viewing perspective of a three-dimensional model may be critical to under-
standing and conceptualizing detailed spatial relationships. Objects closer to the viewer behave in subtle,
but importantly different, ways than objects located farther away. Such visual cues, obtained through on-
screen interaction with a model, simply are not possible with any static view.

C Tech Development Corporation makes an “unlicensed” 4DIM viewer freely available over the inter-
net. A “licensed” version is also available for purchase. Unlicensed, in this context, means that the player
will not view all 4DIM files. A specially encoded 4DIM file is required in the “unlicensed” case. Only
4DIM models that have been created by the higher-end versions of C Tech software are capable of writing
such model files. Functionally, a “license” is inserted, as binary code, into these files. 4DIM models gener-
ated by the lower-cost and more simplistic versions of C Tech’s software do not generate these encoded
files.

Sandia National Laboratories licenses MVS, the top-end modeling software from C Tech Development
Corporation. Accordingly all 4DIM files generated using MVS are encoded with the necessary portable-
license key for use with the unlicensed version of the player.

Software Installation Instructions

The 4DIM player software currently runs on personal computers under the Microsoft Windows® oper-
ating system. the unlicensed version of the player may be downloaded over the internet from
http://www.ctech.com. As the website changes episodically, some internal navigation of the site
may be required to located the downloadable version. A functioning version of the unlicensed 4DIM
player is included on the CD-R in the back of this report. Administrator privileges are required to install
the 4DIM player. However, these privileges are not required for routine running of the software.

To install the 4DIM player, located the file, 4DIM_setup.exe, within the install subdirectory
(folder) of the CD-R. Note that the . exe extension will not necessarily be visible if the Windows file man-
ager optionto “Hide file extensions for known file types” ischecked. Double-click or
otherwise open this file. the preferred installation location of a standard Windows PC isina c: \4DIM
directory (at the root level of the boot or system disk). This is the default location, and it may be changed
as desired, so long as the caveat regarding not installing the software to a folder whose name contains a
space, is observed. All defaults may simply be accepted during the installation process.

Software Operating Instructions

Once properly installed, the file extension “. 4d” is associated by Windows with 4DIM model files
and with the 4DIM player. Therefore, a 4DIM model may be viewed simply by navigating to the storage
location of any .4d file and double-clicking on the relevant icon. The 4DM player may also be started via
the Windows Start |Programs menu command structure, or by use of a desktop shortcut. In either
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of these latter instances, in will be necessary to open a particular 4DIM model file using the player’s
File | Open menucommand. The remaining menu buttons operate in a manner consistent with stan-
dard Windows programs.

Once a .4d file is opened in the viewer, the visible model may be manipulated as follows.

1. To rotate the model, left-click and drag somewhere on the visible model.
2. To pan (shift) the model on the screen, right-click and drag somewhere on the model.

3. To zoom in, left click which holding down the shi ft key, and move the mouse
pointer upward on the screen. To zoom out, left-click while holding down the shift
key and move the mouse pointer downward on the screen. Zooming in either direction
is toward/from the center of the screen, so it may be necessary to pan the model (see
above) to maintain the desired position on the screen.

4. To specify the view from a particular direction, open the Az-E1 (azimuth and eleva-
tion) menu option at the top of the 4DIM player screen. This operation will bring up a
separate window that will allow specification of the azimuth from which to view the
model, the elevation above (+) or below (-) the horizon from which to view the model,
and the scale factor which controls the magnification (zoom level) of the image. Either
the radio buttons or the slider or the indicated type-in boxes may be used to specify the
view. Use of the “RNC” menu option may also be necessary when a file is first opened.

5. If the view becomes hopelessly confused, or if the model disappears completely from
the view, there are two ways to re-center the default view: (a) Use the “RNC” menu but-
ton at the top of the 4DIM player screen, or click on the multicolored button in the
upper left of the Az-EIl window.

More than one interactive “model” may be contained in a 4DIM file. If this is the case, the slider bar at
the bottom of the main player window will indicate “Current frame [xx of nn]”, where nnis the
total number of individual model representations within the file. to step through the sequence of a multi-
frame 4DIM file, simply click on the arrows at either end of the slider bar or left-click and drag on the
slider itself.

Depending upon how a 4DIM file containing multiple model representations was constructed, the suc-
cessive frames may constitute an animated sequence. To view such a sequence, use one or more of the
eight arrow buttons at the bottom left of the main player window. It will most likely help to increase the
“Delay (seconds)” setting on the bottom right of the main window from its default value of 0.0. This
sets the time between successive images, and the value may be adjusted as desired to achieve an aestheti-
cally pleasing progression of frames.

An important setting for 4DIM files generated by Sandia National Laboratories is the screen back-
ground. The default value is black. However, many sequences contained on the CD-R with this report are
predicated upon a white background. Certain text and other objects may not be visible unless this setting is
changed. To do so, issue the menu command “Settings | View | Background | Set to
white”.
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