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PREFACE

This Technical Studies Report is the compilation of
separate reports concerning technical aspects of the Wagon
Wheel Project Studies. The individual reports were written
by individuals or groups of individuals employed at Law-
rence Radiation Laboratory*, El Paso Natural Gas Company,
or contractors to El Paso Natural Gas Company.

The individual reports herein are generally complete in
and of themselves and are printed in essentially the same
form as submitted by the authors. Only minor editing, in
relation to the titles, format and organization of material
was done for this publication. Because of this individuality,
there is some repetition and occasionally some minor differ-
ences between reports. Most of the work behind the
individual reports was performed during 1969 and 1970 with
the first drafts of the reports submitted by December 1970.
Between the time of the first drafts and printing of the
report in November 1971 , the interpretive summary was written
and several authors revised their reports as new findings
came along.

A specific detonation plan had not been formulated at
the time of these studies since such a plan depends on these
studies. There were several suggested explosive and detona-
tion schemes at the time of the studies which lead to the
various authors using somewhat different assumptions as to
number of explosives, yields and effects. Nevertheless, the
results apply to a wide range of design possibilities and they
form a substantial part of the technical basis of the specific
proposed experiment plan which is set forth in the Wagon
Wheel Project Definition Plan.

*Now called Lawrence-Livermore Laboratory

Leo A. Rogers



PROJECT BACKGROUND

Project Wagon Wheel is a joint effort between El Paso
Natural Gas Company and the Federal Government of the
United States of America to further develop the use of
underground nuclear explosions to stimulate low permeabil-
ity natural gas reservoirs. Cooperating on the project are El
Paso Natural Gas Company, the U.S. Atomic Energy Com-
mission (AEC), and the U.S. Department of Interior as
specified in Contract No. AT(26-1)-422 between the United
States of America and El Paso Natural Gas Company, dated
December 24, 1968.

Location of the proposed Project is the Pinedale Unit
natural gas field, Sublette County, Wyoming. Figure i shows
the Project Location in relation to other possible nuclear
explosive gas stimulation projects in the Rocky Mountain
region.

El Paso Natural acquired its current rights in the
Pinedale Unit in 1954. After considerable conventional
exploration, it was found that the limited natural gas
production from conventional completion and production
techniques would not pay for the wells or justify pipeline
construction into the area. It was clear that massive stimula-
tion was required and in 1958, El Paso Natural first
approached the AEC concerning the possibility of utilizing
nuclear explosives to stimulate the gas-bearing formations in
the Pinedale Unit. However, at that time the nuclear explo-
sive technology was not sufficiently advanced to propose an
actual field test in the Pinedale Unit-.

El Paso Natural Gas Company continued its interest in
this new technique and in 1963 joined with the Atomic
Energy Commission and the Bureau of Mines in undertaking
a feasibility study for a nuclear explosive gas stimulation

experiment. Although the prime interest was in the Pinedale
area, it was decided to perform the first nuclear stimulation
test in Northwestern New Mexico. This resulted in a pro-
posal in 1965 by El Paso Natural to conduct a nuclear
explosive stimulation experiment. This experiment, named
Gasbuggy, involved the detonation on December 10, 1967 of
a 29-kt nuclear explosive emplaced 4,240 feet below the
ground surface in a natural gas reservoir east of Farmington,
New Mexico. Since this was the first such test in the United
States, its objectives were to obtain information relating to
the engineering feasibility and related technical questions. It
was not designed to be an economic or profit-making
investment.

Project Wagon Wheel is the second nuclear explosive
stimulation project proposed by El Paso Natural. It is
different from Gasbuggy in that its goals include obtaining
cost information as well as technical information. It is to be
a major step in determining whether nuclear explosive
stimulation provides a practical means of producing natural
gas from the low permeability gas reservoirs of the Pinedale
Unit in particular and the Rocky Mountain region in general.

The Pinedale Unit comprises some 90,000 acres of
Federal, State of Wyoming and fee oil and gas leases held by
El Paso Natural Gas Company, Mountain Fuel Supply
Company and Hondo Oil and Gas Company. El Paso Natural
is the Unit operator. There have been 11 wells drilled in the
Pinedale Unit. A 13,55 1 acre portion of the Unit has been
reasonably well explored with 7 of the wells. In this portion
of the Unit between the depths of 7,500 feet and 10,700
feet it is believed that there is almost 4 trillion cubic feet of
natural gas. It is further believed that much more of the
Unit contains significantly large quantities of natural gas.

ii
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INTERPRETIVE SUMMARY

By

Leo A. Rogers** and R. W. Terhune**

GEOLOGY

The Pinedale gas field is located on an anticlinorium
approximately 40 miles long, 5 - 6 miles wide with approx-
imately 2,000 feet of vertical relief from the lowest to the
highest structural elevations. The structure occurs at the
deepest part of this portion of the Green River Basin,
essentially paralleling the trend of the Wind River Mountains.
It was formed by compressional stresses resulting from the
Wind River Uplift on the east and the Wyoming Overthrust
Belt on the west moving towards each other during Laramide
time. At approximately the same time as the formation of
this structure, the development of the compressional stresses
ceased. The uppermost sediments, deposited after tectonic
activity ceased, are, therefore, not strongly deformed. Figure
2 in Section A shows an interpretive east-west cross-section
through the Wagon Wheel location.

The west flank of the Pinedale Anticline is cut by a
fault which has approximately 600 feet of stratigraphic
displacement. The fault plane curves toward the Wind River
Uplift and ultimately becomes parallel to the bedding planes
at a depth of approximately 30,000 feet several miles east of
the location. This structural pattern is normal for such
basins.

Since the compressional stresses are no longer active, it
is assumed that faults associated with the structure are also
no longer active. This conclusion is supported by the fact
that the high angle, reverse (thrust) fault shown in Figure 2
of Section A disappears from the geophysical seismic record
at a depth of about 6,000 feet, and there is no visible trace
of the fault on the surface. According to the sedimentary
record, this deep structure has apparently been quiescent
since late Eocene time or for about 40 million years.

From the surface to a depth of approximately 7,200
feet at the Wagon Wheel location, the sediments are gray,
green, purple siltstone and shale interbedded with sandstone
of high feldspar content, technically called arkose. No signifi-
cant quantities of natural gas are contained in this strati-
graphic interval. Trace amounts of natural gas are found at
isolated points below 4,900 feet in the arkose but are
completely isolated from the gas-bearing strata below, as
indicated by their low-pressure occurrence.

From approximately 7,200 feet to approximately 8,000
feet, there is an intertonguing of the overlying arkose and
the underlying gas reservoir sandstone units. This is a

*Senior Physicist, Nuclear Group, El Paso Natural Gas Company
* *Applied Physicist, Lawrence Radiation Laboratory, Livermore

transition zone between the mobile, water-bearing arkose
above and the gas-bearing sandstone below, as well as a
transition zone in the lithologic nature of the sediments.
This interval is considered to be equivalent to the Upper
Fort Union Formation of the late Paleocene age.

Gas-bearing sandstone units are encountered at approx-
imately 8,000 feet and continue interbedded with shale,
downward to an undefined depth but at least as deep as the
total depth of the Wagon Wheel #1 drill hole (19,000 feet).
Evaluation of the data obtained from the Wagon Wheel #1
Well indicated, however, that a significant portion of the
presently known gas is contained in the interval from 9,000
to 11 ,700 feet. The individual sandstone units range in
thickness from a fraction of an inch to several tens of feet.

At a depth of approximately 10,5 16 feet, the sediments
change slightly; displaying a slight increase in carbonaceous
material, a slight decrease in amount and massiveness of
sandstone; and a predominance of gray shale over gray-green
shale. This change is interpreted to be the top of Upper
Cretaceous sediments. The section below this point to about
13,065 feet is considered stratigraphically equivalent to the
undifferentiated Lance-Lewis and Almond Formations. The
sandstone units are essentially identical to those of the
overlying Fort Union, such that this formational contact
does not affect the gas-yielding capability of the sandstone
units.

Correlation of wire line logs from Wagon Wheel #1 to
the Pinedale Unit #5 Well, 2,805 feet away, shows that
approximately 90% of the gas-bearing sandstones are laterally
continuous over this distance. Similar studies over greater
distances within the unit indicate that approximately 75% of
the net gas-bearing sandstone units would be connected over
an area of one square mile.

DR ILL ING

The Wagon Wheel #1 Well was drilled for the purposes
of evaluating the gas-bearing formations for the possibility of
nuclear stimulation and to test deeper strata that had not
been previously penetrated within the Pinedale Unit.

Because of the exploratory nature of this hole, the
drilling program was designed with the capability to attain a
depth of 23,000 feet. In keeping with good drilling practices
for such a deep test this required a rather large diameter
hole which would be sufficiently large to accommodate a



nuclear device of the same diameter as that used by Project
Rulison. Since the hole could possibly be used as an
emplacement hole for nuclear explosives, criteria were added
to the drilling program in order to complete the hole in a
manner acceptable for nuclear explosive emplacement. These
extra criteria consist of additional logging, coring and testing
as compared to a more conventional drilling program.

A water well was first drilled to supply the water for
the Wagon Wheel #1 exploratory drilling and to provide
hydrological data. This well was drilled in August 1969 to a
depth of 2,501 feet. It is completed with 7%/" casing and
perforated with 82 holes in 19 intervals between the depths
of 130 and 2,432 feet. A submersible pump was installed
with the capability of 1600 barrels per day.

The Wagon Wheel #1 Well was started in October 1969
and was completed in November 1970. Its total depth was
19,000 feet. Fifty-one feet of 24" surface conductor pipe
was set and a 22"-hole was drilled to 2,480 feet. Sixteen-
inch surface casing was run and cemented to 2,478 feet.
Between 2,480 feet and 12,100 feet, a pilot hole was first
drilled with an 8%/" bit and then reamed out to j44".
Ten-and-three-quarters-inch intermediate casing was then set
at 12,086 feet. A placement of the cement for the first stage
was successfully accomplished. However, the second and
third stages experienced failure in the operation of the stage
cementing equipment. The cementing surveys and their
analysis indicate that cement exists throughout the interval
from 9,000 feet to 4,180 feet.

From 12,100 feet to 19,000 feet a 91/" hole was drilled
and a 7%/" liner was hung from 11, 755 feet to 18,987 feet.
While cementing this liner, the cement mixture prematurely
bridged while being displaced and resulted in the liner
remaining full of cement. An estimated 2,500 feet of cement
was placed outside the liner above the liner shoe.

While pressure testing the 10%/" casing after the liner
cementing. the intermediate casing in the intervals
3,698 - 3,727 feet and 3,810 - 3,840 feet failed under
pressure. Eleven individual remedial cement squeeze jobs
employing 2,640 sacks of cement were used to seal the
damaged casing before an adequate shut-off of pressure test
was accomplished.

The intervals from 10,223 feet to 10,227 feet and from
10,239 feet to 10,245 feet were perforated and a production
test attempted. Four individual packer settings failed and the
proposed testing was discontinued in 1970, although further
testing will be attempted in 1971.

While drilling the hole, 19 intervals were cored, one
hydrologic test and five drill stem tests were secured, and a
total of 44 logs were run.

HYDROLOGY

At the Wagon Wheel #1 location, ground water occurs
from essentially the ground surface to a depth of approx-
imately 7,200 feet. Numerous arkosic sandstone aquifers,
ranging in thickness from fractions of an inch to tens of
feet, are interbedded throughout this interval with virtually
impermeable shale units. Figure 1 in Section C shows the

static level of shallow groundwater conditions in the vicinity
of the Wagon Wheel location and its indicated flow gradient
and direction. Limited data indicates that the New Fork
River valley represents the major discharge area of water
table conditions on both sides of the river. Many of the
aquifers are believed to be independent of one another and
exhibit different hydrological characteristics.

Swabbing and pumping tests in Wagon Wheel Water Well
#1 gave a specific capacity of 0.23 and 0.88 gallons per
minute per foot of draw down respectively or a trans-
missivity of 1,800 and 2,100 gallons per day per foot.
Spectrographic, radio-chemical and general chemical analyses
were made on the water. The water was potable.

Hydrologic tests in Wagon Wheel #1 Well in the depth
intervals 6,868 - 7,140 feet and 7,275 - 7,400 feet intervals
established a transition zone between mobile water and
gas-bearing sandstone units. Unpotable water (according to
U.S. Bureau of Standards criteria) was produced from the
6,868 - 7,140 foot zone. No water was produced from the
7,275 - 7,400 foot zone. The static water level for this deep
aquifer (6,868 - 7,140) was found to be about 780 feet
below the land surface, or approximately 680 feet below the
static water level of the uppermost ground water as defined
in Wagon Wheel Water Well #1. This indicates the lack of
vertical communication between the near-surface water and
this deep test. From the testing it was determined that the
transmissivity was 1.2 gallons per day per foot of drawdown
and that the hydrologic conductivity is 0.004 gallons per day
per square foot, or 0.22 millidarcys.

Although the 7,275 - 7,400 foot test did not yield any
water, it is believed that water might be produced from the
transition zone (7,140 - 7,972 feet) if it were artificially'
stimulated. Additional groundwater data will be obtained to
further substantiate the groundwater conditions. An addi-
tional hydrological test well to a total depth of 5,200 feet is
planned, as is the documentation of existing water wells and
natural springs within a 20 mile radius.

PET ROG RAPHY

Petrographic observations were made from (1) exam-
ination of drill cuttings, (2) thin section modal analysis and
(3) x-ray diffraction of powdered samples.

Modal analyses of sandstone samples indicated its
mineralogical composition to be 56 - 69% quartz, 7 - 16%
divitrified silica, 3 - 13% calcite, 4 - 14% rock fragments
and 0 - 6% carbonaceous and other materials. The cement
consists of components derived from the breakdown of the
detritus which has been subsequently redeposited in the void
space between the relatively large quartz grains. Generally
there is more silica cement than calcareous cement. Organic
matter and other dark colored grains give the sandstone a
"salt and pepper" appearance.

The size of the quartz grains in the shales tends to be
0.001 - 0.005 millimeters or less. In the siltstones, the
quartz grain size is approximately 0.04 - 0.17 millimeters. In
the sandstones the grain sizes are approximately 0.1 to 0.2
millimeters.
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Wagon Wheel sandstones were compared to Gasbuggy
sandstones and both were found to consist of mixtures of
mechanically strong and weak minerals. There is, however, a
larger percent of stronger components in Wagon Wheel
sandstone. In this comparison it was found that the Wagon
Wheel sandstone was lacking in feldspar compared to the
Gasbuggy sandstones. There was a slightly greater amount of
lithic debris, carbonaceous material, and clay in the
Gasbuggy sandstones. The Wagon Wheel sandstones were
generally coarser and exhibited more grain-to-grain contact.
Because of this, the Wagon Wheel rock was expected to be
mechanically stronger than the Gasbuggy rock. This proved
to be the case from the rock mechanics tests.

ROCK MECHANICAL PROPERTIES

Mechanical properties of the Wagon Wheel sandstone
and shale were determined from both down hole wireline
logs in the Wagon Wheel #1 Well and laboratory measure-
ments on core samples. The strength, specific volume,
acoustic velocity, and relationships between shear stress and
shear strain were studied in the laboratory as functions of
pressure for selected core samples taken from the
8,942 - 11,061 foot interval.

Typical moduli for undeformed sandstone at overburden
pressure ('\s 750 bars) are: bulk modulus (K) 210 Kbars,
shear modulus (.i) 200 kbars, Poisson's ratio (v) .13, com-
pressional velocity 4.5 m/msec and density 2.45 g/cc. With
increasing shear stress y decreases and i- increases indicating
inelastic deformation. The sandstones show almost no pure
elastic deformation under shear stress due presumably to the
relatively low strength of the fine grained detrital matrix.
When triaxial loading of laboratory samples was one dimen-
sional, to simulate shock-wave loading, the failure-surface
could not be intersected either upon loading to approx-
imately 10 Kb; however, this phenomenon is common with
almost all low porosity (<20%) rock types subjected to this
one dimensional test at near static strain rates
(1 -4 - 1 0- /sec). Studies of fracturing near nuclear
explosions indicate that at the high strain rates
(i03 - i04 /sec) the failure envelope is intersected on loading
but at an undetermined stress level. Compaction followed by
dilitation from shearing was observed in the samples as they
were taken to failure.

Figure 1 in Section E and Figures 1 and 16 in Section F
show the failure envelope determined from laboratory tests.

When the failure envelope was determined for the
sandstone, it was found to be one of the strongest rocks yet
encountered in the U.S. nuclear explosive testing program.

There is no indication of decrease in the slope of the
failure envelope even at the highest pressure tested. Fifty
percent saturated rock behaved very nearly the same as dry
rock within the pressure range of the tests but 100%
saturated rock was found to be considerably weaker.

At overburden confining stress any anisotropic differ-
ences in the stress strain relationships were within the
experimental scatter of the test data. Shock compression
measurements were made as reported in Section D, Table 1. -

RESERVOIR PROPERTIES

The gas in place at the Wagon Wheel location was deter-
mined from analysis of the wireline logs, core samples, and
limited pressure data from the Wagon Wheel #1 Well and
nearby wells in the unit. An empirical relationship was estab-
lished between the porosity and water saturation to deter-
mine the net gas void volume in the porous sandstones. This
relationship, Figure 3 in Section 1, indicated that a porosity
of 7.5% corresponded to a water saturation of about 60%.
From previous experience in tight reservoirs in the San Juan
Basin and laboratory studies on the effects of water satura-
tion and confining pressures on permeability, it was con-
cluded that only sandstones having greater than 7.5%
porosity and less than 60% water saturation from conven-
tional core tests would contribute to the net recoverable gas
in place. Gas in place in rocks with less porosity and/or
higher water saturation was deemed not recoverable.

From available temperature logs it was determined that
the temperature in the gas-bearing region could be estimated
from a surface temperature of 720 F and a gradient of
1.2520 F per 100 feet.

Available pressure tests indicate that the pressure
gradient is not constant with depth, probably due to dis-
connected gas-bearing sandstone horizons. For calculation of
gas in place a pressure of 6,510 psi at 10,000 feet was used
with a pressure gradient of 65.1 psi per 100 feet. These
pressures are above hydrostatic pressures for equivalent
depths.

The gas in place between about 8,000 feet and 11,800
feet was estimated by the pore volume method. For this
interval there is a cumulative total of 687 feet of net pay
sandstone containing an estimated 252 BCF of gas per
square mile. This assumes that the individual sandstone
layers observed in the Wagon Wheel #1 Well extend con-
tinuously for one square mile.

Permeability of the net gas producing sandstone was
estimated from (1) laboratory measurements on core
samples, (2) comparison of rock and reservoir characteristics
to Gasbuggy characteristics, (3) results of drill stem tests in
Wagon Wheel #1 Well and flow tests of other wells in the
Pinedale Unit. Judgments based on these studies are that the
in-situ permeability is about 10 - 20 times lower than that
measured by conventional Core Labs measurements on dried
cores at atmospheric pressure. Permeability of 0.0034 milli-
darcys was judged to be representative of the net gas pro-
ducing sandstones. There is considerable variation in the
measurements, however, which leads to a large uncertainty as
to the tru in-situ permeability. Further attempts to obtain
production data from the Wagon Wheel #1 Well will be
made to reduce this basic uncertainty prior to conducting
the experiment.

CHIMNEY FORMATION AND
CLOSE-IN EXPLOSION EFFECTS PREDICTIONS

As now proposed, Wagon Wheel will be one of the
deepest underground nuclear detonations in the United
States. Consequently, much of the past experience is not
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directly applicable to Wagon Wheel. Scaling rules are useful,
but in using them it must be realized that their parameters
are extrapolated well beyond their limits of reasonable
confidence. More reliance is thus placed on the results from
computer calculations. Using laboratory and field measure-
ments of rock properties as input parameters, the reaction of
the rock to the detonation is calculated from fundamental
principles.

The high rock strength tends to reduce the amount of
reservoir fractured by the explosion, but at the same time
the rock that does break tends to exhibit more brittle
fractures than plastic flow. It is anticipated that the brittle
fractured rock will be more permeable than plastic deformed
rock.

For a single explosive detonated at a depth of about
10,000 feet the cavity radius is predicted to be Rc (meters)
= 5.77 W%3 (kt). Surrounding the cavity which is suddenly
created by the explosion, the failed region can be divided
into three sub-regions. Nearest the cavity is the limit of
intensive fracturing out to 1 .4 - 1 .6 Rc. Next is the radius
of shear fracture out to about 2.5 Rc. Furthest out is the
outer limit of tensile failure, or maximum fracturing out to
about 5 Rc. Table 5 in Section D summarizes these radii for
several different yields.

For an isolated shot the chimney would be expected to
grow to the limit of shear fracturing (2.5 Rc), with the walls
flaring out to a radius of 1.2 Rc at 2 Rc above shot point. A
reduction in the slope of the chimney wall increases the
potential height of the chimney if conditions exist such that
it bulks full. A slope of the chimney wall of 5O as expected
for a single detonation and a bulk porosity of 21% would
result in a chimney height of about 4 Rc. Vertical chimney
walls would allow a chimney height of about 6 Rc above the
shot point. In view of the high strength of the Wagon Wheel
rock, however, the smaller chimney with a height of 2.5 R
is expected. This chimney, (Figure 21, in Section D) will
have an apical void comprising about 50% of the cavity
volume.

F iring multiple explosives simultaneously within
5 - 7 Rc of each other should enhance the fracturing
compared to a single isolated detonation. At a spacing of
about 5 Rc, the shear fracture radii for two explosions just
touch or slightly overlap each other if single charge effects
are used. When the detonations are simultaneous the out-
going shock waves interact with each other to enhance
shearing. This enhancement is such that a continuous sheared
zone between explosions would be expected for spacings up
to 7 Rc. Rapid collapse of the region between multiple
simultaneous detonations would tend to decrease the slope
of the chimney walls and rubble porosity. Both would
increase the chimney height and probability of a continuous
chimney connection for spacings up to 7 Rc.

Sequential firing would provide several minutes of time
delay between detonations to reduce seismic motions and to
allow chimney collapse from the preceding detonation to
occur. By starting with the lowermost explosive and moving
upwards the explosions interact with the chimney created by

the next lower explosive. The down-going shock wave inter-
cepts the top of the chimney and spalls the rock down to
fill the apical void. Detailed predictive calculations on this
phenomena have not been done, but scaling from cratering
studies indicates that a spacing of 7.5 - 12.5 Rc will create
a continuous chimney or sheared zone between chimneys. A
cylindrical shear zone is expected to develop between the
two chimneys. Both U.S. Nevada Test site and French
Hoggar granite experiments indicate a chimney collapse time
varying between 30 minutes to an hour. However, Gasbuggy
and Rulison (gas stimulation experiments) completed chim-
ney collapse within a few minutes. In view of the uncer-
tainty of the time of collapse, and possible limits to the
maximum time delay between detonation, it is possible that
the explosive above could be detonated before the chimney
from the previous detonation has formed. Thus, a reduction
in the maximum spacing between the explosives from 12.5
Rc to 10 Rc or lower is required to insure a continuous
chimney connection.

The total height stimulated by spacing the explosives for
a continuous fracture region or chimney is directly propor-
tional to the number of explosives and cube root propor-
tional to their individual yields. The cost of the explosives is
considerably more sensitive to number of explosives than it
is to the yield. Also gas production per interval stimulated
increases with increasing individual explosive yield. Therefore
the number of explosives should be kept as low as possible
with the individual yields as high as possible. Besides explo-
sive yield, other factors which must be considered are that
(1) less tritium is produced if the shot point is in a sand-
stone layer rather than a shale layer, and (2) a sufficient
buffer zone must be provided above the top explosive to
avoid any possibility of fracturing into the water bearing
layer at the 7200 foot depth.

The simultaneous option can be provided within existing
technology as the firing of five explosives simultaneously in
five adjacent well bores has been done experimentally (Pro-
ject Buggy). Considerable research and testing must be done
to develop a "ruggedized" explosive, emplacement tech-
niques to reduce the shock effects from previous explosions,
and a firing system.

GAS PRODUCTION PREDICTIONS

Gas production predictions were made with computer
programs wherein the reservoir properties and boundary
conditions were specified. Deliverability and cumulative 20
year productions were calculated for several different
explosive yields, permeabilities, and permeability distribu-
tions around the chimney region. Horizontal-radial symmetry
was used for the calculations.

Initial deliverability of the well is very high since the
first gas produced will come largely from the chimney. Once
the gas in the chimney is produced, however, the production
rate will be controlled by the formation characteristics
surrounding the chimney. For this formation controlled flow
period the production rate is predicted to be in the range of
4 - 8 M2 CF/D to start with and drop to 2 - 3 M2 CF/D

4



after 20 years for selected intervals between 8,942 feet and
11,797 feet containing 195 BCE of gas per square mile. The
cumulative 20 year production is 7 - 17% of the gas in
place per square mile depending on the combination of reser-
voir properties used in the calculation. Uncertainties in the
reservoir properties and desired production schedules pre-
clude making more definitive calculations.

GAS QUA LITY

The total amount of tritium produced by the nuclear
detonations at Wagon Wheel (assuming 5 - 100 kt gas
stimulation devices) is expected to be less than the 10,000
Ci formed in the Rulison experiment. The distribution of
this tritium in the gas initially produced from the explosion-
produced cavity will be critically dependent on the tempera-
ture and pressure which prevail in the chimney. It is clear
that most of the tritium will be present as tritiated water
(HTO); however, the amount of tritiated water which is
produced as steam in the cavity gas is expected to be large,
and will represent a significant fraction of the gas produced
at the wellhead.

The gas will change in composition as the well is
produced; if a rapid drawdown is undertaken, a drop in
down-hole pressure will result, and a larger fraction of the
produced gas will consist of steam. Significant steam produc-
tion will continue until the water originally present in the
cavity rubble has all been produced; later in the well
production history, the steam produced along with the
formation gas will be representative of the in-situ water
content of the formation gas.

SEISMIC MOTION

Predictions of seismic motion were made for both
simultaneous and sequential detonations. Since no previous
experience exists for nuclear detonations at the Wagon Wheel
location, the predictions were based on scaling equations
normalized to Gasbuggy. Gasbuggy was selected for scaling
base because of the similarity of its physical environment to
Wagon Wheel. These scaling equations (Table 1, Section P)
explicitly include yield, depth of burial, and range from the
detonation point. Rock strength and other factors are
implicit in the empirical constants and exponents. Peak
motions at the Wagon Wheel location were also estimated
from the equations for free field motion for effects at the
Project Location. These two methods give predicted surface
motions directly above the emplacement point for single 100

kt detonations in the 9,000 - 10,000 feet of depth range of
3.5 to 5 g's peak acceleration, 80 - 170 cm/sec peak
velocity and 7 - 9 cm peak displacement.

For sequential detonations, time delays of more than 3
minutes will allow enough time for the motion from a previ-
ous detonation to subside before the next detonation is
fired. The seismic effects for multiple sequential detonations
are not expected to vary greatly from those of a single deto-
nation although there may be some aggravation by the
subsequent shots.

Predictions of ground motion from simultaneous
detonations required making an estimate of the real effects
that lie somewhere between two theoretical extremes. The
one extreme is calculated as if the shots are fired very close
together such that they will behave as a single shot with the
effective total yield being the sum of the individual yields.

The other extreme is calculated on the basis that the
detonations are fired with a charge separation such that the
inelastic regions for each detonation are separate and only
the elastic seismic waves generated by explosions will
interact. At distant points the total seismic motions will be
the sum of the motions from the separate shots. This
requires consideration of the frequency and phase relation-
ships of each wave train as determined by the charge spacing
and ray path solution. The possible range of spacing for
simultaneous detonations *at Wagon Wheel is such that the
seismic signals are coherent and add linearly at the lower
frequencies and are incoherent and therefore result in lesser
amplitudes at the higher frequencies. For medium to long
ranges the signals from multiple simultaneous detonations of
equal yield are expected to be nearly coherent for frequen-
cies below about 5 hertz.

Comparison with the available data from low yield
chemical explosive row charges indicates that peak motion
amplitudes should be about 70% of the linear sum of the
individual maxima. Therefore, a first approximation of the
peak distant seismic motion is estimated at 0.7 N times that
of a single detonation, where N is the number of simul-
taneous detonations (N is more than one). On this basis,
four 45 kt explosions detonated simultaneous are expected
to have medium to long range peak motions equivalent to
2.8 times the acceleration expected from a single 45 kt
detonation. It is not possible to make a simple one-to-one
correlation between a multiple simultaneous array and an
equivalent single detonation yield because the latter yield
would be different for each motion parameter as a con-
sequence of the fact that spectral content changes with
yield.
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SECTION A
GEOLOGICAL REPORT

By

Jack Shaughnessy* and R.A. Butcher*

INTRODUCTION

El Paso Natural Gas Company's Pinedale Unit is located
immediately west of Pinedale, Wyoming, and extends south-
east approximately 30 miles (Figure 1). The Pinedale Anti-
dine has had a total of 11 wells, 10 of which have
confirmed the presence of natural gas over a north-south
distance of 21 miles (Figure 1). The most recent well to be
drilled was the Wagon Wheel No. 1 designed to provide
current data from the Tertiary Paleocene and Upper Creta-
ceous strata for Project Wagon Wheel.

Wagon Wheel No. 1 was drilled in the C SE/4 NW/4 of
Section 5, Township 30 North, Range 108 West, Sublette
County, to evaluate the reservoir fluids, rock mechanics,
reservoir characteristics, pressures, and temperatures as a
possible site for nuclear stimulation. A portion of this
information was provided by nuclear stimulation-oriented
mechanical logs. The well was drilled to a depth of 19,000
feet; cutting 19 cores, running 5 drill-stem tests and 1
hydrologic swab test. Additional testing of the 7200 feet of
Tertiary water-yielding sandstones will be required before the
execution of Project Wagon Wheel.

LOCAL GEOLOGY

Prior to the drilling of Wagon Wheel No. 1 attempts
were made to accurately present the local surface and
subsurface geological information pertinent to predict reser-
voir fluids, formational changes, and to identify potential
surface fractures. Aerial photographs were made in color to
accentuate the subtle hues of the Tertiary surface formation
in order to reflect the contacts and direction of dip of the
low dipping outcrops. From these photos, geologic maps
were constructed to show surface geology. The critical
portion of the maps were field checked by El Paso Natural
geologists prior to final site selection.

Geophysical seismograph surveys were undertaken to
evaluate an east-west line 19 miles long, a northwest-
southeast line 61 miles long and a southwest-northeast line
43 miles long. The seismic profiles were tied into existing
wells for subsurface control. In this manner, subsurface data
was projected beneath the Pinedale Unit. The areal maps and
seismic profiles indicate a series of anticlinal highs within
one northwest-southeast anticlinorium 30 to 40 miles long
and 5 to 6 miles wide.

The 10 wells tested on the Unit have proved gas-bearing
sandstones over a vertical stratigraphic column of inter-

bedded sandstone and shale 7000 feet thick (8000-15,000).
In addition, Wagon Wheel No. 1 has indicated an additional
interval of 4000 feet of gas-bearing sediments to a depth of
19,000 feet. The remaining number of drillable locations are
difficult to comprehend unless one carefully visualizes the
extreme distances between each well.

The seismograph survey and areal photogeologic maps
were used to define faults to determine if their existance and
position with respect to the proposed emplacement location
would constitute a nuclear containment problem. A major
high angle fault was found west of the Pinedale Unit and
parallel to the southwest flank of the Wind River Mountains
(Refer to Figure 2). Lineaments, faults and fracture system
interpretations were reviewed with the U. S. Geological Sur-
vey at a meeting on July 10, 1969 in Denver, Colorado, for
consideration as to their effect on the overall project. The
lineaments as shown on the aerial photos were accepted as
being fractures, but were not considered by the U. S.
Geological Survey to be a major concern due to the approx-
imate 10,000 foot depth of emplacement and the use of a
device in the 100 kt range. In addition, the U.S.G.S. indi-
cated that no movement would be anticipated along the
north-south thrust fault, indicated on the Company's geo-
physical seismograph profile.

One of the prime interests of the El Paso Natural Gas
Company was to define the boundary between the water and
gas-yielding sandstones. To accomplish this, the following
tests were run:

Wagon Wheel Water Well No. 1 - Perforated 19
separate zones within the interval 130-2432
feet.

Wagon Wheel No. 1 - Hydrologic swab test from
6868-7140 feet; Drill-stem test from 7275-7400
feet.

Potable water has been produced and used from the
water well. Unpotable water, as defined by the National
Bureau of Standards, and no gas was swabbed from the
interval of 6868 to 7140 feet. However, this water is potable
enough for domestic purposes if necessary. Natural gas and
no water flowed to the surface from the drill-stem test
between 7275 and 7400 feet. A transition zone extends
from 7140 feet to a depth of 7972 feet where the first high
pressure, low volume gas sandstones are encountered. There
is some possibility this transition zone between the Tertiary

*Senior Geologists, Northwest Region, El Paso Natural Gas Company
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arkosic sandstones and the Paleocene gas reservoirs would
produce water if artificially stimulated. For this reason the
sandstones immediately above 7972 feet should be protected
from any fracturing effect. This will be of general interest
since all the arkosic sandstones will produce potable water
from surface to at least 7140 feet. Additional hydrological
tests will evaluate the aquifers to provide supplemental data
at different levels. These data, in addition to field work, will
provide the necessary local ground water geology to answer
questions pertaining to the environment of a portion of the
Green River Basin.

STRATIGRAPHY

Stratigraphic units encountered in Wagon Wheel No. 1
are the same as those described by Martin and Shaughnessy
for Pinedale Unit No. 5 (Geologic Report, Pinedale Unit and
Adjacent Areas, Southwestern Wyoming, March 31, 1969).
American Stratigraphic Company was authorized by El Paso
Natural to conduct a special stratigraphic study using the
Pinedale Unit Wells Number 3, 5, 6 and 8, and the Phillips
Petroleum No. 1 Daniel test. The section from surface to
15,000 feet in the Pinedale Unit was divided into five units
on the basis of the Phillips Petroleum Daniel test which is
the "type" (Wyoming Geological Association) subcrop local-
ity in the Green River Basin. The five units plus the littoral
Bacon Ridge Formation (previously called Blair) are in
descending order as follows:

Unit

Eocene
Arkose

Paleocene
For Union

Cretaceous
Lance-Lewis (Almond)
Ericson
Rock Springs
Bacon Ridge
Lower Mesaverde

(Baxter Time Equivalent)
Baxter Shale

ASC*

"C"
'B''

* American Stratigraphic Company designation

From a depth of about 7140 to 7972 feet there is a
"transition" zone of gradually decreasing feldspar content.
Within this interval there are some isolated gas-bearing
sandstones dispersed among the possible water-bearing sand-
stones.

The top of the Fort Union Formation is picked on the
basis of the significant decrease in the feldspar content of
the sandstones.

Regional correlations incorporating palynologic data are
the basis for the top of the Lance-Lewis-Almond section at a
depth of 10,516 feet in Wagon Wheel No. 1. In addition,
there is a slight increase in the carbonaceous material, a
slight decrease in the amount and massiveness of the sand-

stones, and a predominance of dark grey shale instead of
grey-green claystones.

The top of the Ericson is picked at the top of a
continuous blanket-type sandstone at a depth of 13,065 feet
in Wagon Wheel No. 1. Such areally continuous sandstone
bodies are not characteristic of the continental sediments in
the Pinedale Unit. The Ericson contains the few that .are
present.

Significant amounts of bedded coal are encountered at a
depth of 13,850 feet and provide the basis for the top of
the Rock Springs Formation. Sandstones in this section are
discontinuous, but a few massive sandstone zones do occur.

The top of the Bacon Ridge at a depth of 15,408 feet is
based on regional correlation to the Bacon Ridge surface
section located in Township 41 North, Range 111 West,
Teton County, and to surrounding wells at distances of 18
to 60 miles from the Wagon Wheel site. The determination
of this unit is supported by the very obvious increase in
sandstone over the overlying units, and by the generally
"cleaner" nature of these sandstones. Petrographic compar-
isons were made of these sandstones in Wagon Wheel No. 1
to the corresponding units in Phillips Petroleum No. 1
Daniels Unit (Section 21, Township 33 North, Range 111
West) in Sublette County, and to the Bacon Ridge surface
section. The sandstones in all three locations were essentially
identical.

A massive sandstone from 16,000 to 16,420 feet cul-
minates the Bacon Ridge interval. This basal Bacon Ridge
sandstone has previously been referred to as Blair. In the
interest of simplifying the nomenclature, we are eliminating
the term Blair and using Bacon Ridge to refer to the entire
littoral sandstone sequence. The thickness and distribution of
sandstones in Wagon Wheel No. 1 is similar to that in the
Bacon Ridge section.

Ordinarily, the Baxter time interval is represented by a
dark grey massive marine shale. The normal sequence in the
basal Mesaverde throughout the Rocky Mountains is a con-
tinental sequence of thin sandstones, coals and carbonaceous
shales (Rock Springs, Menefee, Illes) underlain by massive
littoral sandstones (Bacon Ridge, Point Lookout, Rollins)
and in turn underlain by marine shale (Baxter, Mancos).

In the Wagon Wheel No. 1, however, the upper Baxter
interval is represented by a sequence of coal, sandstone and
grey and buff shales. Abundant calcite fragments were seen
in this interval. The sandstones are similar to those in the
Rock Springs except for a greater calcareous content. This
marked increase in calcite is slightly indicative of marine or
near-marine conditions. Furthermore, in the interval 16,420
to 16,835 feet the sandstone underwent a very gradual, very
ordered reduction in grain size with depth until it was a true
siltstone in the lowermost portion. Interbedded in this
sequence were very dark grey silty shales typical of the
marine Baxter-Mancos-type shales normally seen at the base
of the Mesaverde.

This sequence from 16,420 to 16,835 feet is very
typical of the basal Mesaverde. From 16,835 to 17,940 feet
the sequence is not typical of the marine shale normally seen
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below the Mesaverde, but instead resembles Mesaverde con-
tinental sediments.

The sequence from 16,835 to 17,940 feet probably
represents a regressive phase in upper Baxter time during
which continental sedimentation occurred very close to a
marine environment. Following this, in Bacon Ridge time',
the sea advanced almost into the Pinedale area, so that a
typical Bacon Ridge Littoral sequence was deposited (See
Figure 3).

From a depth of 17,940 to 18,245 feet a sequence
occurs which appears on mechanical logs to represent a
littoral-marine progression typical of basal Mesaverde. From
18,245 to total depth, the sequence appears on mechanical
logs to be shale. Sample examination describes much more
sandstone from 18,245 feet to total depth than is indicated
on mechanical logs and this discrepancy may be due to poor
sample carrying qualities of the drilling mud below the
strong gas entry at 18,050 feet.

FAULTING

Some minor complication in stratigraphic interpretation
arises from the presence of reverse faults which cut the well
bore at 18,000 feet and again at 18,400 feet. However, the
fault zone is high angle and has only about 600 feet of
throw, so it does not seriously affect the stratigraphic
configuration of the area. From 18,000 to 18,100 feet there
is an interval of erratic dip indicating a complex fault zone.
From 18,100 to 18,400 feet the dip is relatively consistent,
although steep, indicating an interval of drag. From 18,400
to 19,000 feet (total depth), the dip is erratic, indicating the
principal fault zone. These depths are consistent with seismic
data.

Secondary faults are indicated by dipmeter interpreta-
tion at 17,078 and 17,612 feet. Again, there are zones of
random dip that probably represent a complex of fractures.
Probably these faults are second order drag features resulting
from a realignment of the stress field by movement along
the major fault. Seismic records indicate the throw of these
fractures to be nominal.

The major reverse fault or fault zone as shown on the
Company's seismic profiles dips steeply to the east where it
cuts the well but gradually levels until at a depth of about
30,000 feet it is parallel to bedding. This occurs above the
lowest good seismic reflection. Probably the fault is a
bedding plane thrust at or near the top of the crystalline
Precambrian rocks, resulting from normal compressional
stresses on the less competent sediments as they were
depressed into a steep basinal configuration. It is normal for
such a fault to curve upward across the bedding planes near
the bottom of the basin in order to accomplish the necessary
lateral shortening of the section.

The fault cannot be seen on seismic records above a
depth of about 6000 feet. There is no visible surface trace.
However, a simple geometric projection places the surface
contact, if one would exist, at a distance of 2%/ to 3 miles
west of Wagon Wheel No. I.

SITE SELECTION

Numerous parameters controlled the selection of the
Project Wagon Wheel test site. The criteria used to pick the
C SE NW of Section 5, Township 30 North, Range 108 West,
Sublette County, Wyoming were as follows:

I. Proximity to thick-bedded sandstone reservoirs en-
countered in the Pinedale No. 5 Unit well which may
be the target for nuclear stimulation.

2. A favorable structural position with respect to con-
ventional completion of the presumed porous and
permeable reservoir beds of the Bacon Ridge (Blair).

3. A favorable position with respect to surface and
subsurface fault and/or fracture system(s).

4. Absence of mobile water below the depth of approx-
imately 7200 feet. (Wagon Wheel No. 1 proved the
existence of the transition zone from 7200 to 7972
feet below which no mobile water will be en-
countered.)

5. Proximity to deepest well, Pinedale No. 5 Unit well,
drilled in the area.

6. Proximity to existing all-weather highway.

CONCLUSIONS

Wagon Wheel No. I has verified the existence of mobile
ground water in the Eocene arkose extending from the
surface to a depth of at least 7140 feet. These sandstone
intervals, interbedded with shale units, are believed to be
independent aquifers. Further testing of the aquifers and
their corresponding static levels are scheduled at a later date.

A transition zone between the mobile water and gas-
bearing sandstone units extends from 7140 feet to a depth
of 7972 feet. This zone is interpreted as probably not
containing mobile water; however, individual sandstone units
within this interval might produce water if artificially stim-
ulated.

High pressure, low volume gas was first encountered in
the Paleocene Fort Union Formation at a depth of 7972
feet. Wagon Wheel No. 1 verified that similar conditions and
potentials extended continuously through the Paleocene-
Cretaceous to a depth of 19,000 feet. Production tests and
drill-stem tests of these gas reservoirs have failed to produce
formation waters in the eight Pinedale wells and the Wagon
Wheel No. 1 well.

A major high angle reverse fault (thrust) was
encountered at a depth of approximately 18,000 feet con-
firming the Company's final seismic interpretation. This fault
is not detectable at the ground surface but projects to
interception with the surface at a distance of 2.5-3.0 miles
west of the Wagon Wheel location. Other lineaments and/or
fractures defined by photogeologic interpretations do not
extend to sufficient vertical depth to permit communication
between the lower gas sandstones and the upper water-yield-
ing aquifers.

Further work including palynologic and paleontologic
examination of Wagon Wheel cores is being pursued to
provide a more precise correlation of the basal Mesaverde
section.
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SECTION B
DRILLING PROGRAM

By

W. G. Cutler*

SUMMARY COMMENTS

As part of the joint AEC-EPNG evaluation of the
potential of nuclear stimulation of the gas-bearing strata
underlying the Pinedale Unit area, El Paso Natural Gas
Company drilled the Wagon Wheel No. 1 exploratory well
and its accompanying water well. The drilling program was
multi-purpose with the two prime objectives being:

1. to evaluate the gas bearing formation from approx-
imately 7500 to 15,000 feet for the possibility of
nuclear stimulation, and

2. an exploration test of deeper strata that had not
been penetrated within the Pinedale Unit.

The criteria used to select the well location included the
following:

1. Acceptable structural position with respect to the
Blair Formation.

2. Adequate distance from the major northwest-
southeast trending fault, to the west of the Pinedale
structure, to penetrate the Blair Formation.

3. Maximum sand-shale ratio in the Tertiary and Upper
Cretaceous strata for nuclear stimulation objectives.

The broad objectives of the drilling program were as
follows:

1. Obtain cores, drill stem tests, drill cutting samples
and well-log surveys required for definition of the
reservoir properties and prediction of nuclear effects.

2. Conduct hydrologic tests to define the location and
characteristics of ground water to permit design of a
nuclear reservoir stimulation test that will not con-
taminate the potable ground water.

Because of the exploration objective of Wagon Wheel
No. 1, the drilling program were designed to attain a depth
of 23,000 feet. Had the drill hole been for nuclear stimula-
tion evaluation only, a smaller diameter shallower hole
would normally have been drilled. The hole diameter dic-
tated by good drilling practice for the deep test would be
sufficiently large to accomodate a nuclear device of the same
diameter as that used for Project Rulison. With the prospect
that Wagon Wheel No. 1 could conceivably be used as an
emplacement hole, criteria were added to the drilling pro-
gram in order to complete the hole in a manner which

would be acceptable for an emplacement hole. This consisted
of additional logging, coring, and testing as compared to a
more conventional drilling program.

DECEMBER 31, 1970 STATUS
As of December 31, 1970 the Wagon Wheel No. 1 well is

shut-in at the surface utilizing surface tubing valves and a
flanged pack-off between the casing and tubing. The surface
valves afford access to the tubing to permit bottom hole pres-
sure and temperature measurement.

The hole is completed to a depth of. 19,000 feet and the
drilling rig moved off. The broad objectives outlined above
were generally achieved. Some further work needs to be done,
however, which is outlined below in the proposed program.

The casing, 10%4 inch O.D. 65.70 pound, 9.660 inch ID is
continuous from the surface to 11,700 feet. A cement plug
was placed inside the 10%4 inch casing from 11,700 to 11,755
feet. Below 11,755 feet, 1Q34 inch casing extends to a depth of
12,086 feet and inside the l0%4 inch at 11,755 feet, a 7% inch
O.D., 39.00 pound, 6.625.inch ID liner extends to 18,987
feet.

While pressure testing the 10%4 inch casing, after the run-
ning of 7%/ inch liner and setting the hanger assembly pack-
off, a break in the casing was located in the interval 3696 to
3840 feet. Eleven individual remedial cement squeeze jobs em-
ploying 2650 sacks of cement were used to seal the interval
before a shut-off was accomplished.

The intervals 10,223 to 10,227 feet and 10,239 to 10,245
feet were perforated two holes per foot. Four attempts to test
the perforation with packers set successively at depths of
10,175, 10,200, 10,192 and 10,147 feet resulted in failure to
isolate the tubing from the tubing casing annulus.

Packer units presently remain in the 1Q34 inch casing at
10,200 feet and 10,147 feet with 2%K inch O.D. tubing from
the surface to 10,240 feet. The tubing is open on bottom to
permit the running of pressure and temperature survey tools
below the tubing. Figures 1-2 show the drill location and the
immediately surrounding area.

WAT ER W E LL NO. 1
The water well was drilled to supply water for the Wagon

Wheel No. 1 drilling, and to provide hydrologic data. A sum-
mary of its drilling progress, completion and production is as
follows (Progress & operation at 7:00 A.M. of date):

*Assistant Manager, Production Department, El Paso Natural Gas Company
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7-18-69 Dry Hole Digger - Cut 16 inch hole to depth of 32
feet, preparing to run lO0% casing.

7-19-69 Set 10%4 inch conductor casing at 22 feet July 18,
1969.

7-20-69 Waiting on rotary tools.

7-22-69 Moving in and rigging up rotary tools.

7-23-69 Rigging up and repairing rig.

7-24-69 Spudded at 6:00 P.M. 7-23-69, drilling at 388 feet -
140 at 125 feet. Mud 9.8 pounds, Vis. 40.

7-25-69 Drilling at 870 feet sand and shale. Mud 9.3 pounds -
Vis. 34.~ -,4 at 662 feet.

7-26-69 Trip at 1499 feet mud 9.5 pounds - Vis. 38. - lost
and recovered four drill collars.

7-27-69 Trip at 2347 feet mud 9.2 pounds - Vis. 42. - at
2027 feet. Will run logs today.

7-28-69 Running casing - Total depth 2501 feet - 10 at 2501
feet - completed logging 1:30 A.M. 7-28-69 - Ran Induction
Electric log, Gamma Ray Compensated Formation Density log
and Caliper Borehole Compensated Sonic log.

7-29-69 Ran 80 joints 7%/ inch 26.4 pounds N80 set at 2501
fe e t, c ir cul ated, cemented with 1000 sx. Released rig
3:30 P.M. 7-28-69.

7-30-69 Prepare to perforate with Oilwell Perforators-.

7-31-69 Perforated 171 feet of sand with 82 holes - static
water level at 125 feet after perforating - Completion rig mov-
ing on location to run tubing and swab tests.

8-1-69 Ran 2401 feet of 2%A inch tubing with pin collar on
bottom and will commence swab tests.

8-2-69 Released swabbing unit after pulling 2%k inch tubing
on 8-1 -69. Static fluid level at 95 feet - swabbed an estimated
7380 gallons water - will install pump for completion as a
water well.

8-3- to 8-10-69 WO pump.

8-11-69 Completion rig moving on location.

8-12-69 Ran tubing to 1030 feet with 16 hp Reda pump on
bottom of tubing. Started pumping at 4 P.M. 8-1 1-69. Stand-
ing fluid level 98 to 154 feet. Very slight amount of gas
from casing - tubing annulus.

8-13-69 Fluid level at 98 feet static. Started pumping at
7:50 A.M. 8-12-69. Drew fluid level down to 145 feet at

8:00 A.M., 154 feet at 10:00 A.M., 158 feet at 5 P.M.
8-12-69.

8-14-69 Well producing at 1600 barrels water per day rate.

8-15-69 Cumulative production to 6 A.M. 8-15-69 is 4312
barrels of water.

8-16-69 Shut in 11:30 A.M. 8-15-69. Cumulative production
4682 barrels of water. Well still makes some gas; too small
to measure.

11-9-70 Cumulative water production to date, 344,389 bbls.

WAGON WH EE L NO. 1

Location: NW/4 Sec. 5, T-30-N, R-108-W, 6th P.M., Sublette
County, Wyoming.

Elevation: 7062.5 feet ground Field: Pinedale Unit Fed. Lease
7089 feet K.B. No. USA Wyo. 06933

Well Control Equipment

1. Two 20 inch blowout preventers, a Hydril annular
preventer and rotating head were used below the
surface casing to 12,000 feet,

2. All drilling control equipment was pressure tested
when installed and retested periodically as drilling
progressed,

3. An 11 inch - 10,000 psi blowout preventer assembly
was installed for drilling below the 10%4 inch casing,
consisting of three preventers, one Hydril and rotat-
ing drilling head,

4. A 10,000 pound choke manifold was on the well for
the entire drilling below surface casing.

Wellhead

16 inch slip joint by 16 inch - 3000 psi flanged casing head
with 48 inch base plate w/guide fins for 24 inch conductor
casing, 2 inch flanged side outlets w/ 1 inch V.R. threads.
16 inch nom by 10%4 inch casing slips, w/primary and
secondary packing.

Conversion flange - double studded, 16 inch - 3000 psi by
13%/ inch 5000 psi.

Casing spoo1 - 13%/ inch - 5000 psi by 11 inch - 10,000 psi
w/4A6 inch 10,000 psi flanged side outlets, bit guide for
1 0% inch casing.

Adapter spool - 11 inch - 10,000 psi by 3', inch -
10,000 psi. 7%/ inch hanger to 2%/ inch tubing pack-off
adapter.

Valves - two 3 inch - 10,000 psi series 2900 full opening
2/16 inch bore flanged valves.
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SUMMARY OF DRILLING OPERATION

10-3-69 Spud date. Drilling 22 inch hole below 24 inch
conductor pipe at 25 feet (ground level), 5 1 feet Kelly
bushing measurement.

10-18-69 Ran 16 inch surface casing set at 2478 feet
circulated cement.

Surface Casing Detail

A 22 inch diameter hole was drilled below the 24 inch
conductor casing from 48 feet to 2480 feet (kb measure-
ments), and 16 inch surface casing run as follows:

Ran 62 joints (2489.32 feet) 16 inch O.D., 84.00 pound
K-55, 8 rd. thd. range 3, U. S. Steel casing, landed at 2478
feet. Baker guide shoe (1 .50 feet), product No. 102-01, on
bottom and Baker float collar (1.60 feet), one joint above',
product No. 101.01. All joints, guide shoe through float
collar tack welded. Guide shoe to float collar 42.78 feet.

Howco cemented with 3150 sacks 50-50 pozmix "A"
with 4% gel followed by 250 sacks Class "A" cement, top
and bottom rubber plugs. Full returns while mixing and
displacing cement. Circulated out 190 barrels of cement.
Seventy-five minutes mixing cement and 65 minutes dis-
placing. Plug down at 3:30 AM 10-19-69. Released pressure,
float held.

Cement Placement Detail

Volume cement left in 16 inch (GS-FC) 42
feet X 1.2288 feet = 51 .61 cubic feet.

Hole volume (gauge 22 inch X 16 inch annulus) 2478
feet = 3081.40 cubic feet.

Volume cement required = 3133.0 cubic feet.

Cement Volume Used

Class "A" neat cement - 250 sacks X 1.18 = 295.0
cubic feet.

50-50 Pozmix "A" with 4% gel - 3150 sacks
1.43 = 4504.5 cubic feet

TOTAL VOLUME 4799.5 cubic feet

.4504.5 + 243.0 = 4747.5 = 54%
% excess designed for job = 3081 3081

% excess (hole enlargement) experienced =

4747 - (190 X 5.6154) = 3670.6 = 19%
3081 3081

11-6-69 Hydrological test at 5028 - 5118 feet w/Lynes
packer. Packer failed.

11-19-69 Core No. 3 - 7040 - 7083 feet, recovered 28 feet.

11-20-69 Core No. 4 - 7083 - 7140 feet, recovered 55.5
feet.

11-21-69 Logged w/Birdwell and Schluniberger.

11-23-69 Hydrological test 11-29-69 DST NO. 1 - 7275 -
7400 feet.

12-6-69 Core No. 6 - 8029 - 8083 feet, recovered 50.4 feet.

12-7-69 Core No. 7 - 8083 - 8143 feet, recovered 60 feet.

12-8-69 Logged w/Schlumberger and Birdwell.

12-11-69 DST No. 2 - 7972 -8143 feet.

12-19-69 Core No. 8 - 8920 - 8980 feet, recovered 60 feet.

12-20-69 Core No. 9 - 8980 - 9008 feet, recovered 28 feet.

12-21-69 Logged w/Schlumberger. DST No. 3 - 8904 - 9008
feet.

1-2-70 Core No. 10 - 10,140 - 10,199 feet, recovered 59
feet.

1-4-70 Core No. 11 - 10,199 - 10,259 feet, recovered 60
feet.

1-5-70 Logged w/Birdwell.

1-8-70 Logged w/Schlumberger.

1-15-70 Core No. 12 - 10,968 - 11,028 feet, recovered 60
feet.

1-16-70
feet.

Core No. 13 - 11,028 - 11,070 feet, recovered 42

1-17-70 DST No. 4 - 10,978 - 11,070 feet.

1-25-70 Logged w/Schlumberger.

Drilling progress by day: 2-12-70 Logged w/Birdwell.

10-26-69 Started drilling from surface casing seat with 8%4
inch bit.

11-3-69 Core No. 1 - 5000 - 5058 feet, recovered 39 feet.

11-4-69 Core No. 2 - 5058 -5118 feet, recovered 17.3 feet.

11-5-69 Logged w/Schlumberger and Birdwell.

2-14-70 Logged w/Schlumberger.

2-16-70 Spotted temporary cement plug at 9800 to 10,000
feet.

2-17-70 Started to ream hole at surface casing from 8%4 to
14%4 inches. More detailed description is given for setting
intermediate casing in Figure 3.
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4-25-70 1650 hrs. Finished reaming 8%4 inch hole to 14%
inches and started conditioning hole to run caliper log. Mud
properties in: 12.6 pound/gal., vis. 70 sec. Out: 10.5
pound/gallon vis. 125 sec.

4-26-70 0300 hrs. Hole conditioned for 10 hours 10
minutes. Mud properties in 12.6 pound/gal. 80 sec., out 11.4
pound/gal. vis. 110 sec. Started trip out to log.

4-26-70 1215 hrs. Out of hole to log. Laid down five 9%/8
inch O.D. and nine 7% inch drill collars, 14%/ inch bit,
three-point reamer and three rubber sleeve stabilizers.
Attempted to run Schlumberger 16 inch two-arm micro-
proximity caliper. Tool failed in hole during calibration. Ran
Schiumberger 36 inch three-arm section gauge and Schium-
berger 16 inch three-arm dip-meter caliper - Schlumberger
calipers not in agreement. Ran Oil Well Perforators Caliper
which was accepted as reliable.

4-27-70 0700 hrs. Finished caliper surveys. Went in hole
with 14%4 inch bit, one 9%/ inch and three 7% inch collars
and 20 stands drill pipe. 0840-2050 hrs. String up from 10
to 12 lines visually inspected all line sheaves and mast and
substructure pins.

4-28-70 0150 hrs. In hole and started circulating to condi-
tion mud to run casing. Mud in 12.8 pound/gal. vis. 76 sec.,
out 11.8 pound/gal. vis. 100 sec. 1135 hrs. Finished cir'-
culating and conditioning mud. Started out of hole to run
casing. Mud out 12.4 pound/gal. vis. 80 sec. 1530 hrs. Out
of hole - laid down 4 drill collars and bit. Start rigging to
run casing. 1930 hrs. Rigged to run casing, 1st joint picked
up 2200 hrs. 10 joints of 10%4 inch casing run.

4-29-70 0120 hrs. Installed first Baker stage cement collar
in top of 73rd joint of 10 inch. Collar to bottom of shoe
3123.15 feet. 0610 hrs. Installed 2nd Baker stage cement
collar in top of 134th joint of 10%4 inch casing run. Collar to
bottom shoe 6119.31 feet. 1510 hrs. Casing first took
weight at 12,088 feet. Picked up two feet hanging casing at
12,086 feet. Rigged down power tongs and installed cement-
ing head. 1740 hrs. Started circulating with rig pump. Mud
in 12.6 pound/gal. vis. 68 sec., out 11.6 pound/gal. vis. 85
sec., full returns. 2305 hrs. Stopped circulating prep to start
first stage cement. 2310 hrs. Started mixing and pumping
cement. Mixed 1290 sacks of type G, 4% gel, 0.7% HR-4,
average 14.2 pound/gal. (1961 cu. ft.) followed by 220 sacks

type G, 4% HR-4, 15.8 pound/gal. (250 cu. ft.) first 10
barrels mixing water contained 10 units of RAC-3.

4-30-70 0145 his. Plug bumped on float collar. The pump-
ing pressure increased from 1000 psi to 1500 psi when
displacement plug at float collar. Cement displaced with
1116 barrels mud. Calculated displacement volume to float
collar 1121 barrels. 0200 his. Released opening tool for first
Baker stage collar. 0302 his. Pressured up on casing - had
circulation with Howco pump. 0327 his. Started circulating
with rig pump. Mud out 12.5 pound/gal. vis. 100 sec. In
12.8 pound/gal., vis. 80 sec. 0735 his. Stopped circulating
with mud out 12.4 pound/gal. vis. 105 sec. In 12.7
pound/gal. vis.80 sec. While circulating had full returns, no
evidence of cement contamination. Initial mud circulated up
was slightly gas cut. 0755 hrs. started mixing second stage
cement. Mixed 923 sacks Type G w/15% diacel,
pound/sack Flocel (2012 cu. ft.) 13.1 to 13.2 pound/gal.
The first 10 barrels mix water contained 10 units of RAC-3.
0812 his. Start displacement with drilling mud. Displaced
with 886 barrels mud, calc. displacement 831 barrels, plug
failed to bump. 0950 his. Stopped displacement of second
stage. WOC to set before opening third stage port (second
Baker stage collar). Full mud returns were observed through-
out mixing and displacing second stage. 1030 his. Observed
mud in surface pits had gelled suggesting cement contamina-
tion. No free cement detected by color or smell. Mud
analysis indicated small increase in mud alkalinity from
previous mud analysis.

4-30-70 1130 his. Noted standing pressure on casing at
450 psi. 1330 hrs. Released pressure on casing. Bled off 6
barrels to zero pressure. Removed top of cementing head
and attempted to lower sinker weight on wire line. Weight
would only fall to 1290 feet in one hour. Attempted to run
Totco instrument, it stopped at 2800 feet. 1430 his. Rigged
wire line to opening tool for second Baker stage collar. Ran
opening tool to 2900 feet where it stopped. Attempted to
retrieve opening tool with wire line. Wire line pulled free of
opening tool when pulling out of hole at depth of 600 feet.
1715 his. Started pumping mud down casing to displace
opening tool to second stage collar. Observed only partial
mud returns. Over displaced tool with volume of mud
required to displace opening tool to stage tool with Howco.
Connected rig pump to circulate casing in attempt to regain
full circulation and condition mud.

CALCULATED CEMENT VOLUMES

Hole To Average Zones
10 In Diameter To Be Volume

Section Annulus Hole Cemented Cement

12,100 ft - 9,000 ft
9,000 ft - 6,000 ft
6,000 ft - 3,000 ft

2440 ft3

2280 ft3

1892 ft3

16.38 in
15.95 in
15.35 in

12,100 ft - 9,450 ft
9,000 ft - 6,400 ft
6,000 ft - 3,000 ft

20

2100 ft3

2200 ft3

1900 ft3



5-1 -70 0030 hrs. Mixing mud in attempt to regain full
circulation, have only partial returns. 0600 hi-s. Have lost
approximately 1040 barrels of mud in attempt to regain full
returns. Mixing mud and lost cirulation material. 1200 hr-s.
Abandoned attempt to regain full circulation with mud and
lost circulation material. Will attempt diesel-gel squeeze.
1255 hr-s. Start to mix diesel-gel squeeze. Preceded diesel-gel
squeeze mix with 15 barrels diesel, mix consisting of 130
sacks gel with 5 sacks fine walnut hulls and 5 sacks fine
mica for a mix volume of 130 barrels. (Mixed squeeze
material in ratio of 28 sacks gel with 7 barrels diesel). Mix
followed with 15 barrels diesel. Displaced squeeze mix to
second stage tool with 384 barrels mud - partial mud
returns while displacing. 1500 hrs. Squeeze mix displaced to
second stage cement tool. Closed hydril preventer and dis-
placed diesel-gel mix with 145 barrels. Pressure while displac-
ing increased from 800 to 3000 psi and while displacing
diesel-gel mix down casing, pumped 54 barrels into annulus
(l0%4 inches to hole) at an average pressure of 600 psi. 1630
hr-s. Squeeze completed -- opened hydril. 1635 hr-s. Attempt-
ed to circulate with mud pump - could not circulate. 1825
hi-s. Stopped attempt to regain circulation. 1915 hi-s. Started
to mix 3rd stage cement. Preceded cement with 1000 gal.
mud flush followed by 966 sacks of 60% type G, 40% Poz,
6% gel (1900 ft3 ). Ten units of RAC-3 is first 10 barrels
cement mixing water. Released displacement plug (wiper
plug and closing tool) and followed plug with 60 sacks of
cement. Displaced cement with 522 barrels of water, 14
barrels over-displacement to close tool with plug. 2230 hi-s.
Displacement of 3rd stage cementing completed. No indica-
tion of displacement plug sealing at second stage collar.
Preparing to pick up BOP's to set slips.

5-2-70 1020 hi-s. With BOP's picked up, set casing slips with
400,000 pounds on slips. 1230 hi-s. Rigged up Oil Well
Perforators to run temperature and Gamma Ray survey.
1530 hi-s. Completed surveys. Temperature survey indicated
cement top at 4994 feet Gamma Ray indicated presence of
radioactivity material at 4999 feet. Logged to depth of 5364
feet. Started to strip out 20 inch preventers and rig up 11
inch preventers.

5-3-70 Nippling up.

5-4-70 Nippling up and testing BOP assembly.

5-5-70 0740 hi-s. Started in hole with 7 inch drill collars
and bit. Unstring from 12 to 10 lines. 1300 hi-s. Found
cement in casing at 5495 feet. Tested casing with 2500 psi.
Test held O.K. Cleaned out cement stringers and drilled up
third stage cement closing tool from 5875 to 5881 feet.
1905 hi-s. Attempted to close tool by slacking off before
drilling on tool with 100,000 pounds. Pipe dropped indicat-
ing closing sleave moved. Drilled top stage opening tool at
5975 feet. Found no cement below stage tool. Found
diesel-gel squeeze material from 6412 to 7688 feet.

5-6-70 0600 hi-s. Finished cleaning out diesel-gel mix from
casing. 0930 hi-s. Trip out of hole to run Gamma Ray, run
No. 2 with Oil Well Perforators. 1330 hi-s. Finished Gamma
Ray logging - log went to 6460 feet. 1610 hi-s. Trip in hole
with bit. Circulating out gelled mud and mud with lost circula-
tion material at 7688 feet. 2030 hi-s. Cleaned out to 8941 feet.
Drill pipe took weight. Drilled out cement stringers to 8966
feet and attmepted to test casing to 2500 pounds. Pressure
would bleed back to 2200 pounds. 2140 hi-s. Slacked off
100,000 on drill bit. Drill pipe dropped indicating possible
sleave movement. Again tested casing to 2500 psi. Test held.
2200 hi-s. Drilled out lower stage tool and plugs at 8966 feet.
Recovered rubber and metal from displacement plug and open-
ing tool. Drilled cement to 8994 feet. 2300 hi-s. Started in hole
below 8994 feet. No cement 8994 to 9918 feet. Circulated out
un-contaminated mud of 12.8 pound/gal.

5-7-70 0100 hi-s. Rigged up Howco to test casing. Pressured
casing with 6500 psi. Held 6500 psi for 15 minutes. Test com-
pleted at 0200. 0230 hi-s. Started out of hole to run Gamma
Ray and Bond Logs. 1500 hi-s. Finished running Oil Well Per-
forators logs. Logs went to 9927 feet. 1515 hi-s. Started in
hole with bit, twenty-four 7% inch drill collars. Found cement
at 11,985 feet. Drilled out first stage cement displacement
plug, float collar and cement to 12,079 feet with water.

5-8-70 0600 hi-s. Building mud volume to displace water in
casing preparatory to drilling out casing shoe. Displaced water
in casing with 11.6 pound/gal. mud, drilled out float shoe at
12,086 feet and conditioned mud below casing to 12,106 feet.
1945 hi-s. Started drilling new hole below 10%4 inch casing.

Summary of 10%h inch Casing
Ran 291 joints of l0%4 inch O.D. 65.70 pound/ft. Buttress
threaded casing consisting of 39 joints of 5-105 A.O. Smith
(1664.7 feet), 156 joints of S-95 A.O. Smith (6,546.8 feet)
and 96 joints of P-i 10 U. S. Steel (3,910.4 feet) 10.49 feet of
Baker equipment (FS, FC and 2 stage tools).
Total pipe and equipment 12,123.52 feet
Casing landed at 12,086.2 feet
Baker float collar at 11 ,995 .0 feet
First stage collar at 8,966.0 feet
10 joints S-95 casing (419.6 feet) from 7569 to 7129 feet have
Casing Kote application
Second stage collar at 5966.0 feet

5-31-70 Core No. 14 - 13,095 - 13,154 feet, recovered 57 feet.

6-3-70 Core No. 15 - 13,158 - 13,202 feet, recovered 45 feet.

6-4-70 Logged w/Schlumberger.

6-5-70 DST No. S - 13,121 - 13,202 feet.

7-2-70 Core No. 16 - 14,897 - 14,956 feet, recovered 58 feet.

7-5-70 Logged w/Birdwell.
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7-7-70 Logged w/Birdwell.

7-14-70 Logged w/Schlumberger.

7-16-70 Logged w/Schlumberger and Birdwell.

7-19-70 Logged w/Schlumberger.

7-21-70 Logged w/Schlumberger.

7-23-70 Logged w/Birdwell.

8-3-70 Core No. 17 - 16,062 - 16,121 feet, recovered 59 feet.

8-27-70 Core No. 18 - 17,163 - 17,193 feet, recovered 25
feet.

8-31-70 Logged w/Schlumberger.

9-10-70 Core No. 19 - 17,959 - 17,996 feet, recovered 11
feet.

9-26-70 Logged w/Schlumberger and Inspection Log
w/McCullough at 19,000 feet.

9-28-70 Logged w/Birdwell.

9-29-70 1201 hrs. Finished running OWP Caliper log. 1900
hrs. Completed trip in hole to condition hole for casing.

9-30-70 0600 hrs. Finished conditioning hole for casing.
Mud wt. 15.6 pound, vis. 64 sec. 1330 hrs. Out of hole and
started rigging up to run 7%/ inch casing. 1545 hrs. Start 1st
joint of 7%/ inch casing in hole. 1900 hrs. 82 joints of 7%
inch run.

10-1-70 0300 hrs. Installed TIW liner hanger and packer
assembly and started in w/drill pipe. 1050 hrs. Tagged
bottom at 18,992 feet (csg. measurements) picked up 5 feet,
shoe at 18,987 feet.

Casing Detail

Ran 183 joints of 7% inch O.D., 39 pound V-i5O, 8rd. thd.
U.S. steel casing. TIW float shoe and TIW float collar. TIW
type S-3 packer with 3 rubber seals and lead back-up rings
with hole down slips and TIW type, S-3 liner hanger
(mechanical-set) overall total 7%/ inch casing and TIW assem-
bly 7,231.34 feet. Casing landed at 18,986.59 feet, top of
liner at 11,755.25 feet. Float collar at 12,907.14 feet. Ran
Baker centralizers on casing collars on top of joints Nos.
1,3,5,7,9,12,15,18 and 21. Casing collars on bottom 101
joints of 7%/ inch were turned down to 8.125 inch O.D.
1110 hrs. Started circulation. 1430 hrs. Hung liner on TIW
hanger. 1710 hrs. Finished circulation preparatory to
cementing. 1725 hrs. Howco tested cementing lines to
4000 psi tested O.K. 1735 his. Pump 1000 gallons mud flush
(MF-1). Mixed and pumped with one truck (est. 3 bbls. wtr.

ahead and 3 bbls. behind MF-1 from pump lines). 1750 hrs.
Started mixing cement. Mixed 1890 sacks of type "G"
cement containing 35% SSA-1 (silica flour), 10% salt, 1%
CRF-2 and 0.3% HR4. Mixture to weight 15.7 pounds per
gallon when mixed with 6.6 gallons water per sack and yield
1 .59 cubic feet of slurry/sack. Slurry volume 3005 cu. ft. or
535 bbls.

Volume of Cement

Volume of cement for liner was calculated using composite
of caliper logs run after reaching 19,000 feet as follows:

Average
Depth Interval Hole Dia. Volume

12,086-15,000 12 in 1364.6
15,000-19,000 10.5 in 1136.8
11,600-12,086 casing 88.1

TOTAL 2589.5

Job planned with 3000 cu. ft. or 13.7% excess.
Drill pipe capacity
7% inch liner capacity
Capacity liner and d.p.

Volume of cement outside casing
when mixing completed

209.3 bbls
304.7 bbls
514.0 bbls

21.0 bbls

1855 hrs. Finished mixing cement with full mud returns
while mixing. Cement mixed in 65 minutes. Pumped cement
at 1800 psi decreasing to 1400 psi while mixing cement.
Cement Density 15.8 to 16.0 pound/gal., standing pressure
600 psi. 1858 hrs. Released drill pipe wiper plug. 1900 hrs.
Finished flushing cement from Howco lines. 1902 hrs.
Started cement displacement with 10 bbls. water. 1904 hrs.
Displacement pressure 2000 psi with mud. 1910 hrs. Dis-
placement pressure increasing to 5000 psi. Changed pump
gears and went to 7000 psi. Unable to continue displace-
ment. Cumulative displacement volume consisting of 10 bbls.
water and 94 bbls. mud or total of 104 bbls. This displace-
ment would place 125 bbls of cement outside of 7% inch
liner. 1930 hrs. Set TIW packer and closed rams on drill
pipe. 1940 hrs. Finished reversing 80 bbls. mud from drill
pipe and switched reverse lines to reserve pit. Displaced ce-
ment from drill pipe. 2000 hrs. With rams closed pressured up
on drill pipe with mud to test 10%4 inch casing and liner-hanger
packer assembly. Pressured to 3000 psi when pressure fell to
zero.

10-3-70 After completing trip with drill pipe and bit to top
of liner at I1,755 .25 feet, ran Baker full bore packer. Tested
casing O.K. below packer at 5950 feet to 3500 psi. Pulled
packer up hole and found hole or holes in casing between
3696 and 3840 feet.

10-4-70 Tested 10%4 inch casing and found hole at 3800 feet.
Squeezed w/cement.

10-6-70 Tested squeeze, test failed.
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10-7-70 Squeeze No. 2.

10-8-70 Squeeze No. 3.

10-10-70 Squeeze No. 4.

10-11-70 Squeeze No. 5.

10-12-70 Squeeze No. 6.

10-13-70 Squeeze No. 7.

10-14-70 Squeeze No. 8.

10-16-70 Squeeze No. 9.

10-17-70 Squeeze No. 10.

10-18-70 Squeeze No. 11, held.

10-21-70 Ran bond log.

10-21-70 Spotted cement plug from 11,755 - 11,655 feet.

10-22-70 Dressed cement plug to 11,700 feet.

10-23-70 Ran 9 inch mandrel to 11,700 feet.

10-25-70 Logged w/Schlumberger and perforated w/2 SPF
at 10,223 to 10,227 feet and 10,239 to 10,245 feet w/4
inch carrier Hyper jet. Ran 2%/ inch tubing with packer set
at 10,175 feet.

10-28-70 Swabbed well and packer failed.

10-31-70 Fished for packer parts.

11-1-70 Ran 2%/ inch tubing to production packer set at
10,200 feet.

11-2-70 Swabbed well and packer failed.

11-4-70 Ran 2%/ inch tubing with packer set at 10,181
feet.

11-6-70 Swabbed well and packer failed.

11-7-70 Fished for Schlumberger gauge ring and line.

11-8-70 Set packer with wire line at 10,147 feet, ran 2%/
inch tubing and stung into packer. Packer failed.

11-10-70 Released rig.

WORK REMAINING TO COMPLETE WELL EVALUA-
TION FOR NUCLEAR STIMULATION

A. Production Test

As noted in the well history, packer failures precluded
production tests while the drill rig was on location. At
the time of this report, packer assemblies suitable for the
Wagon Wheel No. 1 conditions are being investigated. The
current plan would be to reenter the well and again
attempt to obtain a production test in the 10,223 to
10,245 feet interval. The proposed procedure is as
follows:
1. Pull tubing and remove packers at 10,147 and 10,200

feet.
2. Install a new packer, run tubing, swab test perfora-

tions.
3. Perform a short term drawdown and shut-in test as

prescribed by Reservoir Engineering.

B. Intermediate Casing Cement Evaluation

To verify the adequacy of the cementing of the inter-
mediate casing in the interval of 9000 and 7000 feet, a
test is planned as follows:
1. Perforate the casing at approximately 8000 feet.
2. Perform swab test or DST of perforations to establish

if zone isolation exists between the casing and the
bore hole.
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WAGON WHEEL NO. 1

HOLE DEVIATION SURVEYS

Depth Degree

75 0
110 0
147
164
192 3/4

220 3/4

237 3/4

322
356
458
487 0
547 0
728
847
905
966

1047
1107
1166
1266
1350
1469
1558
1648
1830
1927
2047 3/4

2224 3/4

2288
2379
2470
2539 0
2632
2868
3196
3311
3432
3739
4668
4990
5262
5373
5476
5648

Depth Degree

6028 3/4

6268 3/4

6530 3/4

6745 3/4

7038
7338
7600
7758 3/4

7870
8027
8297
8415
8551
8710
8918
9196
9338
9650
9785

10,138
10,390
10,608
10,692
10,966
11,070
11,185

11,320
11,617
11,728
11,878
11,960

3774
4058
4685
5260
5450
5625
5970
6759
7760
7995
8285

NP

3/4

NP

3/4

0
0
0

Depth Degree

9160 0
9400 3/

10,335
10,676
11,031 NP
11,175 3/

11,325 3/

11,703 3/

11,843
11,970
12,310 3/

12,478 3/

12,630
12,725
12,872
12,916 3/

12,975 3/

13,082 3/

13,010 3/

13,200 1
13,400 1%/
13,457 1
13,609 1
13,818
13,930
14,210
14,895
15,020
15,100
15,163
15,287
15,495
15,725
15,850
16,055
16,235
16,533
17,390
17,940
18,056
18,138
19,000

1
3/

1
1
1

NP
1
1
1%
1%/
1
1

1
1

1
1
3/

1

NP - Survey Failed
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TABLE 2

LOGGING SUMMA RY
WAGON WHEEL NO. 1

10% In. INTERMEDIATE CASING

Type & Company

I. Caliper
Schi.
owP

II. Cement Bond
owP
Schi.
Schi.

III. Induction Electric
Schl.

IV. Gamma Ray
owp
owP
owP

V. Temperature
owP

VI. Nail
Birdwell
Birdwell

VII. Electric Casing Caliper
McCullough

Date Logged

4-26-70
4-27-70

5- 7-70
7-18-70

10-21-70

2-13-70
six runs

5- 2-70
5- 6-70
5- 7-70

5- 2-70

7-16-70
9-28 -70

9-26-70

Interval Logged

2478 ft to 12,095 ft
2300 ft to 12,098 ft

1200 ft to 9,927 ft
8900 ft to 12,088 ft

110 ft to 11,769 ft

2478 ft to 12,105 ft

0 ft to 5,364 ft
4600 ft to 6,460 ft
4200 ft to 9,927 ft

2000 ft to 5,360 ft

0 ft to 12,060 ft
0 ft to 12,200 ft

0 ft to 12,054 ft
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WAGON WHEEL NO.!
INTERMEDIATE CASING DETAIL
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WAGON WHEEL NO.1
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SECTION C
HYDROLOGICAL EVALUATION

By

Jack Shaughnessy*, R. H. Butcher* and T. S. Sterrett**

INTRODUCTION

El Paso Natural Gas Company's Pinedale Unit is located
immediately west of Pinedale, Wyoming, and extends south-
east approximately 30 miles. The Pinedale Anticline has had
a total of 11 wells, 10 of which have confirmed the presence
of natural gas over a north-south distance of 21 miles. The
most recent well to be drilled was the Wagon Wheel No. 1
designed to provide data required for the evaluation of nu-
clear stimulation of the Tertiary Paleocene and Upper Creta-
ceous strata for the proposed Project Wagon Wheel. (Geol-
ogic Report, Pinedale Unit and Adjacent Areas, South-
western Wyoming, March 31, 1969, W.B. Martin and J.
Shaughnessy.)

Among other objectives, Wagon Wheel No. 1 was pro-
grammed to evaluate the reservoir fluids, pressures and tem-
peratures extending to a depth of 19,000 feet. The well was
drilled to a depth of 19,000 feet; cutting 19 cores, running 5
drill-stem tests, and 1 hydrologic swab test.

One of the outstanding features of the stratigraphy of
the Pinedale Unit and adjacent areas is the vertical extent of
nonconnected aquifers from a depth of 130 feet to (at least)
a depth of 7,140 feet and possibly to 7,972 feet. This pecul-
iar characteristic is not common to other portions of the
Rocky Mountains or areas of the North American Continent.
Very little is known of water reservoirs of this type, and
consequently, they have received very little attention in com-
parison to the generally accepted definition of groundwater.
Until the Wagon Wheel No. 1 was drilled, very few individ-
uals knew of the existence of such a large vertical column of
potable and nearly potable water paralleling the Wind River
Mountains, although El Paso Natural Gas Company was
aware of its existence and pointed it out to parties con-
cerned. For this reason, a program was designed to evaluate
the upper, middle and lowermost portion of the water col-
umn. This program was planned to determine the produc-
tivity of the aquifers and the static water level of each zone
tested to prove or disprove an interconnection of overlying
and underlying reservoirs which might result in a continuous
column of water. Tests to date indicate that each aquifer is a
single and independent reservoir separated by impermeable
layers of shales.

The entire stratigraphic sequence of sediments above the
gas-yielding sandstones are known to be water-yielding. The
determination of productivity for each individual aquifer, to

establish the most productive and the least productive hori-
zons, is, therefore, practically impossible.

The results of the hydrological tests on the Wagon
Wheel Water Well No. 1, and the Wagon Wheel No. 1, and
the additional hydrological testing scheduled for Project Wag-
on Wheel will be presented in this report.

Participants in the complete hydrological study included
personnel from El Paso Natural Gas Company, Water Re-
sources Division of the U. S. Geological Survey, Lawrence
Radiation Laboratory and Teledyne Isotopes.

GENERAL GROUND-WATER CONDITIONS

General ground-water conditions in the Wagon Wheel
area, illustrated in Figure 1, refer to conditions involving the
overall thickness of aquifers from near surface depth to at
least 7,140 feet. The first zone perforated in the Wagon
Wheel water well was at a depth of 130 feet. Other sand-
stone intervals are present above this depth but were not
opened for production because of poor reservoir characteris-
tics indicated on electrical logs. An evaluation of productive
capacity of the sandstone aquifers is described elsewhere in
this report.

The most recent study of ground-water conditions in the
Pinedale area was conducted by G.E. Welder (U.S.G.S.
Hydrologic Investigation Atlas HA-290, 1968). Data from
this report, utilized in figure 1 indicates that the general
ground-water conditions display a flow in a northwesternly
direction towards the valley of the New Fork River, approx-
imately five to six miles from the Wagon Wheel location.
These data incorporate numerous sandstone aquifers ranging
in depths from a few feet to 375 feet. Probably these
aquifers have slightly different static levels, but the differ-
ence may not be sufficient to affect the overall configuration
of the shallow ground-water surface. The rate of flow is
presently unknown, but will be determined along with other
water table perameters, in further ground-water testing de-
scribed later in this report.

There are no known water wells or springs between the
Wagon Wheel location and the New Fork River Valley. In
the river valley the static level of the water table surface is
higher than the topographic elevation, resulting in flowing-
well conditions. A single-flowing well in the northeastern
quarter of Section 5 Township 30N, Range 109W verifies this
statement. Similar flowing wells would be expected at any

*Senior Geologist, Northwest Region, El Paso Natural Gas Company
**Staff Geologist, El Paso Natural Gas Company
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point along the river valley where the static water level is at
a higher elevation than the ground surface. Limited data
indicates that the New Fork River Valley represents the ma-
jor discharge area of water table conditions on both sides of
the river.

WAGON WH EE L WATER WE LL NO. 1

Wagon Wheel Water Well No. 1 was drilled to fulfill
several requirements of the various departments and organi-
zations to be associated with Project Wagon Wheel. Two of
the requirements were to obtain an adequate water supply to
sustain a drilling program and to provide the U. S. Geological
Survey with reliable information for their hydrological study
(Hydrologic Testing and Sampling of Wagon Wheel Water
Well No. 1, Sublette County, Wyoming, USGS 474-87, Paul
T. Voegeli, Sr.). The above two items were achieved by the
completion of Wagon Wheel Water Well No. 1.

The 9%/ inch hole size was adequate to acquire samples
for both physical and chemical indentification as well as to
acquire reliable electric logs for the interpretations of poros-
ity, permeability and water saturation. In addition, the 2,500
foot well was to determine if there is gas communication
within the shallow sandstones from the deep productive
intervals of the Pinedale No. 5 Unit, the closest gas well to
the water well. Gas, too small to measure, was detected
while the water well was undergoing pump tests. The origin
of the low pressure gas is from the perforated sandstones
and the gas will not flow to the surface unless the water
pump is in operation. There were no abnormal pressures or
flows of natural gas which would indicate communication
between the underlying high-pressure gas-yielding sandstone
and the overlying water-yielding sandstones.

The productivity of the well was evaluated by swab
tests. A total of 32 swab runs covered 7,380 gallons of water
with a return to a static level of 95 feet after each run.*
Wagon Wheel Water Well No. 1 was completed for 1 ,600
barrels of water per day with an electric downhole pump set
at 1,030 feet. A total of 171 feet (Table I) of sandstone,
perforated with 82 holes between 130 feet and 2,432 feet,
had produced a total of 344,389 barrels of potable water
(accumulative production) as of November 9, 1970. On
August 21, 1970 the pump was shut down for two hours to
permit a measurement of the static water level after the well
had produced 312,066 barrels of water. The static level was
measured at 103.5 feet below the ground surface.

Factual information relevant to this well is documented
in "Geologic Completion Report, Wagon Wheel Water Well
No. 1, Sublette County, Wyoming", J. Shaughnessy, El Paso
Natural Gas Company, September 5, 1969 and "Project Wag-
on Wheel Hydrological Test Program, Sublette County, Paul
T. Voegeli, U. S. Geological Survey, Donald 0. Emerson,
Lawrence Radiation Laboratory, and Paul R. Fenske, Tele-
dyne Isotopes, and Jack Shaughnessy, El Paso Natural Gas
Company, April 8, 1970.

*Paul T. Voegeli, Research Hydrologist for the U.S. Geological
conducted the flow rate test.

Following the initial swab test and prior to the drilling
of Wagon Wheel No. 1, a pump test was conducted by the
U. S. Geological Survey (Hydrologic Testing and Sampling of
Wagon Wheel No. 1, Sublette County, Wyoming, USGS
478-87, Paul T. Voegeli). The fluid level before the pump
test was 98.1 feet below the land surface. After pumping
18,875 gallons of water in six hours and six minutes the well
was shut down for 2 hours and 40 minutes. A water level
measured at this time was 101.0 feet below the land surface.
The transmissivity of the aquifer in the vicinity of the well,
as computed from the drawdown and recovery data was
2,100 gallons per day per foot. (Figures 2, 3 and 4).

The hydraulic data obtained in the swab and pump test
are summarized in Table II.

CHEMICAL ANALYSES

During the swab and pump tests of the Water Well
No. 1, two samples were caught on each operation. Table III
tabulates the results of the spectrographic, radiochemical and
general chemical analyses as calculated by the U. S. Geolog-
ical Survey. The Denver Hydrogeochemical Laboratory, U. S.
Geological Survey, analyzed the samples for natural radio-
activity.

HYDROLOGY REPORT OF WAGON WHEEL NO. 1

Three representative zones of the overall stratigraphic
column were selected to define the hydrological characteris-
tics of the numerous aquifers and the approximate contact
between the water-yielding and gas-yielding sediments. The
three intervals evaluated were as follows:

Zone Predicted Fluid

Hydrology Test No. 1 5000-5 118 ft Water
Hydrology Test No. 2 6868-7140 ft Water
Hydrology Test No. 3 7275-7400 ft Gas

(Detailed descriptions of hydrologic test are in Project
Wagon Wheel Hydrological Test Program, April, 1970.)

Hydrology Test No. 1 5000-5118' - November 6-9, 1969

The first test was to evaluate the loosely cemented
arkosic sandstones deeper than previously tested in the Wag-
on Wheel Water Well No. I. Two cores were cut to obtain
samples of the lithology for the determination of porosities,
permeabilities, water saturations and the chemical constit-
uents of the sediments.

Core No. 1 5000-5058 feet, Cut 58 feet, Recovery 39
feet
Core No. 2 5058-5118 feet, Cut 60 feet, Recovery 17.3
feet
(Descriptions of cores are in Project Wagon Wheel
Hydrological Test Program, April, 1970.)

Survey and Jack Shaughnessy, El Paso Natural Gas Company
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The testing procedure scheduled for this zone was to
run a Lynes packer on the botton of 5 inch drill pipe and
set the packer at a predetermined level. With the packer in
place, a string of 2%/ inch O.D. tubing was to be run
through the drill pipe and the Lynes packer for the purpose
of swabbing. There were three attempts made to test this
zone all of which failed. The first test between 5028-5118
feet was unsuccessful due to a malfunction in the packer
which prevented the tool from opening to its maximum out-
side diameter. During the second run the packer was opened
but would not maintain a packer seat. The third attempt was
at a higher level of 4,854 feet and in a shale bed. The packer
again failed to hold and it was decided to test this zone at a
later date by deepening the Wagon Wheel Water Well No. 1
to a depth of 5,000 feet.

Hydrology Test No. 2 6868-7140' - November 22-26, 1969

The second test evaluated a stratigraphic section similar
to Zone No. I except the sediments were more competent.
Two cores were cut to obtain samples of the sediments for
porosity, permeability, water saturation and chemical
analyses.

Core No. 3 7040-7083 feet, Cut 43 feet, Recovery 28
feet.Core No. 4
Core No. 4 7083-7 140 feet, Cut 57 feet, Recovery 55.5
feet.
This test utilized the same basic equipment employed

while attempting to test Zone No. I, except that a dual
packer assembly was used which consisted of two 52-inch
Lynes packers connected together with a sub to produce one
packer with an overall length of 10 feet.

The hydrology test was supervised by the U. S. Geolog-
ical Survey, Lawrence Radiation Laboratory and El Paso
Natural Gas Company personnel to ensure quality control in
all phases of the swabbing operations.

The mud in the annulus, in the tubing, and below the
packers was displaced with 145 barrels of water. The first
swab run started at 1313 hours, November 24, 1969. Numer-
ous specific conductance tests were run on the recovered
water to assure that the 145 barrels of displacement water
had been recovered before samples of formation water were
collected for chemical, radiochemical and "4 C analyses. The
recovery of the displacement water required 27 swab runs
and an additional 15 swab runs were made in the conduct of
the test. A total of 828 gallons of formation water were
recovered during the 15 swab runs for an average recovery of
3.65 gallons per minute.

Swabbing operations ceased at 0325 hours November 25,
1969 with the water level in the tubing at more than 3,000
feet below ground surface. This depth is approximate be-
cause it exceeds the capability of the U.S.G.S. deep-well
measuring device. The first recorded water level measurement
was made 69 minutes after swabbing had ceased and was
encountered at a depth of 2,974 feet below land surface.

The yield of water to the borehole was insufficient to
allow the fluid to reach its static level in the time allowed
for the test so it was agreed, after 412 minutes of measuring

water-level recovery, to add water to the tubing and the
annulus to hasten the recording of static level. This was done
several times during the day and when the water had not
reached a static level by 0600 hours on November 26, 1969,
it was decided to fill the tubing and the annulus to see if the
static water level would be the same as the Wagon Wheel
Water Well No. 1. (The static level of the Water Well at this
date was measured at 104 feet below the ground surface.)
Figure 5 illustrates the measured water-level recovery and the
effects of adding water into the tubing and annulus. It can
be seen that the static water level is about 780 feet below
land surface and approximately 680 feet below the static
water level in Wagon Wheel Water Well No. 1. These results
establish that there is no vertical communication between
the interval tested in the water well (130-2,432 feet) and the
interval 6,868-7,140 feet in Wagon Wheel No. 1.

Owing to the slow inflow rate of water which neces-
sitated adding water periodically to establish a static water-
level, two independent analyses were made by the U.S.G.S.
to establish the capability of the rocks in the test interval to
yield water (Letter, Sam West (U.S.G.S.) to Dr. E.M.
Douthett, Director, Office of Effects Evaluation, NVOO,
February 10, 1971).

Early-time recovery data, prior to adding water, was in-
terpreted using a method described by Cooper, Bredehoeft,
and Papadopulos (Response of a Finite-Diameter Well to an
Instantaneous Charge of Water: Water Resources Research
vol. 3 no. 1). According to the U.S.G.S., "This method em-
ploys type curves to determine transmissivity from plots of

H/H0 versus time, in minutes, where H0 = water level in
tubing above or below the initial head in the aquifer imme-
diately after injection or withdrawal, in meters, and H =

water level in tubing above or below the initial head in the
aquifer, in meters, at time T, in minutes." Figure 6 is a
graph of this relationship fitted to a type curve. From this
analysis, it was determined that the transmissivity is 1 .2 gal-
lons/day (gpd) per foot of drawdown and the hydraulic con-
ductivity is 0.004 gpd per square foot or 0.22 millidarcys.

A late-time analysis of aquifer properties was performed
using the water-level recovery data between the third and
fourth injections of water into the tubing. This technique
employs a straight-line approximation method of plotting
water levels versus time, on a logarithmic scale, and using the
equation:

T = 264Q
A s

where T = transmissivity in gpd per foot; Q = discharge rate
in gallons per minute; and As = change of water-level in feet
over one log cycle of time. Figure 7 illustrates this relation-
ship encountered in the test interval 6,868 to 7,140 feet.
The transmissivty of this interval as determined by this tech-
nique is 3.8 gpd per foot, and the average hydraulic conduc-
tivity is 0.014 pgd per square foot or 0.77 millidarcies. Al-
though the values obtained by the two analyses are not the
same, the difference is small and both techniques indicate
that natural migration or groundwater through the rocks
tested is extremely slow. Therefore, in the unlikely event
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that any radioactivity contamination enters this system,
natural decay would reduce the concentrations to non-
harmful levels before the water migrates beyond the imme-
diate area of the Wagon Wheel location.

Two water samples were collected - one during the
swabbing operation as described and the other at the end of
water-level recovery measurements. These samples were
analyzed for chemical and radiochemical content. Table IV is
a tabulation of the results. A comparison of the two analyses
with the water used for drilling indicated that the first sam-
ple was contaminated by the drilling water and the second is
more nearly representative of the formation water.

Hydrology Test No. 3 7275-7400' - November 29, 1969

The third and final hydrology test was designed to lo-.
cate the approximate contact between the water-yielding
sandstones and the gas-bearing sandstones. One core was cut
to obtain a sample of the sediments for chemical constit-
uents, porosities, permeabilities and water saturations.

Core No. 5 7340-7400 feet, Cut 60 feet, Recovery 60
feet.
A conventional drill-stem test, was run by the

Halliburton Company since recovery of water was not
anticipated within this interval. The test was opened initially
for 10 minutes and had a strong blow of air to the surface
immediately. The tool was then shut-in for a period of three
hours and an initial shut-in pressure of 2,297 psi was ob-
tained, to determine the near virgin pressure of the forma-
tion. Upon opening the tool to atmospheric pressure, gas flow-
ed to the surface in 5 minutes and was gauged at 7 Mcfd at the
end of a 3 hour flow period. The final shut-in was for a period
of 3 hours to obtain a second shut-in pressure of I ,922 psi.
After the drill-stem test was completed, the 4.975 inch I.D.
drill pipe was retrieved with a recovery of 140 feet of gas-cut
drilling mud. The test of this zone did not yield water.

The results of the hydrology tests were discussed, on
location, by personnel of the U. S. Geological Survey and El
Paso Natural Gas Company. It was agreed that hydrological
testing be terminated from this depth to total depth. Repre-
sentatives of Teledyne Isotopes and Lawrence Radiation
Laboratory concurred with the recommendations as presented.

CONCLUSIONS

1) The hydrologic testing program at Wagon Wheel No. 1
and Wagon Wheel Water Well No. 1 defined physical param-
eters of representative aquifers from surface to 7,140 feet.

2) Electrical conductivity measurements of water samples
from intervals tested and comparison of the resistivity logs for
these and other intervals indicate that potable or nearly po-
table water occurs to a depth of 7,140 feet. Water was not
produced on a test of the lower transition zone but may be
water productive to depths as deep as 7,972 feet if artifically
stimulated.

3) The different static levels of Wagon Wheel Water Well
No. 1 and the Wagon Wheel No. 1 swab test between 6,868
and 7,140 feet establishes the fact that the sandstone aquifers
are not interconnected.

4) Communication does not exist between the sandstone
aquifers and the underlying gas reservoirs.

5) The approximate contact between the water-yielding
sandstones and the gas-yielding sandstones is between the base
of the swab test at 7,140 feet and the top of the first drill-stem
test at 7,275 feet.

6) Direction of flow of the near surface water is to the
northwest towards the New Fork River.

7) The New Fork River is the major discharge area of
the watertales in this portion of the Green River Basin.
Wells drilled along the river valley will produce a natural
flow of water.

8) Transmissivity calculated from drawdown and recov-
ery curves for the Wagon Wheel Water Well No. 1 is 2,100
gallons per day per foot. Transmissivity of the 6868-7140
foot zone in Wagon Wheel No. 1 determined by two separate
methods, is between 1 .2 and 3.8 gallons per day per foot.

9) Additional groundwater data will be required to eval-
uate, with increased accuracy, the rate and direction of flow
of the groundwater conditions, for estimates of transport of
radioactive contaminants that might enter the groundwater
system. The programmed testing, as coordinated with the
Water Resource Division of the U. S. Geological Survey,
Lawrence Radiation Laboratory, and Teledyne Isotope are
listed in the following section.

PROPOSED HYDROLOGICAL PROGRAM

The following program is proposed in order to obtain
necessary data for a complete groundwater interpretation of
the Wagon Wheel area prior to the execution of the program
and to fully assess any possible post-shot effects to the
groundwater regime. It is the intent of El Paso Natural Gas
Company to protect the quality of all established ground-
water sources which extend to a depth of 7,140 feet. The
Company also intends to protect the interval from 7,140
feet to 7,972 feet as possible aquifers and therefore, to pre-
clude the incluence of any sustained nuclear effects above a
depth of 7,972 feet at the Wagon Wheel location. It is to the
advantage of El Paso Natural Gas Company to protect the
integrity and water quality of all aquifers; not only in the
primary context of responsibility to the citizens of the area
but also because, 1) an excess of water entering the chimney
would inhibit gas production and 2) small amounts of water
entering the chimney would become tritiated and increase
the quantity of contaminated water produced with the gas.
Calculations to date indicate that there is expected to be in
excess of 100,000 barrels of tritiated connate water from the
rubble of the chimney produced with the gas (Section 0 of
this Technical Studies Report).

PR ESHOT

I) El Paso Natural Gas Company will drill a water well
to a total depth of 5,120 feet at a location approximately
500 to 700 feet southwest of the Wagon Wheel Water Well
No. 1. The purpose of this well will be to obtain additional
data relating to hydrostatic head measurement, permeability
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of aquifers, direction and rate of flow of aquifers, and water
quality evaluation. Two tests will be run:

a. One drill-stem test between 2,326-2,432 feet.
b. One drill-stem test for both pressures and swab test

between 4,900 to 5,120 feet.
The data obtained will complement that here-to-fore
reported.

This proposed well will be started by late-Spring or
early-Summer, 1971 in order that the data obtained can be
completely analyzed and interpreted, along with existing
data, well in advance to execution of the program.

2) In the Summer months of 1971, all existing water
wells and springs that are in condition to be evaluated within
a 10 mile radius of the Wagon Wheel location will be iden-
tified, depth to static water level measured, condition of
surface equipment assessed, and a sample of water obtained
for chemical analysis and radiometric determinations. In
addition, all presently active producing water wells beyond
the 10 miles radius and within a 20 mile radius will be
identified and evaluated in. the same manner. These radii of
investigation are .consistent with the recommendations pro-
posed in Project Wagon Wheel Hydrological Test Program,
April, 1970, prepared by representatives of U.S.G.S., Law-
rence Radiation Laboratory, Teledyne-Isotopes, and El Paso
Natural Gas. The proposed program described herein rep-
resents a considerable expansion of the program originally
presented in that report. It is anticipated that the hydro-
logical expertise and analytical capabilities of the U.S.G.S.
will be employed for this documentation, as well as all other
anticipated water well and spring documentation described
below.

3) Approximately six months prior to the execution of
Wagon Wheel (late Spring to early Summer, 1972), all wells

and springs identified in item 2) above, as well as any new
wells, will be examined, evaluating the same parameters de-
scribed in item 2). Those within the 10 miles radius will be
examined monthly. This monthly evaluation of each well
and spring will continue until the detonation.

4) In the last month prior to detonations, all wells and
springs within the 20 mile radius will be examined to ascer-
tain their pre-shot condition.

POST-SHOT

1) In the first week following detonation, all water
wells and springs within the 20 mile radius will be examined
for depth to static water level and samples of water taken
and analyzed for chemical and radiometric content, as well
as casing and production equipment assessed for damage re-
sulting from seismic motion. Those wells and springs showing
effects of seismic motion (i.e. collapse, muddy water, etc.)
will continue to be examined on a weekly basis as long as
effects are detectable.

2) All wells and springs identified in PRE-SHOT item 2)
above that are not affected will be examined on a monthly
basis for six months after detonation. Affected wells will
also be examined on a monthly basis for the period of ces-
sation of effects to six months after detonation.

3) Identified wells and springs within the 20 mile radius
will continue to be examined every six months following
detonation for an indefinite time.

All existing data as well as the additional pre-shot and
post-shot data to be derived as outlined above will be pro-
vided to all interested participants for interpretation and
compilation of independent groundwater evaluations of the
Wagon Wheel area.

35



TABLE I
PERFORATED INTERVALS

Depth

130 - 140

306 - 320

433 - 454

516 -540

712 - 727

834 - 842

1125 - 1132

1286 - 1290

1304 - 1310

1388 - 1396

1612 - 1616

1620 - 1624

1625 - 1629

1788 - 1792

2076 - 2084

2114 - 2118

2326 - 2336

2394 - 2398

2420 - 2432

Thickness

10

14

21

24

15

8

7

4

6

8

4

4

4

4

8

4

10

4

12

TOTAL 171 feet

TABLE II

SWABBING AND PUMPING DAT A

Average yield Drawndown Specific capacity Transmissivity

Test (gpm) (ft) (pgm per ft of (gpd per ft)
drawdown)

Swabbing
Pumping

17.0
51.6

74
58.4

0.23
.88

1,800
2,100

Total Shots

4

6

10

12

6

4

4

2

2

4

2

2

2

2

4

2

4

2

6

82 holes
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TABLE lII
SPECTROGRAPH IC, RADIOCHEMICAL, AND GENERAL CHEMICAL ANALYSES

OF WATER REMOVED DURING THE SWABBING AND PUMPING TESTS
OF WAGON WHEEL WATER WELL NO. 1

(Analyses by U.S. Geological Survey)
Field Data

Gallons Temperature Specific
Date of T e re vdpH conductance

colcinprior to (0 C) pH (Micromhos
collection (Celsius) (0 F) per cm at 250 C)

Swabbing
test
sample 8-1-69 1549 6,700 20.0 68.0 10.1 760

Pumping
test
sample 8-26-69 1450 11,700 19.0 66.2 9.1 1,050

Spectrographic analyses
(micrograms per liter)

Element Swabbing test sample Pumping test sample
Aluminum (Al) 30
Barium (Ba) 160 27
Beryllium (Be) .1 < .5
Bismuth (Bi) < 22 < 9
Boron (B) 780 80
Cadmium (Cd) <220 < 9
Chromium (Cr) 40 < 9
Cobalt (Co) < 22 < 5
Copper (Cu) 260 .7
Gallium (Ga) -ND
Germanium (Ge) < 22 < 9
Iron (Fe) -40
Lanthanum (La)--
Lead (Pb) 240 < 9
Manganese (Mn) -2
Molybdenum (Mo) 16 < 5
Nickel (Ni) 28 < 5
Silver (Ag) < 1 < .5
Strontium (Sr) -65
Tin (Sn) < 22 < 9
Titanium (Ti) < 11 < 2
Vanadium (V) 50 < 9
Yttrium (Yb)--
Yttrium (Y)
Zinc (Zn) 90 <90
Zirconium (Zr) ND ND

- Not determined < Less than ND Specifically sought, not detected

(From U.S.G.S.)

37



TABLE lII (Continued)
SPECTROGRAPHIC, RADIOCHEMICAL, AND GENERAL CHEMICAL ANALYSES OF

WATER REMOVED DURING THE SWABBING AND PUMPING TESTS OF WAGON
WHEEL WATER WELL NO. 1 - Continued

Radiochemical analyses

Element Swabbing test sample Pumping test sample

Uranium (Micrograms per liter) <0.4-
Radium, asR22

(picocuries per liter) .07-
Gross beta, asSrO'

(picocuries per liter) 5.4 1.8
Gross alpha, as U equivalent

(micrograms per liter) 7.7 1.9

- Not determined < Less than

General chemical analyses
(milligrams per liter)

Element Swabbing test sample Pumping test sample

Silica (5i02 ) 21 13
Aluminum (Al) 1.4 < .10
Iron (Fe) 6.0 .08
Manganese (Mn) .05 .010
Strontium (Sr) .11 .10
Calcium (Ca) 4.1 3.0
Magnesium (Mg) 2.6 .1
Sodium (Na) 182 249
Potassium (K) 4.0 1.3
Lithium (Li) K .01 .01
Bicarbonate (HVO 3) -119
Carbonate (C0 3 ) 75 21
Chloride (Cl) 258 266
Copper (Cu) .27 .02
Fluoride (F) 11l 15
Hydroxide (OH) 4-
Nitrate (NO3) < .1 .1
Phosphate (P04 ) .14 K .01
Selenium (Se) K .001 .019
Sulfate (SO 4 ) 35 1.1
Zinc (Zn) .09 .06
Boron (B) .27 .51
Dissolved solids

Res. on evap. at 1800C 612 631
Calculated 497 629

Hardness as CaCO 3

Total 21 8
Non-carbonate 0 0

Specific conductance
(umhos per cm at 25*C) 841 1,250

pH 9.7 8.9
Percent sodium 94 98
Sodium-adsorption ratio (SAR) 17 38

- Not determined < Less than

(From U.S.G.S.)
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TABLE IV
CHEMICAL AND RADIOCHEMICAL ANALYSES OF WATER REMOVED DURING

AND AFTER SWABBING FROM THE INTERVAL 6,868 TO 7,140 FEET
IN WAGON WHEEL NO. 1

Radiochemical analyses

Element Collected during swabbing Collected after swabbing
11-25-69 11-26-69

Gross beta, asSr49
(picocuries per liter) 5.8 7.3

Gross alpha, as U equivalent
(micrograms per liter) 3.6 11

General chemical analyses
(milligrams per liter)

Element I Collected during swabbing Collected after swabbing

Silica (Sio2 ) .5.2 10
Aluminum (Al) .20 .70
Iron (Fe) .03 .24
Manganese (Mn) .20 .34
Strontium (Sr) 1.1 1.0
Calcium (Ca) 14 34
Magnesium (Mg) .9 1.2
Sodium (Na) 360 560
Potassium (K) 6.9 11
Lithium (Li) .02 .05
Bicarbonate (HCO 3 ) 280 398
Carbonate (C03 ) 0 0
Chloride (Cl) 357 631
Cooper (Cu) .12 < .01
Fluoride (f) 10 7.9
Nitrate (NO 3 ) .2 .2
Phosphate (P04 ) < .01 3.0
Selenium (Se) .55 .057
Sulfate (SO4 ) 41 19
Zinc (Zn) .36 .03
Boron (B) .66 .81
Dissolved solids

Res. on evap. at 1800 C 1,060 1,710
Calculated 934 1,470

Hardness as CaCo 3
Total 40 91
Non-carbonate 0 0

Specific conductance
(umhos per cm at 250 C) 1,700 2,650

pH 7.2 5 7.1
Percent sodium 94 92
Sodium-absorption ratio (SAR) 25 26

< Less than.

(From U.S.G.S.)
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DEPARTMENT OF THE INTERIOR
UNITED STATES GEOLOGICAL SURVEY

USGS-474-87
(Wagon Wheel-i)
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DEPARTMENT OF THE INTERIOR
UNITED STATES GEOLOGICAL SURVEY

USGS-474-87
(Wagon Wheel-i)
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DEPARTMENT OF THE INTERIOR
UNITED STATES GEOLOGICAL SURVEY

USGS-474-87
(Wagon Wheel-i)
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USGS
SAM WEST
FEB., 1971
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SECTION D
PREDICTION OF UNDERGROUND NUCLEAR EXPLOSION EFFECTS

By

R. W. Terhune*

ABSTRACT

Project Wagon Wheel is a joint study by LRL and EPNG
to investigate the technical concept of nuclear stimulation of
a natural gas reservoir located near Pinedale, Wyoming. This
paper presents the results of computer calculations, simulat-
ing the explosion effects, based on equation-of-state measure-
ments of core samples taken from EPNG Wagon Wheel No. 1
well at a depth between 8000 to 12,000 feet.

The shear failure envelope for Wagon Wheel sandstone is
almost identical to that for Hoggar granite. A calculation for
Wagon Wheel sandstone for one kt energy at a depth of
300 m duplicated cavity radius, shear fracture radius, stressed
region, peak particle velocity, and peak acceleration data
measured from the nuclear experiments conducted in the
Hoggar granite by the French. The conclusion drawn from
this comparison is that the Hoggar granite chimneys and re-
gions of increased permeability provide a reasonable model
to assume for Wagon Wheel.

A single explosive detonated at a depth of 1 0Q00 feet is
predicte~ to produce a cavity radius of 5.77 W (meters',
kilotons 3), with shear fractures extending out to 2.5 cavity
radii followed by a stressed region to 5 cavity radii. The
expected chimney will have a radius of 1 .2 cavity radii and a
height of 2.5 cavity radii above the shot point, resulting in
an apical void at the top representing about 50% of the
cavity volume. A large increase in permeability is expected
only within the region of shear fracture.

Chimney height for multiple detonations are expected to
be 4 cavity radii based on a rubble porosity of 21%. Explo-
sive spacing for multiple simultaneous detonations vary from
a minimum of 5 cavity radii (tangent chimneys) to 7.0
cavity radii based on maximum fracture increase due to
shock interaction. Explosive spacing for sequential detona-
tion varied between 7.5 and 12.5 cavity radius based on the
similarity between cratering phenomenology (reflecting a
shock from the ground surface) and reflecting a shock off
the apical void of a previously formed chimney. It is expect-
ed that a permeable annular ring will form around the axis
between the two explosives to connect the lower chimney
with cavity above.

INTRODUCTION

Project Wagon Wheel is a joint study by LRL and EPNG
to investigate the technical concept of nuclear stimulation of
a tight natural gas reservoir located near Pinedale, Wyoming.

*Applied Physicist, Lawrence Radiation Laboratory, Livermore

The data upon which this report is based was obtained from
core samples and logging of the EPNG Wagon Wheel No. 1
well at a depth between 8000 and 12,000 feet.

The detonation of a deeply buried nuclear explosive
creates a stress discontinuity of tens of megabars which pro-
pagates into the surrounding media. This stress discontinuity
(shock wave) deposits energy in the rock and is thus atten-
uated as it propagates radially from the source.

Initially enough energy is deposited to vaporize the rock
(approximately 70 tons of rock is vaporized per kiloton of
explosive energy); only enough additional energy is deposited
from the outgoing shock wave to melt the rock out to about
twice the radius of vaporization. Beyond this distance the
rock is fractured until, at large distances from the source,
the shock wave has decayed to a point to where it prop-
agates elastically. The cavity (formed by the vaporized re-
gion) expands until the pressure in the cavity is in equilib-
rium with the stresses in the rock. This equilibrium point is
defined as the cavity radius Rc. By processes not well under-
stood at the present time, the upper hemisphere of the
cavity collapses. Once initiated, the collapse generally contin-
ues rapidly until it is terminated by a natural arch or until
the top is supported by the bulked rock. The collapsed re-
gion has been described as the chimney because of its usual
cylindrical shape, with the axis of symmetry oriented per-
pendicular to the bedding. The height above the shot point
at which collapse terminated is defined as the chimney
height. The radius of the chimney may vary between 1 to
1 .4 times the cavity radius.

Gas flow calculations' have indicated that the most
important parameter of the explosive effects to gas stimula-
tion are the chimney height and radius, and the horizontal
extent of increased permeability. The increased permeability
may correlate with the degree and type of fracturing in the
fracture region.

The purpose of the following is to predict the cavity
radius, chimney height and fracture radius. Also, effects
from sequential and simultaneous detonation of several ex-
plosives will be estimated. The predictive techniques used
(numerical calculations, scaling) require an extensive knowl-
edge of the rock properties.

THE MATERIAL PROPERTIES
Based on the properties of the gas reservoir, the intervals

selected for explosion effects prediction were from 9000 to
10,500 feet and 11,300 to 11 ,800 feet where there were
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indications of gas in place. A cross section of these intervals
showing the general stratigraphy, cored sections, and selected
wire line logs is shown in Figure 1 for the Wagon Wheel Well
No. 1 located in the SE/4 NW/4 of Section 5, T-30-N,
R-108-W Sublette County, Wyoming.

Core samples were selected and analyzed for their
strength and other mechanical properties by LRL 2 and Terra
Tek, Inc3 . The Terra Tek analysis was done for EPNG and
was limited to analysis of one sandstone and one shale sam-
ple. The LRL tests were more extensive and included tests
on samples from several locations. It should be noted that
almost all tests between LRL and Terra Tek, Inc., were in
excellent agreement, as were also laboratory measurement of
density and compressional velocity with the wire-line logs.
Pressure-volume relationship to 40 kbars and the failure enve-
lope are given by Schock, et. al. in Section E. Shock
Hugoniot 4 measurement on samples of Wagon Wheel rock
are given in Table 1.

In the static tests it was also noted that in a pressure
excursion up to 40 kb and back to zero there was about 1 %
irreversible compaction.

The driving pressure for the calculations was the cavity
pressure-volume curve shown in Figure 2. This curve is based
on the silica-plus-one-percent-water gas equation of state and
adiabatic expansion relationship developed at LRLs -

The calculation is started at the time when the vapor-
ized cavity is formed so that the computer does not need to
consider whether hydrodynamic heating vaporizes any more
rock. The va yrization radius is calculated from the expres-
sion Rv = CW (Rv in meters, W in kilotons) where C = 1.9
for sandstone of density 2.45 gm/cm3 . The initial pressure of
the cavity gas at the end of the vaporization phase is
1.55 megabars.

Figure 3 shows the pressure-volume relationship of the
rock used as an average between the depths of 9000 feet and
12,000 feet. This is based upon both the Hugoniot data and
the measured compressibility. An average Poisson's ratio of
0.2 was selected based on the one-dimensional strain tests.

Figure 4 shows the failure criteria used as developed
from the shear strength measurements in the form of Ks5
versus P as defined below

P = (u1 + 03)12

Ks = Ia1 - 012

where a1 and a3 are minimum and maximum principal stress
respectively. The shear strength curve was extrapolated from
10 kbars of shear strength to 15 kbars and then held
constant.

ANALYSIS OF PREVIOUS NUCLEAR EXPERIMENTS

In order to effectively use the data from previous nu-
clear experiments to model or predict the effects of a pro-
posed experiment, a knowledge of the physics of the phe-
nomena is required in order to understand how the effects
to be predicted will vary with differences in the material
properties of the rock.

Numerical codes developed by Cherry & Peterson6 in
conjunction with a compatible material properties measure-
ment program developed by Stephens, Schock and
Heard7 

,8,' have led to a reliable predictive capability for
phenomena associated with shock wave propagation. Calcula-
tions of cavity radius, peak shock stress particle velocity, and
fracture radius associated with chimney height have been
confirmed by various experiments. A model or suitable ex-
periment is still required to predice degree of fracture,
chimney configuration and permeability increases in the frac-
tured and stressed rock.

The first step in selecting appropriate nuclear experi-
ments is to compare the materials properties measured for
Wagon Wheel with those of other experiments. On the basis
of porosity and water content, all experiments in tuff and
alluvium and their associated scaling laws can be eliminated
from consideration. Eliminating others for a variety of rea-
sons leaves experiments in NTS granite, Gasbuggy and the
Hoggar granite' 0, Table 2 compares the material EOS param-
eters with Wagon Wheel.

Figure 5 compares the strength curves measured for
these media with Wagon Wheel sandstone.

Cherry and Peterson6 present fairly complete numerical
analysis of Hardhat (5 kt in NTS granite) and Gasbuggy
(26 3 in a gas-bearing sandstone) verified by experimental
measurements. This analysis indicated two types of fractur-
ing which proceed to different radii from the shot point. The
first is the limit of shear fracture where the rock no longer
fails on compressive loading, and the second is the maximum
limit of fracture where the rock has failed in extension.
From the cavity to the shear fracture radius, the fractures
join and this seems to be the boundary of chimney growth.
In the second fracture zone only radial fractures are created.

In terms of strength, fractured wet NTS granite is sim-
ilar to Gasbuggy sandstone, whereas dry solid NTS and
Hoggar'* granite is similar to Wagon Wheel sandstone. In
granite, the quartz grains are closely packed and allow little
rotation or translation of the quartz grains so that the gran-
ite deforms elastically until brittle failure occurs.' 1 Even at
shear stresses up to one half the shear strength of granite,
microfracturing occurs, resulting in dilatancy which may in-
crease permeability.

The sandstones, however, behave quite differently under
stress loading. The quartz grains are surrounded by a relative-
ly ductile matrix, allowing them to undergo considerable
translation and rotation. This cataclastic flow and micro-
fracturing results in the observed mechanical ductile behavior
of the test samples.' 2

The difference in the ultimate strength difference be-
tween Gasbuggy and Wagon Wheel rock is attributed to the
stronger matrix components of the Wagon Wheel sandstone
as well as the fact that it has more than twice as many grain
to grain contacts per quartz grain than does Gasbuggy sand-
stone.' 2

The Wagon Wheel sandstone exhibits dilatancy only
near the failure envelope and actually compacts due to shear
at lower stress levels.2 The Wagon Wheel sandstone under
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one-dimensional triaxial shear tests (representing the shock
loading path at low strain rates) will not develop the stress
conditions required for failure. Poisson's ratio under these
tests varies from an initial 0.13 at 1 kbar to about 0.3 at 4
kbars of axial stress. 2 However, at the higher strain rates
occuring under shock conditions, the Wagon Wheel sandstone
is expected to show considerably less ductile behavior. The
shear stress should increase with mean stress with an average
Poisson's ratio of 0.2, intersecting the failure envelope at
about 8 kbars of shear stress. This assumption on the effect
of strain rate is supported by the agreement between the
calculated6 and experimentally verified1 permeability in-
creased with distance for Gasbuggy. The sudden loss of the
high distortional energy at these stress levels results in exten-
sive fracturing. On this basis, the ultimate shear strength be-
comes the dominate equation-of-state parameter.

The only nuclear experiments in a medium with shear
strength similar to Wagon Wheel are the French detonations
in Hoggar Granite.

The French experiments in the Hoggar granite were at
low to moderate yields at depths between 200 to 400 m."
The scaling laws developed for the media are given below.

1. Cavity radius, defined as the interface between the
melt and the solid rock.
Rc = 7.3 W3
and also

Rc = 52 W V3
c(pgh+Cs)' '

where

-y = 1.03

pgh = overburden pressure in bars
Cs = strength term in bars
120 < Cs K 320
Rc = Cavity radius in meters
W = Explosive yield in kilotons

2. Radius of crushed zone - between the cavity and
this radius the rock has been pulverized-.
Rb = 10 W'4 (meters, kilotons1 4)
also
1.3 Rc < Rb < 1.8 Rc

3. Radius of fracture - this radius is also the limit to
which the French assumed the chimney will grow
and, if consistent with SOC calculations, is the max-
imum extent of shear fracture.
Rf = 26 W"a (meters, kilotonsA)

4. Radius of stress zone - this zone is defined by the
drill core fracturing in parallel disks, indicating a
highly stressed region is being relieved. Also, some
preshot or shock induced fractures are encountered.
RR = 35 W"' (meters, kilotons k)

an overburden pressure of 70 bars repres

In order to compare the Wagon Wheel rock with the
Hoggar granite, a SOC calculation, using the Wagon Wheel
EOS, was made for a yield of 1 kt with an overburden
pressure of 70 bars representing the initial conditions of the
Hoggar data.

Figure 6 shows the cavity radius, limit of compressive
failure, fracture initiation and the shock front as a function
of time. Table 3 compares the calculational results with the
Hoggar granite experience.

The radius of the crushed zone was determined by com-
paring the increase in the crack number for each zone
between 25 msec and 50 msec as shown in Table 4. The
radial distance is given at the time of 50 msec. The assump-
tion is that the crushed zone was formed by continued re-
fracture over a period of time. This is further emphasized in
Figure 7 which shows the crack number as a function of
distance.

Figure 8 compares the measured peak particle velocity'"
at the shock front for Hoggar granite with the SOC calcula-
tion using the Wagon Wheel EOS. Figure 9 is a comparison
of the scaled acceleration. The solid curve in Figure 9 is a
least square fit to the data and also the maximum accelera-
tion at the shock front as calculated by SOC. The dashed
curve is the SOC peak velocity divided by the rise time to
give a mean particle acceleration. Thus, on the basis of all
available data it seems that the experiments in Hoggar gran-
ite will provide an excellent model for Wagon Wheel.

NUMERICAL CALCULATIONS FOR WAGON WHEEL AT
DEPTH

Using a numerical model of stress wave propagation
(SOC) 6 with the equation-of-state just presented, the stress-
induced effects on the rock mass were determined at various
yields and overburden pressures for Wagon Wheel. Table 5
compares some of the basic results from these calculations.
Calculations 1. 4. and 5 are for depths of 9600 feet. Calcula-
tions 2, 3, and 6 are at the overburden pressures of Gas-
buggy, Rulison, and French experiments respectively.

Figures 10 and 11 show the positions of the shock
front, initiation of fracture, and cavity radius with respect to
time for calculations 4 and 5, respectively. The separation
between shear failure on shock loading and extension failure
on unloading is clearly defined as the separation of the frac-
ture initiation curve from the shock front.

Figures 12, 13 and 14 show the radial stress, shear
stress, and velocity, respectively, as a function of distance at
the time the cavity is in quasi equilibrium for calculation #4.
Between the cavity and the limit of shear fracture radius, the
radial stress increases with distance and is the minimum prin-
ciple stress, (i.e., KrO -(0 ~Or) /2 is negative) and thus
this is a region where tangential fractures predominate.

Between the limit of shear fracture and the maximum
fracture radius, KrO is positive, indicating that the fractures
should be radial in this region. Outside the maximum frac-
ture radius, the rock has been stressed but remains essential-
ly unfractured.

Figure 15 shows the crack number for calculation 4 and
5 as a function of distance horizontally from the shot point.
The crack number is the number of times the failure enve-
lope has been exceeded. Corresponding limits of fracture
radii are shown, indicating the relative degree of fracture in
these zones.
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SCALING LAW FOR WAGON WHEEL

Based on the preceding calculations, the scaling curves
for Wagon Wheel were developed as shown in Figure 16 and
17. Using an adiabatic expansion formulation for the cavity
gas as did the French,' 5,16 the equation for the cavity
radius is

aPv'3Rv

Rc p17 ~

where
*a= 1 .05 to account for the melt

Py= 1.55 Mb vaporization pressure
-y = 2.3 P >l1kb
-y = 1.14 P <l1kb Fiue
Rv = I .9W"' radius of vaporization

Pc =cavity pressure at equilibrium in kbars

Doing the arithmetic results in

5.77WS

where the distance is expressed in meters and the yield (W)
in kilotons.

The cavity pressure is approximately 0.4 kbar greater
than the overburden (Table 5), and for pressures less than
1.4 kbars, the use of a y = 1.14 results in errors of less than
5%. Substituting,
we have

5.77 WA
Rc (pgh+.4)'/3.42

The difference between this equation and that developed
by the French for Hoggar granite is basically in the -y
assumed for the cavity gas and a slightly smaller strength
term. Figure 16 shows the above equation plotted for 4
yields as a function of overburden pressure.

Figure 17 shows the ratio of the various fracture radii,
as determined by the SOC calculation, to the cavity radius.
The radius of the crushed zone is independent of the over-
burden pressure, and thus the ratio increases as the cavity
radius decreases with depth. The shear fracture radius and
radial fracture radius are strongly dependent on the over-
burden, requiring higher shock stresses to fracture.

Figure 18 shows the peak overpressure at the shock
front as a function of scaled distance. Figure 19 shows the
peak particle velocity as a function of scaled distance.
Figure 20 shows the peak scaled acceleration in gravitational
units as a function of scaled distance.

CHIMNEY CONFIGURATION

Chimneys observed in Hoggar granite' 7 are of two
types. One is asymmetric perpendicular to the bedding with
Rch = Rc. The other is oval with Rch '% 1.4 Rc about 2 Rc
above the explosion point. Both types do not extend beyond
the shear fracture radius. United States experience is similar.

The rock from the site of Gasbuggy has a higher ductile
matrix content than that from Wagon Wheel; therefore, it is

likely that a chimney will form at Wagon Wheel. The chim-
ney is expected to flare outward with a slope of about 5
This is intermediate between the two cases in Hoggar granite
and somewhat greater than U.S. experience. It is based on
expected particle size1  and experience in rock flow in ore
passes.' 2

Figure 21 shows the expected chimney and associated
fracture pattern for a single explosive at 10,000 feet depth.
The crushed or pulverized region extends to 1.6 Rc, the
shear fracture to 2.5 Rc and the maximum radial fracture to
5.1 Rc. The chimney radius measures 1 .2 Rc at an elevation
of 2. Rc above the shotpoint. The total chimney height is
2.5 Rc. Using a porosity of 0.21 for the rubble gives an
apical void of .5 cavity volumes, and a void height of 0.4 Rc.c
The maximum chimney height based on a porosity of .21
would be 4 Rc if the chimney were allowed to grow beyond
the fracture radius.

Based on permeability measurements in the Hoggar ex-
periments' 0a and gas flow test analysis of Gasbuggy,' per.
meability is expected to be greatly enhanced within the
shear fracture region. In the radial fracture region, permea-
bility is expected to be slightly higher than the initial value,
but beyond this no increase is expected as dilatancy argu-
rments are not applicable. Static equilibrium of the rock
around the chimney requires that the radial stress adjust
from a maximum to a minimum principle stress. This may
result in tangential fractures leading to an increase in per-
meability. This effect would be greatest above the chimney
and negligible below.

MULTIPLE EXPLOSIVE SPACING AND EFFECTS

At present, there are no previous experiments on which
to judge or estimate the effects from multiple explosions in
the same hole. Also, no two dimensional calculations have
been possible within the time limit of this report. Therefore,
the explosive spacing and effects are based on an extra-
polation of the one dimensional analysis.

There are two approaches to the timing of the detona-
tions of the explosives, simultaneous and sequential. Simulta-
neous as used here means that the explosives are fired within
a millisecond of each other. Sequential firing means time
delays between detonations greater than several minutes and
may be timed until after collapse of the previous chimney.

For Hoggar granite a scaling law on the time of collapse
has been developed.'

(mm) = 1.25 Rc - 3.75
where Rc is the Radius in meters

for 40 kt, t = 21 mmn
for 100 kt, t = 29 mmn

Simultaneous. The shock waves from the two explo-
sives will meet at the midpoint between them. The stress
conditions on the rock will almost identical to a laboratory
triaxial test resulting in a fracture pattern parallel to the
emplacement hole. As the shocks pass each other, the par-
tidle velocity will be reversed and horizontal fractures devel-
op and separate. As the shock from one explosive reaches
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the expanding cavity of another, the growth of the cavity
along the shot line is temporarily reversed. But, normal to
the shot line the growth is increased. This should result in
elliptical cavities rather than spherical cavities. Rarefaction of
the shock off the cavity should be nonexistent in terms of
releasing the stress as relatively high pressures will be main-
tained throughout the entire region between the explosives.
At reasonable spacing the cavity should obtain 90% or more
of the single explosive volume at the time the shock reaches
the cavity. At this time there will be a cylindrical high pres-
sure region between the cavities with pressures 2 to 3 times
the cavity pressure. This cylindrical pressure will drive the
rock radially away from the shot line and vertically into the
cavities. The shock interaction effects just described and the
degree and extent horizontal fractures at the midpoint are
dependent on the yield and spacing of the explosives.

The shear fracture radius for a single explosive at 10,000
feet is calculated to be 2.5 Rc where Rc is the cavity radius.
Therefore, at a spacing of 5 Rc the shear fracture radii will
be tangent. From Figure 18 the stress versus distance for
fracturing can be estimated, assuming converging shock
stresses will be additive. On this basis, the maximum explo-
sive spacing which will leave continuously shear fractured
rock between detonation points may be estimated to be
7 Rc.

Figure 22 shows the ratio of height stimulated to the
cavity radius as a function of the number of explosives and
spacing.

Sequential. Sequential firing of explosives arranged in a
vertical array allows the use of larger individual yields to
reduce the possibility of seismic damage.

When the first explosive is detonated, a chimney, shear
fracture and stressed region is formed as shown in Figure 21.
The rock in the stressed region above the chimney is in an
unstable stress state and in the process of readjustment due
to formation of the chimney. Because of this stressed condi-
tion, the effective shear strength of the rock is reduced.

The second explosive, detonated some distance above
the first chimney, propagates a shock wave which refractures
the prestressed region and reflects off the existing chimney
as a tensile wave. Figure 23 shows the relative effect on the
particle velocity of the shock and tensile waves midway be-
tween the second explosive and the lower chimney top. This
velocity is also compared with the velocity profile of a parti-
cle in the horizontal plane of the second explosive. The par-
ticle velocity in location 1 (Figure 23) increased rapidly
under shock loading, then decays due to the high shear
stresses. The reflected tensile wave from the chimney
increases the velocity again as it passes, spalling the rock.
The cavity created by the second explosion is in a quasi-
equilibrium state at the time the reflected tensile wave
reaches it. The cavity pressure then drives the rock below
the cavity formed by the second detonation down into the
lower chimney void, shearing along the cylindrical zone
which has previously been weakened by the tensile wave.
The logical analysis of the phenomena shock, spall, and gas
acceleration is based on analysis of cratering experiments. 2 2

The relative magnitude of each effect depends on yield of
the second explosive and on the distance between this explo-
sive and the free surface of the existing chimney.

Overburden pressures are minimal in cratering experi-
ments, resulting in large spall effects and gas drive pressures
of as much as 200 bars. For overburden pressures at 10,000
feet depth, velocity enhancement from spall would be severe-
ly reduced and confined to a cylindrical region about the
axis connecting the two explosives. However, cavity pressures
will equalize at about 1 kbar, providing considerable en-
hancement of the gas acceleration phase.

Peak surface velocity measurements made on cratering
experiments indicate that surface velocities of 34 in/sec or
greater are sufficient to form craters, and velocities of 24
in/sec are sufficient to form retarcs.2 3 These velocities cor-
respond to scaled distances between the ex losive and the
free surface of 51 m/W'k and 61 m/WV respectively.

(Metes/Kilton3).

Figure 24 shows the peak spall velocity and radial over-
pressure at the upper surface of the chimney resulting from
the first detonation as a function of the initial spacing of the
explosives, assuming a chimney height of 2.5 Rc.

On this basis, for Wagon Wheel sandstone explosive spac-
ing up to 12.5 Rc is expected to produce a continuous chim-
ney. However, it should be noted here that there is a possi-
bility that the assumptions regarding the chimney produced
by the first detonation may not be confirmed. That is, upon
the detonation of the first explosion an appreciably shorter
chimney may be formed than has been previously assumed,
or the chimney which does form be completely filled with
debris, and display no apical void. In either of these cases,
the effective reflection of the shock wave from the first
chimney toward the region around the second explosive will
be significantly less than would be the case for the optimum
first chimney configuration. This, then argues for a some-
what closer spacing between the two explosives to present a
higher probability of complete collapse in the inter-explosive
region. Thus, it is recommended that the explosive spacing
be maintained between 7.5 Rc and 10 Rc for Wagon Wheel.

SUMMARY

Laboratory tests and studies of the Wagon Wheel sand-
stone developed the behavior characteristics of the rock
under stress loading. The similarity of the shear strength be-
tween Wagon Wheel sandstone and Hoggar granite and the
resulting numerical calculation of the shock induced effects
measured on the experiments in Hoggar granite, provided a
degree of confidence in the calculations for Wagon Wheel at
depth. It also provided a model for chimney configuration.
At a depth of 10,000 feet the chimney radius should be
1.2 Rc and the height of the chimney 2.5 Rc above the shot
point with an apical void at the top. A radius of increased
permeability extends to 2.5 Rc from the shot point.

With the above model and confidence in the equation of
state measurements and the calculations based on those
measurements it was possible to deduct the interaction pro-
cesses for multiple explosives in the same hole. This resulted
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in a spacing of the explosives of 5 Re to 7 Rc for simulta-
neous and 7.5 Rc to 12.5 Rc for sequential detonation.
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TABLE 1

Hugoniot Measurements on Wagon Wheel Rock

Us

7.44
7.45
7.49
5.55
5.50
5.46
5.53
5.20
5.16
5.16
5.17

Up

3.35
3.38
3.37
1.99
2.00
2.01
2.00
1.34
1.34
1.35
1.34

p0 = bulk density in gm/cm 3

Us = shock velocity m/msec

Up= partical velocity m/msec

a = principal stress kbars

V = specific volume cm3 /gm

TABLE 2

Comparison of Equation of State Parameters

Medium

NTS Granite
P.C.+ Sandstone
Lewis+ Shale
Hoggar Granite
Wagon Wheel Sandstone

p0

2.67
2.5
2.6
2.63
2.45

VP

5.3
3.5
3.5
5.5
4.5

a

.28

.3

.3

.3

H2 0

2
2.7
1.9

.3
2.0

1.4
8.0*

.3
8.0*

*Hugoniot elastic limit for NTS granite is 7.5 kbars.

p0 initial density gm/cc
Vp, compressional velocity m/millisec
a Poisson's ratio
H2 0 water content by weight %
CF porosity in %
Kmaxmaximum shear strength (kbars)
* 8% porosity above 60% saturation
+ Gasbuggy
t average of .14 loading and .3 unloading

TABLE 3

Comparison of SOC Calculation to Hoggar Results

Calculation

7.2
10.5 - 12.0

26.
38 - 48

Hoggar Granite

7.3
10.0 - 14.0

26.
35

Wet
Dry
Dry
Wet
Wet
Dry
Dry
Wet
Wet
Dry
Dry

p0

2.474
2.422
2.425
2.450
2.440
2.430
2.430
2.438
2.451
2.422
2.398

U

617
610
612
271
269
267
269
170
170
169
167

V

.222

.226

.227

.262

.261

.260

.263

.304

.302

.305

.309

Kmax

2.0/7.5*
3.0
2.0
unknown
15.0

Radius (in)

Rc
Rb
Rf
RR
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TABLE 4

SOC Calculation of Rock Failure for Hoggar Granite

Zone
Number

970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995

Crack Number
T =25 msec

2
2
2
2
32
3
3
3
43
4
4

6
8

12
16
18
25
32
49
56
58

Melt
Gas

T = 50 msec

3
5
4
4
4
4
6
6
6
7
8
8
9

10
11
15
19
23
26
33
40
58
64
67

Melt
Gas

TABLE 5

Comparison of SOC Calculated Results

5.15
5.89
6.486
6.486
8.80
1.896

Rc
(mn)

15.25
19.3
20.7
19.5
26.6

7.2

(kb)

1.02
.7
.82

1.02
1.02

.47

is the yield in kilotons
is the overburden pressure
is the radius of vaporization
is the final cavity radius
is the final cavity pressure
is the shear fracture radius
is the maximum possible radius of fracture

Radial Distance
(Meters)

12.016
11.744
11.474
11.210
10.949
10 .694
10.444
10.200
9.96 1
9.729
9.504
9.287
9.077
8.876
8.683
8.500
8.328
8.165
8.013
7.873
7.743
7.520
7.343
7.2 10
7.060
6.123

CALC

2
3
4
5S
6

(kt)

20
30
40
40

100
1.0

~ovb
(kb)

.7

.31

.43

.7

.7

.07

Rsf
(in)

40
54
55
50
70
26

Rmxf
(in)

78
118
125
101
139
48

Rc

Rsf
Rmxf
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SECTION E
HIGH-PRESSURE MECHANICAL PROPERTIES

OF ROCKS FROM WAGON WHEEL NO. 1 WELL

By

R. N. Schock*, H. C. Heard* and D. R. Stephens**

ABSTRACT

The strength, volume, acoustic velocities, and relation-
ships between shear stress and shear strain were studied as
functions of pressure for selected sedimentary rocks in the
interval 8942 feet - 10,5 18 feet from Wagon Wheel No. 1.
Typical moduli for undeformed sandstone at overburden
pressure (%750 bar) are ji = 0.200 Mb, K = 0.2 10 Mb, and v
= 0.13. With increasing shear stress y decreases and v in-
creases, indicating inelastic deformation.- The sandstones
show almost no purely elastic deformation under shear stress
due presumably to the low strength of the fine-grained
detrital matrix. At laboratory strain rates (".'0-5 sec-1)
when loading along a path thought to simulate the shock-
wave trajectory, the failure surface is not intersected upon
loading to the stress levels obtained. Higher strain rates may
favor intersection.

SYMBOLS AND UNITS

cr - stress denoted by subscript as maximum principle
(1), intermediate and minimum principal stress
or confining pressure (2,3)

e - strain denoted by subscript as radial (r), longitu-
dinal (Q), or volume (V)

C - elastic constant u/e (Mbar) _ dV
f3 - isothermal volume compressibility = dP

(Mbar-1 )
K - bulk modulus = 1/(3 (Mbar)

y- shear modulus (Mbar)
E - Young's modulus (Mbar)

S- Poisson's ratio
p - density (g cm-3 )
Vp,V5 - compressional and shear velocity (km sec-1)
T - shear strength (a1 - a 3 )/2 (kbar)

Pm- (a1 + 2u3 )/3 (kbar)
bar - 106 dyne cm-2 = l0-3 kbar = 10-6 Mbar

INTRODUCTION

Project Wagon Wheel is designed to utilize nuclear explo-
sives to stimulate gas flow by fracturing or otherwise altering
the existing reservoir to increase rock permeability. The site
is El Paso Natural Gas Company's Wagon Wheel No. 1 well,
NW SectionS5, T3ON, R1O8W, Sublette County, Wyoming.

*Geophysicists, Lawrence Livermore Laboratory
**Materials Scientist, Lawrence Livermore Laboratory

***El Paso Natural Gas Company, lithologic log

The main purpose of our equation of state (EOS) measure-
ments is to provide input to calculational codes in order to
predict the effects of large explosions on the surrounding
media. Primary among these effects is the extent and degree
of fracturing produced.

The rocks studies here are from the depth interval be-
tween 8942 feet and 11 ,061 feet. This interval represents the
upper formations (Lewis and Lance) of the Cretaceous Mesa
Verde group and the lower part of the Paleocene Fort Union
formation. They are for the most part massive sandstones
with thin shale and siltstone interbeds and with few frac-
tures. The sandstones tend to be fine- to very fine-grained
and moderately sorted graywackes. They are in general no-
table for their low feldspar content1 and would be classified
as subgraywackes in the scheme of Pettijohn2 or as low-rank
graywackes by Krnie

Our EOS measurements include: The failure surface to
13 kbar mean pressure; the pressure-volume (P-V) curve on
loading to, and subsequent unloading from, 40 kbar; acoustic
compressional and shear velocities as functions of confining
pressure to 10 kbar; and three-dimensional strain measure-
ments along various loading and unloading paths below the
failure surface up to '\.5 kbar mean pressure. Tests on the
Wagon Wheel rocks were made in both the dry and the
50%-saturated states, the later to approximate the in-situ wa-
ter content as determined by well-log and core analysis.4

EXPER IMENTA L

The samples selected for the studies described in this
report are recorded in Table 1 along with their depths, den-
sities as determined in the laboratory, water content released
on heating to 1000 C, and log descriptions.*** The experi-
mental techniques used for the EOS measurements have been
described previously. 5 -9 Briefly, triaxial strength is deter-
mined from one-dimensional stress-axial strain measurements
on jacketed cylindrical samples compressed to failure at var-
ious fluid pressures. P-V data are obtained in a piston-
cylinder device where the advance of the piston with increas-
ing load is monitored with high precision. Acoustic velocities
are obtained by sending a 1 MHz wave through jacketed
samples and measuring the corresponding travel time. Precise
three-dimensional strain measurements are accomplished with
foil-strain gages cemented to either (A) an epoxy coated
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rock sample, or (B) a metal jacketed sample, depending on
the stress levels desired. For end loads below about 4 kbar, a
fluid loading system and (A), above, are used: above this
pressure samples are jacketed as in (B), above, and a solid
piston furnishes axial loads. These strain experiments yield,
in addition to the failure envelope, elastic and inelastic de-
formation moduli over a range of stress states below the
failure envelope. These moduli include the compressibility,
shear modulus, and Poisson's ratio, both on loading and on
unloading.

DETERMINATION OF THE FAILURE ENVELOPE

Only one type of sandstone was evaluated for strength
properties. This was the relatively fine-grained material from
a depth of 10,237 feet. In addition to the triaxial compres-
sion tests at confining pressures ranging up to 7 kbar,
uniaxial compression and Brazil tests were preformed on dry
material at atmospheric pressure. All experiments were
carried out at strain rates near 10 - sec . Several tests were
performed on the partially- and fully-saturated sandstone to
evaluate the effects of fluid saturation on strength and duc-
tility. Data were taken in the form of force-displacement
curves. After recalculation to differential stress-strain curves,
the ultimate strength (in those tests which exhibited brittle
behavior) or differential stress taken at 5% strain (for those
experiments which were macroscopically ductile) were noted.
The values of the principal stresses at failure for each test
are summarized in Table 2.

Brittle behavior may be characterized by a sudden
change of slope of the stress-strain curve at the yield point
followed either by a complete loss of cohesion in the test
sample with a subsequent drop in differential stress to zero,
or by continued fracturing and rehealing of the rock, charac-
terized by sharp downward breaks in the slope of the curve.
Fracture is often accompanied by an audible report. Ductile
behavior is taken to be the absence of any sharp downward
breaks in slope after the yield point, with the sample achiev-
ing at least 5% strain before fracture. On the scale of the
test sample, ductile behavior may be accomplished by ho-
mogeneously distributed fracture and rotation of small el-
ements of material, or by plastic flow (twinning or transla-
tion) on any scale. In the case of the sandstone we are
considering, overall ductile behavior is due predominantly to
the former mechanism with the individual brittle quartz
grains taking up the local displacements.

Figure 1 illustrates the shear stress-mean pressure failure
envelope for dry rock based on the principal stress data from
Table 2. The approximate transition from macroscopic brittle
fracture to ductile flow is noted to occur on this curve at
about 6 kbar mean pressure. Below this region, extensile and
shear fractures predominate, but complete loss of cohesion
of the sandstone occurs only below 'xl kbar. Between these
mean pressures cohesion is retained, at least up to average
strains of %10-l5%. above this brittle-ductile transition, little

fracture or faulting is present (on the scale of the sample);
the stress-strain curve shows work hardening and the strains
are more or less homogeneously distributed throughout the
sample (at least in the scale of tens of microns). Inspection
of Figure 1 shows the envelope to be nearly linear, except at
low pressures, with a slope of about 0.67. There is no indica-
tion of a decrease in slope, even at the highest pressure; the
mean pressure where this material approaches a von Mises
solid is unknown. The limiting shear strength is probably in
the 20-25 kbar range. The lower portion (non-linear region)
is shown at an expanded scale in the top insert. The tensile
strength, as determined from Brazil tests, seems to be mod-
erately high (- 110 bars) and very reproducible.

In addition to the dry data discussed above, several tests
were run at 3-7 kbar confining pressure at 50% saturation;
others were run on rocks in the fully saturated state. Com-
parison of all data in Figure 1 shows that the fully saturated
sandstone is very much weaker and more brittle than its dry
counterpart; in fact the wet shear strength is only about 'A

of the dry value (Table 2). This behavior is to be expected
for this type of rock and is well documented in the litera-
ture.8 The several samples tested in the 50%-saturated state
behaved very nearly the same as the dry sandstone (Figure 1,
Table 2). This occurs because at confining pressures ranging
to 7 kbar, the solid matrix framework does not fully col-
lapse to eliminate the initial 50%-gas-filled porosity. For this
degree of saturation and a porosity of 8%, collapse would be
expected at approximately 30 kbar mean pressure. At this
point, the level of the failure envelope should decay to some
lower value.

HYDROSTATIC PRESSURE-VOLUME CHARACTER ISTICS

The pressure-volume (P-V) hydrostats for Wagon Wheel
sandstone have been determined for rock from the 8945-foot
and 10,237-foot levels. Compressibility data for the 8945
foot material are shown in Figure 2; P-v data integrated
from the compressibilities and the initial density of 2.5 12
g/cm3 are shown in Figure 3 and Table 3. These data are on
50%-saturated rock containing 1.2% H2 0. At overburden
pressure for the Wagon Wheel rocks (about 750 bar) the
compressibility is 4.9 Mbar t , in good agreement with well
logs* and with compressibilities determined from principal
strain measurements. The sandstone is about 10% compres-
sible to 39 kbar and exhibits "'-'% irreversible compaction
on unloading.

The data in Figure 2 were taken with several samples
and reasonable agreement is noted. The hydrostatic volume
compressibilities are computed as f0vol = 3 f32 where f32 is the
linear compressibility in the direction normal to the bedding.
If the rock is not entirely isotropic, there will be some error
in the volume compressibilities.

Reliable compressibilities were not obtained upon un-
loading below 3 kbar and thus the data shown in Figure 1
involve a short extrapolation to zero pressure. It should be

*Birdwell velocity log
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mentioned that reliable data were not obtained with the
quasihydrostatic apparatus below 10-15 kbar for any of the
Wagon Wheel samples. These points are not shown in Fig-
ure 2 or in Figure 4 (see below).

Compressibility data for the 10,237-foot sandstone are
shown in Figure 4, and the integrated P-V data are given in
Figure 5 and in Table 4. This rock was also 50% saturated
and contained 1.0% H2 0. At overburden pressure the com-
pressibility is 5.0 Mbar-1 , slightly higher than for the
8945-foot sample but still in fair agreement with the logs
and with our other strain measurements. This rock is 10-15%
more compressible at high pressures than is the 8945-foot
sample, in accordance with the lower initial density of the
10,237-foot sample (2.45 vs 2.48 g/cm 3). The initial poros-
ity is higher and thus one would expect the rock to be more
compressible. The irreversible compaction upon loading from
high pressure is 1 .3% for the 10,237-foot sample, compared
to 1% for the 8945-foot material, further supporting the
higher initial porosity of the 10,237-foot samples.

At high pressures the porosity is expected to decrease
due to inelastic failure of the rock around the open pore.
One then expects that the specific voluines of rocks with
similar mineralogy but different porosities will approach one
another. In fact the specific volumes of the two rocks would
be identical at 35 kbar if an initial density of 2.475 were
assumed for the 10,237-foot sandstone.

Figure 6 displays the compressibilities determined for
10,237-foot samples from measured principal strains to
approximately I kbar. The different compressibilities in, and
normal to, the bedding plane show, as is expected, that the
rock is anisotropic in its deformation characteristics. The
degree of anisotropy in hydrostatic compression is about 5%
up to these pressures, however; independent evidence6 sug-
gests that at higher pressures it is even less. The curves all
show a marked leveling-off of the sharp decrease in compres-
sibility at around 500 bar; this is believed to represent the
return of the rock to overburden pressure, implying a certain
amount of fracture-produced volume which was induced
when the sample was recovered. The initial increase in com-
pressibility is indicative of the progressive collapse of frac-
tures and voids as their individual strengths are overcome.

LABORATORY ACOUSTIC VELOCITIES AND
DERIVED ELASTIC MODULI TO 10 kbar

All samples were treated as being transversely aniso-
tropic and the complete elastic constant matrix as a function
of pressure was determined from acoustic velocity measure-
nments for the siltstone (8999 feet) and for the two sand-
stones (10,237 feet and 1 1,060 feet). The axis of principal
symmetry is taken normal to the plane of the bedding, and
five independent velocities are measured to 10 kbar. The
results for the 10,237-foot sandstone are shown in Table 5,
where the principal axis is 3, minor axes are 1 and 2 in the

isotropic plane, and a simplified suffix notation (12 -+ 6, 13
-+5, 23 -+ 4, 33-+3, 22 -+2, and 11 +÷ 1) is used to simplify
the ij and kQ suffixes in the elasticity equation

i = Cijk2ekv-
Densities are determined by continuously integrating the
computed bulk modulus. As expected the rock is stiffer (i.e.,
its elastic constant is higher) in the bedding plane (C1 , ,
C6 6 ) than across it (C3 3 , C 44 ) and this relationship holds to
10 kbar. However, there is a significant decrease in this
anisotropy with pressure as reflected in the elastic constants
reduced to individual moduli (E1 1, E3 3; f31, f33; ",~'12 '#31)-

The velocities determined in the laboratory at 800 bar (near
overburden) are somewhat higher than the well log veloc-
ities*; i.e., compare Vp = 4.89 with Vp = 4.65 km sec-1 and
VS = 2.97 with VS = 2.32 km sec-1. This is not unexpected
since the travel path in the laboratory is some 27.0 mm
compared with 5.35 m in the well hole. Thus, large fractures
and joints present in-situ (and not present in laboratory
samples) would retard travel-times over those in the more
homogeneous rock mass. In addition, imperfections induced
by drilling would further add to this effect. Again as expect-
ed, the moduli derived from velocity measurements are
higher than those measured directly; i.e., compare an acous-
tic 13vol = 3.325 Mbar-1 at overburden with the value 25.l
Mbar-1 in Figure 6. This is a well-known manifestation of
cracks and fractures at low pressures, since the acoustic wave
is insensitive to a finite percentage of these flaws which, as
they close, are significant to the real moduli. Thus at higher
pressures the two differently-determined values approach one
another (Figure 6 and Table 5).

Tables 6 and 7 illustrate similar results for the siltstone
(8999 feet) and the sandstone (II ,060 feet) and one may
draw analogous conclusions. Table 8 shows the velocities de-
termined normal to the bedding for the 10,179-foot sand-
stone sample and the moduli derived therefrom. Significant-
ly, these data show that this material is similar in its elastic
properties to the sandstones from other depths.

CONTROLLED STRESS-STRAIN LOADING PATHS

The stress-strain properties in non-hydrostatic loading
were extensively examined for two rock-types, the sandstone
from 10,237 feet and the siltstone at 8999 feet. In addition
the sandstone from 10,179 feet received limited attention.
Figures 7 and 8 show the results obtained in normal triaxial
loading at 1 kbar confining pressure. The rock has been load-
ed and unloaded several times to determine in some detail its
characteristic moduli at various shear-stress states, both on
increasing and on decreasing pressure. At these confining
pressures (similar to overburden) the rock shows no evidence
of the dilation characteristic of the onset of large-scale frac-
turing. In contrast, in an atmospheric confining pressure test,
the rock showed evidence of dilation at approximately 500
bar a1 - a3 , and continued to dilate until it failed at 1 .6
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kbar. At 1 kbar confining pressure the rock shows an in-
crease in volume only within several hundred bars of failure
(%95% of failure stress). The initial loading moduli (a, - a3
= 100 bar) from Figures 7 and 8 are p 0.206 Mbar, i' = 0.13,
and an effective K = 0.2 12 Mbar. With increasing axial load
p becomes 0.110 Mb and v = 0.26 at 3.2 kbar a, - 03; as
Figure 8 shows this trend is reversed on unloading. This lat-
ter feature presumably represents internal friction within the
sample, which causes a hysteretic effect by preventing the
immediate relaxation of deformation along cracks and frac-
tures and around grain boundaries. Considering the nature of
the rock, deformation by movement of individual grains
probably accounts for the most of the non-linearity shown
in Figure 7 and in all other triaxial tests on this material.
The magnitude of this effect is noticeably dependent on con-
fining pressure, which serves to reduce both curvature and
hysteresis.

Upon initial loading at a confining pressure of I kbar,
the siltstone from 8999 feet gave a p = 0.157 Mbar, v =

0.13, and an effective K = 0.181 Mbar. At a, - a3 of 3.2
kbar the rock had deformed sufficiently to give p 0.096
Mbar and v = 0.29, with an effective K = 0.200 Mbar. The
sandstone from the 8945-foot level is very nearly identical to
the 10,237-foot material, although slightly more resistant to
deformation: p = 0.201 Mbar, v = 0.12, and the effective K
= 0.208 Mbar on initial loading at I bar confining pressure.
This observation is in agreement with the previously men-
tioned results obtained for the two rocks on hydrostatic
loading.

Figures 9 and 10 show the results of a one-dimensional
strain (er = 0) loading experiment carried out from I kbar
confining pressure on the sandstone from 10,237 feet. This
experiment simulates stress-strain conditions during the pas.-
sage of a plane shock wave front, although at strain-rates not
even remotely comparable. It is noteworthy that this loading
path does not appear to intersect the failure envelope, and in
fact departs from it at high shear stress. The initial loading
along this path yields values for the moduli of p = 0.200
Mbar, v = 0.14, and an effective K = 0.222 Mbar, in excel-
lent agreement with initial values determined in triaxial load-
ing. As the rock deforms the effective moduli change; at 4
kbar a, - 03 p = 0.145 Mbar and v = 0.19; at 7 kbar end
load pressure p = 0.059 Mbar and v = 0.3 1. The change in
these values reflects the inelastic deformation of the rocks.
Several unloading paths were considered and executed after
the peak of the one-dimensional strain loading curve was
reached. Figures 9 and 10 show the results obtained on one-
dimensional unloading. The pronounced hysteresis is again
representative of internal friction within the rock. In another
test, as an extreme unloading path, it was assumed that par-
ticle velocity would remain constant behind the shock wave.
This forces the unloading path in the direction of the failure
surface.

In order to determine the effect of water on the loading
moduli, a one-dimensional strain loading experiment was
carried out on a 50%-saturated sample. No effect on loading
moduli was observed, in agreement with the yield strength
data.

The siltstone (8999 feet) showed initial loading moduli
of p = 0.154 Mbar, v = 0.12 and an effective K = 0.178
Mbar. At 3 kbar Uj - a3 extensive inelastic deformation had
taken place, and p = 0.106 Mbar, v = 0.27, and the
effective K = 0.197 Mbar.

CONCLUSIONS

From the data obtained we believe that we have enough
information to adequately characterize the media involved.
Various stress-strain states yield concordant results. Thus, for
instance, we may state with a high degree of confidence that
the initial deformation moduli for the sandstone from
10,237 feet are p 0.200 Mbar, v 0.13, and K 0.210
Mbar. Other sandstones (8945 feet and 11 ,060 feet) are sim-
ilar in their deformational properties. These moduli change
with stress, the change being dependent on the exact loading
path and on the level of applied shear stress. With increasing
shear stress, the shear modulus decreases and Poisson's ratio
increases as the material deforms. Significantly, there appears
to be little or no purely elastic region under shear stress in
any of the samples studied: the shear stress-shear strain plots
show no linear behavior. This reflects the internal fabric of
the rock composed of grains surrounded by a fine detrital
maatrix consisting largely of sheet-silicate minerals, allowing
the grains to move quite easily relative to one another on
the application of a small shear stress. Optical observations
reveal that very little fracturing occurs in the samples from
these tests.' The high percentage of quartz grains in the
sandstones is reflected in the low initial value of Poisson's
ratio. Specifically, this indicates a high value of the shear
modulus relative to the bulk modulus and is characteristic of
sandstones with high quartz content. Detrital quartz grains
are usually less well rounded than any of the other common
detrital materials and tend to form interlocking networks
which present a relatively high initial resistance to shear
stress. In pure quartzite sandstones this resistance is main-
tained at very high shear stress, but due to the nature of the
matrix material we are considering, these sandstones very
quickly begin to deform inelastically.

Triaxial compression tests on the sandstone from 10,237
feet show macroscopic brittle behavior at all confining pres-
sures up to "-3 kbar. That is, the stress-longitudinal strain
curve after the yield point showed sharp discontinuous
changes in slope which could be visually correlated with
through-going tensile- and shear-failure surfaces in the test
sample. At confining pressures greater than '\.4 kbar the
material was ductile. Here, the stress-strain curves showed a
monotonically decreasing slopes after the yield point, with
various degrees of work hardening, depending upon pressure.
Microscopic failure of the rock (at the highest pressures) was
by homogeneously-distributed fracturing of the brittle quartz
grains. Plastic flow occured in the weaker matrix material.
No through-going tensile or shear fracture or faulting was
observed in this behavioral region.

The failure surfaces in shear stress-mean pressure space
were constructed for the dry, 50%-saturated and fully-
saturated sandstone. Both dry and 50%-saturated material
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yield failure surfaces which are nearly linear, with a transi-
tion from brittle to ductile behavior near 6 kbar mean pres-
sure. The fully saturated material is very much weaker-.

There is difficulty in getting the rock to fracture along
one-dimensional loading paths, in triaxial tests at confining
pressures greater than about 3 kbar, and upon unloading
while still in compression. This would seem at first to indi-
cate that fracturing would not be expected on a large scale
as a result of a nuclear detonation. However, there are two
factors which increase the probability of fracturing. First,
under shock-loading, strain rates are much higher (%l04
sec- t) and inelastic deformation is reduced, due mainly to
inertial effects. This may result in loading closer to the fail-.
ure surface. Second, upon unloading from any point on a
one-dimensional loading path, one principal stress (either
compressive or tensile) may become small, thus inducing un-
loading fractures in the material. Under shock loading, the
quartz matrix of the sandstone may fail at mean pressures
less than the calculated value of 30 kbar (based upon 50%
fluid saturation and 8% porosity, as noted above) due to
intersection of the (postulated) steep Hugoniot loading path
with the higher strain rate failure envelope. However, failure
of the rock by shock loading is an unknown quantity at
present, since no Hugoniot elastic limit has yet been deter-
mined for any Wagon Wheel sandstone.
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Table 1.
Summary of Wagon Wheel rocks used in EQS measurements.

Depth (ft)

8944.6 - 8945.5
8998.2 - 8999.5

10178.6 - 10179.7
10236.5 - 10237.8
11060.1 - 11061.6

Log descriptiona

very fine-grained sandstone
siltstone
medium-grained sandstone
fine-grained sandstone
medium grained sandstone

Zero pressure
density (g cm-3 )

2.5 1
2.60
2.40
2.45
2.43

aEl Paso Natural Gas Co., lithologic log.
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Percent
H2 0

1.2
0.8
1.6
1.0



Test type

Brazil
Brazil

Triaxial
Triaxial
Triaxial
Triaxial
Triaxial
Triaxial
Triaxial
Triaxiala
Triaxialb
Triaxial
Triaxial
Triaxial
Triaxial
Triaxial
Triaxiala

Table 2.
Summary of failure test data, Wagon Wheel No. 1, 10237-ft samples.

Uj 02 03

(kbar) (kbar) (kbar) Behavior(

0.33
0.33
1.41
1.64
1.60
6.33
9.35

12.58
11.92
11.30
6.14

15.87
19.55
18.84
23.35
25.84
26.20

a 50% of pore volume filled with water .
bPore volume fully saturated with water.

Pressure vs V/V 0 for Wagon Wheel sandstone,
V 'O

Unloading
from

(kbar) ILoading 1 kbar

Table 3.
8945 ft. p0

Unloading
from

39 kbar

2.512 g/cm 3. 50% saturated. 1.2 wt-% water.
v(cm

3 g)

Unloading Unloading
from from

I.oading 1 kbar 39 kbar

0.9097? 0.99047 0.30809 0.39798 0.39430

0.98619 0.39538 0.39259
0.39360

0.97848 0.39195 0.38952
0. 39040

0.97162 0.38894 0.38679
0. 387 55

0.96543 0.38622 0.38433
0.95976 0.38369 0.38207
0.95439 0.38133 0.37993
0.94928 0.37908 0.37790
0.94442 0.37694 0.37596
0.93976 0.37491 0.37411
0.93532 0.37297 0.37234
0.93107 0.37113 0.37065
0.92701 0.36937 0. 36903

0.92312 0.36770 0.36748
0.91934 0.36610 0.36598
0.91567 0.36457 0.36452
0.91212 0.36311 0.36310
0.90864 0.36172 0.36172
0.90530 0.36039 0.36039

0.90211 0.35912 0.35912

0.89909 0.35792 0.35792

0
0
0
0
0
1.00
2.00
3.00
3.00
3.00
3.00
4.00
5.00
5.00
6.00
7.00
7.00

-0.11
-0.11
0
0
0
1.00
2.00
3.00
3.00
3.00
3.00
4.00
5.00
5.00
6.00
7.00
7.00

Brittle
Brittle
Brittle
Brittle
Brittle
Brittle
Brittle

Transitional
Transitional
Transitional

Brittle
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile

kbar)

0.22
0.22
0.70
0.82
0.80
2.65
3.68
4.79
4.46
4.15
1.57
5.94
7.28
6.92
8.68
9.42
9.60

(kbar)

0.07
0.07
0.47
0.55
0.53
2.78
4.45
6.19
5.97
5.77
4.05
7.96
9.85
9.61

11.78
13.28
13.40

0

0.05

0.1
0.15
0.25
0.5

0.75

2

3

4

5

6

7

9

11

13
15

17
19

21

23

25

27

29

31

33

35

37

39

1 .000
0.99958

0.999 16

0.99860

0. 997 50

0.9957 5

0.993 19

0.98872
0 .9 84 58
0. 98068
0.97702
0. 973 52
0.970 18
0.96383
0.957 90

0.95225
0. 946 87

0. 94177

0. 936 90

0. 93228
0. 927 86

0. 92366
0.91964
0.9 1580

0.91213
0.90864
0.90 530

0.90211

0. 89909
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Table 4.
Pressure vs. V/V0 for Wagon Wheel sandstone, 10237 ft. p0 = 2.45 to 2.48 g/cm3 .

50% saturated. 1.0 wt. - % water.

v/v0

p
(kbar)

0
0.05
0.1
0.15
0.25
0.5
0.75

1 .5
2
3
4
5S
6
7
9

11l
13
1 5
17
1 9
21
23
25
27
29
31
33
35
37

Unloading
from

1 kbar

0.99940

0.99795

0.99661
0.99521
0.994 12
0.99292

Table 5.
Velocities and elastic constants to 10 kbar, Wagon Wheel No. 1, 10237 ft.

11 66 U33 44 13 12 ii ~33 v12 v13 v31 (6'cm3 1 11 333 Ivol ~Pl1 VS 2 VP3 3 'S31

0.00 0.428 0.155 0.379
0.10 0.476 0.171 0.414
0.20 0.519 0.187 0.457
0.30 0.556 0.204 0.500
0.40 0.581 0.214 0.528
0.60 0.599 0.220 0.563
0.80 0.612 0.224 0.585
1.00 0.622 0.227 0.596
1.50 0.640 0.231 0.616
2.00 0.655 0.234 0.624
3.00 0.672 0.238 0.642
4.00 0.682 0.241 0.655
6.00 0.703 0.245 0.612
8.00 0.721 0.147 0.702

10.00 0.730 0.248 0.722

0.148
0. 157
0.17 1
0.185
0.201
0.208
0.216
0.220
0.225
0.228
0.2:12
0.23 5
0.21!)
0.241
0.244

0.106

0.101

0.091
0.102
0.119
0.147
0.143
0.148
0.148
0.1 55

0.16!)
0.179
0.18

0.20 2

0.22:1

0.118
0.136
0.146
0.149
0. 154
0. 159
0.164
0.16!)
0. 17!)
0.1117
0. 196

0.201
0.213
0.227
0.233

0.379 0.338 0.221 0.217
0.427 0.380 0.245 0.184
0.468 0.432 0.255 0.149

0.505 0.471 0.239 0.155
0.523 0.489 0.229 0.174
0.535 0.506 0.215 0.204
0.548 0.532 0.224 0.190
0.556 0.541 0.225 0.193
0.571 0.562 0.237 0.183
0.580 0.567 0.242 0.18
0.511 0.576 0.241 0.200
0.597 0.5113 0.240 0.206
O.ill 0.605 0.248 0.207
0.61!) Ol.l5 0.255 0.215
0.620 0.61!) 0.248 0.212

Unloading
from

37 kbar

0.98744

Loading

1.000
0.99938
0.99877
0.998 18
0.997 16
0.99547
0.99415
0.99292
0.99057
0.98831
0.98399
0 .97988
0.97591
0 .97 205
0.96827
0.96095
0.95394
0.94722
0.94081
0.93468
0 .92885
0.92330
0.9 1802
0.9 1 302
0.90829
0 .90386
0.89968
0.89575
0 .89208
0.88867

0.982 19

0.97803
0.97403

0.96649

0.95947
0 .95 288
0.94668
0.94081l
0.93524
0.92995
0.92491
0.920 12
0.91555
0.91 121
0.90707
0.90309
0.89926
0.895 59
0.89205
0.88867

Pres -

(kbar)

0.194
0.164
0.137
0.145

0.163
0.113
0.184

0.1117
0. 180

0. 184
0. 195

0.203
0.205

0.2 14
0.2312

2.440

2.441

2.442

2.443

2.444

2.44)1

2.448

2.449

2.453

2.4 57
2.4i5
2.47 2

2.486
2.500

2.51:1

1.481
1.338
1.274
1.201

1137
1.085
1 .069

1 .048

1.016

0.981

0.9411
0.925

0.812

0.856

0. 11 :1

1.813

1.766
1.680

1.510

1.380

1.212
1.187
I . 157
1.137
1.114
1 .059

1 .020

0.)76
0.931

0. 8;7

4.775

4.441

4.228

3.911

3.6 53
3.382

3.325

3.252

3.170

3.079

2.951

2.871

2.760

2.6 43
2.543

4.189

4.4 27

4.609

4.772

4.87 5
4.950

5.002

5.040

5.108

5.162
5.221

5.254
5.3 18
5.369
5.388

2.523

2.649

2.764

2.889

2.056

3.000

3.025

3.042

3.067

3.084

1. 108

3.120

3. 110

3.141

3.144

3.941

4.116

4.325

4.525

4.648

4.7 96
4.887

4.933

5.009

5.041

5.103

5.149
5.237
5.298
5.361

2.46 5
2.534

2.643

2.7 53

2.867

2.913

2.97 2

2.996

3.031

3.048

3.070

3.084

3.099

3.108

3.118

4.067

4.203

4.344

4.528

4.6 93

4.834

4.897

4.943

4.999

5.04 5

5.116

5.162
5.221
5.282
5.344



Table 6.
Velocities and elastic constants to 10 kbar, Wagon Wheel No. 1, 8999 ft.

Pres-

(kbar) 11 66 33 44 13 12 E1 E33 v12 v13 v31 p (gcm- ) ~ 33 Oo VP V
1
S12 \p33 XS3I P45*-3

0.00 0.503 0.204 0.479 0.179 0.079 0.095 0.476 0.458 0.167 0.137 0.132 2.600 1.462 1.608 4.532

0.20 0.531 0.210 0.503 0.190 0.086 0.112 0.498 0.481 0.188 0.139 0.134 2.602 1.351 1.525 4.227

0.50

1.00

2.00

3.00

4.00

5.00
6.00

7.00

8.00

9.00

10.00

0.56 1
0.607
0.673
0.7 14
0.74 5
0.774
0.796
0.8 17

0.836
0.857
0.87 8

0.219
0.23 2
0.244
0.251
0.256
0.262
0.267
0.27 2

0.277
0.281
0.286

0.527
0.56 2
0.6 20

0.663
0.702
0.7 36

0.760
0.782
0.803
0.8 23

0.801

0.200
0.211
0.227
0.236
0.243
0.249
0.2 54

0.2 59
0.263
0.269
0.274

0.090
0.099
0.139
0.164
0.180
0.20 1
0.228
0.247
0.253
0.254
0.27 3

0.123 0.525
0.143 0.563
0.185 0.606
0.212 0.630
0.232 0.649
0.251 0.665
0.263 0.676
0.273 0.687
0.283 0.702
0.295 0.719
0.306 0.727

0.503

0.536
0.57 5
0.605
0.636
0.6 57

0.662
0.670
0.689
0.7 12

0.67 5

0.197
0.212
0.23 9
0.255
0.266
0.27 2
0.267
0.264
0.269
0.27 9
0.272

0.138

0.139
0.170

0.184
0.189
0.199

0.220
0.233
0.230
0.222
0.248

0.132
0.132
0.162

0.177
0.185
0.197
0.215
0.227
0.226
0.2 20
0.23 1

2.696

2.611

2.620

2.621

2.63 5
2.642

2.648

2.655

2.661

2.667

2.872

I .268

1153
0.975
0.891
0.840
0.795

0.759

0.733
0.7 14
0.694
0.660

1.462
1.372
1.177
1 .068

0.992
0.924
0.861
0.816
0.796
0.73G6
0.799

3.997

3.678

3.126

2.851

2.67 2
2.514

2.378

2.281

2.225

2.175

2.119

4.397 2.800 4.291 2.626

4.518 2.839 4.399 2.701

4.642 2.900 4.499 2.767

4.822 2.982 4.641 2.846

5.070 3.054 4.865 2.942

5.213 3.090 5.024 2.999

5.318 3.120 5.163 3.040

5.411 3.146 5.277 3.068

5.484 3.174 5.357 3.094

5.547 3.200 5.427 3.121

5.605 3.224 5.494 3.146

5.670 3.247 5.557 3.173

5.732 3.270 5.474 3.202

Table 7.
Velocities and elastic constants to 10 kbar, Wagon Wheel No. 1, 11060 ft.

Pres-

(kbar) 11 U66 33 44 13 12 E1 E33 v2 v3 31p (g'mu) 1 33 ~vo1 P11 S1 1.33 S131 VP45*-3

0.00 0.429 0.159 0.400 0.110 0.098 0.111 0.386 0.364 0.214 0.193 0.182 2.430 1.537 1.746 4.820 4.200 2.559 4.058 2.568 4.141

0.10 0.472 0.169 0.421 0.166 0.092 0.135 0.423 0.393 0.254 0.164 0.152 2.431 1.377 1.772 4.525 4.408 2.634 4.161 2.614 4.236

0.20 0.512 0.179 0.455 0.179 0.078 0.154 0.459 0.437 0.282 0.123 0.117 2.432 1.297 1.754 4.347 4.588 2.712 4.326 2.713 4.351

0.40 .0.555 0.194 0.532 0.146 0.128 0.16G 0.489 0.486 0.258 0.179 0.178 2.434 1.132 1.326 3.629 4.774 2.826 4.673 2.841 4.675

0.60 0.575 0.204 0.559 0.205 0.132 0.168 0.510 0.513 0.251 0.176 0.177 2.43G 1.124 1.259 3.506 4.858 2.892 4.792 2.901 4.770

0.80 0.586 0.208 0.576 0.209 0.136 0.171 0.520 0.528 0.250 0.176 0.179 2.436 1.104 1.216 3.424 4.903 2.919 4.862 2.926 4.823

1.00 0.594 0.211 0.588 0.212 0.142 0.173 0.526 0.536 0.248 0.181 0.185 2.439 1.087 1.176 3.350 4.935 2.939 4.912 2.946 4.868

2.00 0.612 0.217 0.617 0.214 0.170 0.177 0.535 0.544 0.230 0.212 0.215 2.447 1.043 1.046 3.132 4.999 2.980 5.022 2.993 4.996

3.00 0.629 0.221 0.630 0.223 0.194 0.186 0.541 0.537 0.222 0.240 0.238 2.455 0.994 0.974 2.962 5.063 3.003 5.065 3.017 5.085
4.00 0.642 0.224 0.640 0.226 0.215 0.194 0.544 0.530 0.213 0.264 0.257 2.462 0.960 0.917 2.838 5.108 3.018 5.100 3.030 5.152
5.00 0.653 0.227 0.650 0.228 0.231 0.200 0.547 0.524 0.206 0.283 0.271 2.469 0.935 0.873 2.743 5.144 3.030 5.131 3.039 5.205

6.00 0.664 0.230 0.656 0.230 0.243 0.205 0.551 0.520 0.201 0.296 0.279 2.476 0.913 0.849 2.675 5.180 3.045 5.146 3.047 5.243

7.00 0.674 0.232 0.662 0.232 0.255 0.210 0.554 0.514 0.194 0.311 0.289 2.482 0.893 0.822 2.607 5.212 3.057 5.162 3.054 5.282
8.00 0.685 0.235 0.669 0.233 0.257 0.215 0.563 0.522 0.198 0.308 0.286 2.489 0.877 0.821 2.576 5.245 3.073 5.184 3.059 5.300
9.00 0.694 0.238 0.676 0.234 0.254 0.218 0.573 0.535 0.205 0.298 0.278 2.495 0.866 0.829 2.561 5.273 3.087 5.206 3.062 5.306

10.00 0.700 0.241 0.682 0.235 0.247 0.219 0.583 0.549 0.212 0.286 0.269 2.502 0.862 0.841 2.565 5.290 3.102 5.222 3.063 5.302

Table 8.

Velocities normal to bedding and derived elastic constants to 10 kbar
Wagon Wheel No. 1, 10179 ft.

Pressure
(kbar)

0.000
0.10
0.20
0.30
0.40
0.60
0.80
1.00
1.50
2.00
3.00
4.00
6.00
8.00

10,000

p(gcm- 3 )

2.400
2.402
2.403
2.404
2.405
2.407
2.409
2.411
2.415
2.420
2.428
2.436
2.45 2
2.467
2.482

Vp

3.58
3.54
4.17
4.31
4.51
4.65
4.71
4.75
4.82
4.85
4.90
4.94
5.01
5.05
5.09

VS

2.28
2.43
2.61
2.70
2.76
2.89
2.89
2.91
2.95
2.96
2.98
2.99
3.01
3.02
3.04

K

0.142
0.164
0.182
0.213
0.244
0.260
0.266
0.27 1
0.28 1
0.286
0.296
0.3 15
0.3 19
0.327
0.335

p

0.124
0.142
0.167
0.175
0.184
0.194
0.20 1
0.204
0.2 10
0.2 13
0.2 15
0.2 18
0.222
0.226
0.230

1)

0.161
0.164
0.152
0.178
0.198
0.200
0.199
0.199
0.200
0.202
0.207
0.212
0.2 18
0.220
0.222

E

0.289
0.331
0.377
0.412
0.441
0.468
0.481
0.490
0.505
0.5 11
0.520
0.527
0.540
0.551
0.561

4.225

4.346

4.4 54
4.604

4.862

5.022
5.137
5.244
5.344
5.426

5.480
5.530
5.57 5
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SECTION F
PART I

ROCK MECHANICS TESTS ON WAGON WHEEL SANDSTONE

By

H. R. Pratt*, R. M. Griffin**, and A. D. Black**

INTRODUCTION

The test results reported here were made on a core
sample of sandstone from the 10180.4 - 10181.0 feet
interval in the Wagon Wheel No. 1 well. The core was
supplied by El Paso Natural Gas Company. .A testing pro-
gram was outlined to define the failure envelope compression
characteristics and certain related rock characteristics for the
rock supplied.

APPARATUS

Two servo controlled hydraulic presses are used to
generate the axial and radial stresses. One press contains the
confinement pressure generating vessel and the other press
contains the test vessel. An Offner model 504A six channel
recorder records the confining pressure, the axial load, and
the axial and circumferential strains. A servo control panel
permits the operator to preselect the stress state condition
for the test. The test vessel is constructed by pressing two
tapered SAE 4340 steel (RC5O) cylinders together with a
diametrical interference of 0.012 inch. A mild steel safety
ring is then pressed over this assembly.

The specimen rests on a base plug which permits the
electrical leads to pass from the vessel to the outside via
insulated steel cones. The load cell is mounted directly on
top of the specimen and internal to the pressure vessel. This
eliminates the need to correct for friction effects in the
upper seal which is necessary when loads are measured
external to the test vessel. Since the influence of pressure on
the load cell strain gages is small and easy to calibrate, this
method of measurement minimizes the uncertainties in the
axial stress readings.

The confining fluid, generally kerosene, enters the vessel
through a small hole in the upper piston through which the
press transmits the axial load. Seals are provided at the base
plug and the upper piston. The type of seal used was
determined by the operating pressure from the test. At high
confinement pressure (100,000 psi) a combination of poly-
urethane 0-ring backed by a machined wedge shaped poly-
ethylene seal proved quite satisfactory.

The pressure generating vessel is of similar construction,
but with a uniform inner bore. A piston is forced into the
cylinder and forces the confining fluid out through a small
hole in the piston, through Harwood high pressure tubing

and into the test vessel. A manganin coil used to measure
the confining pressure is located in the pressure generating
vessel and leads are taken from the vessel with a base plug.
Since the tests are quasi-static and the confinig fluid has a
low viscosity, locating the pressure coil in the pressure
generating vessel rather than the test vessel does not detract
from the accuracy of the pressure measurement.

TEST PROCEDURE

The specimens are removed from the rock sample with a
Y4 inch diameter diamond core drill and sawed to a length of
1 '/ inches. The ends are ground flat and parallel to within
0.0005 inch. Specimens not requiring strain gaging are put

in %/ inch thick tygon tubing and steel tabs are wired on
both ends to seal the kerosene from the rock.

The strain gages for internally instrumented tests were
initially bonded directly on the rock. However, these gages
failed due to large pores in the rock to which the gages were
applied. When a hydrostatic pressure was applied to the
specimen, the foil of the gages was forced into the pores
causing it to fail. In two of the specimens, this problem was
alleviated by filling the surface pores with a low viscosity
eoxy, allowing it to cure, and attaching the strain gages. On
the other two strain gaged specimens, a 0.004 inch thick and
0.001 inch undersized aluminum sleeve were press-fit onto
the specimen and the gages attached to it. The influence of
the thin metal jacket on the strain readings has been found
to be negligible by performing a plane strain elastic analysis.

Once the strain gages are attached to the specimen, it is
sealed in tygon like the ungaged specimens, except the holes
where the strain gage leads come out of the tygon must be
sealed with RTV rubber to prevent leakage.

The strain gage leads from the load cell and specimen
are then soldered to the seal cones and the assembly inserted
into the vessel. The test vessel and pressure generating vessel
are filled with kerosene using a small hand pump which can
be isolated from the system during the test with a valve. The
confining pressure, stress ratio or strain ratio desired for the
test is then set on the servo control panel and the hydraulic
pump is started. Data displayed on the Offner recorder gives
a clear indication of the stress and strain conditions in the
vessel and provides the operator with a visual display of the
test parameters. A normal test requires one or two minutes

*Manager, Applied Geosciences, Terra Tek, Inc., Salt Lake City, Utah
**Engineers, Terra Tek, Inc., Salt Lake City, Utah
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for completion. The axial strain rate used is approximately
I0-4 /second.

EXPERIMENTAL ACCURACY

Considerable care has been taken to assure accurate and
meaningful test results. In early test programs, the confining
fluid often leaked into the specimen, resulting in a decrease
in fracture strength. However, as specimen preparation tech-

niques have improved, this type of problem occurs only
rarely.

The instrumentation is calibrated periodically to assure
it is functioning properly. A V%% 100,000 psi Heise pressure
gage is used to calibrate the manganin pressure coil. The coil
has exhibited consistent reproducibility and linearity
throughout the tests. The Offner recorder is calibrated

periodically against a Fluke Model 825AR differential volt-
meter. The input voltage to the bridge circuits is provided by
power supplies in the Offuer whose output is checked at
each test by internal precision resistors. The stress and strain
levels are calculated from the strain gage outputs utilizing
the known gage factors.

Accuracy of the confining pressure is estimated at Y%.
The axial stress is estimated accurate within 2%. The com-
parison of the traces of axial stress and confining pressure
from the recorder show that the servo system maintains the
strain ratio constant within 1% or the confining pressure
constant within 1%, depending on the type of test being
conducted. One of the difficulties with using strain gages on
rock specimens is that the gages measure strain over the area
covered by the gage. If a local discontinuity occurs under
the gage. the reading may be atypical. This effect is partic-
ularly pronounced as the rock begins to fail or deform

significantly. Two techniques are useful in overcoming this

problem: use of small multiple gages to average the effort, or
use of large gages which cover a greater area. Both of these
techniques have been used in other tests, and the use of
large gages appears to give more consistent results. The axial
and circumferential strains have an estimated uncertainty of
3% up to approximately one-half the failure stress, increasing
to 10% near failure, and may be in error by 50% or 100%
right at failure. The volume strain is obtained by adding the
axial strain to twice the circumferential strain. Based on the

previous estimates for individual strains, the uncertainty of
the volume strain is 5% over the first part of the test and
17% near failure.

TEST RESULTS

In reporting the test results, compressive stresses are

positive and strains resulting in a decrease in length are

positive. This is opposite to convention, but useful where the
normal stresses are all compressive. These results are given in

Figures 1 -1 8 and are summarized in Table I.
The triaxial tests run appeared to have failure curves

similar to those in Figure 18. At high confining pressures (4
and 6 kb) the axial load rises to a maximum and levels off as
the specimen is strained. At lower confining pressures (I and

2 kb) the axial load rises to a maximum, drops off quite fast

initially, and then levels out. In the unconfined tests the
axial load rises to a maximum, where the specimen fractures,
and drops to zero.-

Most of the tests were quite good. There were some
instrumentation problems with the axial load recording
equipment at 6 kb confining pressure. But as Figure 18
shows, this loss of data occurred in a region of the test
where the load is constant, so the loss is not very significant.

Another discrepancy is the dilation of specimen
10180.4-F in a 4 kb triaxial test as shown in Figures 6 and
8. The volume strain decreases to the right of the hydro-
static curve before increasing to the left as the rock fails.
One explanation of this is movement of grains under one of

the gages could cause them to give incorrect strain readings.
Another is that the material is "softening" prior to dilation.
This phenomena has been noted in other rock types. The
increasing horizontal strain would reduce this effect on the
data as the specimen fails.

ROCK DESCR IPTION

The rock specimens analyzed would be termed a lithic
sandstone (subgraywacke) according to the classification of
Pettijohn (Table 2).

The rock is a medium gray color with dark colored

opaques and rock fragments giving the specimen a salt and

pepper appearance. The average grain size is approximately
1 -3 mm. There is little detrital matrix present and the
interlocking grains of quartz, chert, rock fragments and
detrital carbonate indicate a relatively mature rock. The
cement appears to be primarily siliceous, but there is some
carbonate cement present. There does not appear to be any
water sensitive constituents such as swelling clays, etc.

The following minerals and rock fragments were iden-
tified in this section. Some were not of significant amount
to be modally present.

Quartz
Chert (quartzite)
Carbonate
Feldspar (plagioclase)
Chlorite
Biotite
Sericite (white mica)

Modal Analysis

Quartz
Chert (quartzite)
Feldspar
Carbonate (calcite)
Rock Fragments
Mica
Matrix (mica, quartz)

Rock fragments
Igneous
Metamorphic (schist, gneiss)
Sedimentary (limestone, sandstone)

Opaque (magnetite)
Sphene

59.5
12.0

12.5
13.5

0.5
2.0

POROSITY

The porosity of the specimens tested is 8.3%. The
porosity was determined by immersing the specimens in the
specified aqueous solution and applying a pressure of
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100 Psi. The porosity is the weight difference expressed in
percent between the saturated sample and dry sample. The
pH of the solution is 6.4.

BULK DENSITY

The bulk density of the rock is 2.367 gm/cm 3 (148 pcf).
Bulk density was determined by accurate measurements of
the volume of a specimen with micrometer and calipers and
subsequent weighing to the nearest 0.1 milligram.

GRAIN DENSITY

T he gr a in de ns i ty o f t he s a mp les i s
2.66 gm/cm 3 (166 pcf) and was determined by calculation
from the modal analysis and average density of mineral and
rock fragment constituents.

TABLE 1

SUMMARY OF TESTS PERFORMED
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U3  Uj-U 3

Ts Spcen Type of Test Max. Max. L/ SeienComments
No. No. Ksi Ksi Max. Fractured

1 10180.8-C Unconfined 0.0 22.4 0.033 x 50% saturated, externally gaged.

2 10180.8-A Triaxial 14.5 59.7 0.158 x 50% saturated, externally gaged.

3 10180.8-B Triaxial 29.0 85.5 0.128 x 50% saturated, externally gaged.

4 10180.8-D Triaxial 58.0 136.0 0.127 x 50% saturated, externally gaged.

5 10180.4-1 Traixial 87.0 210.0 0.223 x 50% saturated, externally gaged.

6 10180.4-E Triaxial 29.0 85.4 0.164 x Dry, externally gaged.

7 10180.4-I Triaxial 87.0 - - x Dry, externally gaged.
Instrumentation problems, test not counted.

8 10180.4-D Triaxial 87.0 177.0 0.116 x Dry, externally gaged.

9 10180.8-F Hydrostatic 14.7 0.0 - 50%.saturated, internally gaged.

10 10180.8-F Triaxial 14.6 68.9 0.173 x 50% saturated, internally gaged.

11 10180.4-F Hydrostatic 59.2 0.0 - 50% saturated, internally gaged.

12 10180.4-F Triaxial 58.0 159.7 0.171 x 50% saturated, internally gaged.

13 10180.4-A Hydrostatic 71.5 0.0 - 50% saturated, internally gaged.

14 10180.4-A 1-D Strain 74.2 105.5 - 50% saturated, internally gaged.

15 10180.4-A Hydrostatic 76.5 0.0 - 50% saturated, internally gaged.
Second hydrostatic run after 1-D strain test.

16 10180.4-C Hydrostatic 76.2 0.0 - 50% saturated, internally gaged.

17 10180.4-C 1-D Strain 75.0 103.6 - 50% saturated, internally gaged.
Initial 1 kb hydrostatic compression on the
1-D strain test.

18 10180.4-B Tension 0.0 0.772 - x Dry, fully strain gaged.

- 19 10 180.4-0 Tension 0.0 0.794 - x Dry, fully strain gaged.



TABLE 2. CLASSIFICATION OF SANDSTONES

Detrital Matrix
4.'.x Prominent (over Detrital Matrix Absent or Scanty (under 15%)

la15%) to Predomi- Voids Empty or Filled with Chemical Cement
Snant. Chemical

Cement Absent

2 E ARKOSIC SANDSTONES
E Feldspathic.,,

graywacke Arkose Subarkose or w
s- C,/ feldspathic d (-)v

Uc { sandstone I

LITHIC SANDSTONES

o .. ' graywacke ou Subgraywacke Protoquartzites 0 -6 A

NC8 Variable; generally <75% > %<9% >95%
a E <75%

SOURCE: Pettijohn, R. J., Sedimentary Rocks, Harper and Brothers, New York,
1957
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A - 1 kb triaxial. Specimen 10180.8-F
B - 4 kb triaxial. Specimen 10180.4-F
C - 1-dimensional strain. Specimen 10180.4-D
D - 1-dimensional strain from 1 kb. Specimen 10180.4-A
E - Hydrostatic. Specimen 10180.4-A
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FIGUR E 6. Comparison of the dilation stress-strain curves for the internally gaged tests.
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SECTION F
PART 2

MATERIAL PROPERTIES OF WAGON WHEEL SHALE FOR SHOCK CALCULATIONS

By

S. J. Green*, R. M. Griffin** and H. R. Pratt***

ABSTRACT

Unconfined and triaxial stress tests were conducted on
dry and saturated shale from El Paso's Wagon Wheel No. 1
well. The material tested is in general a very competent shale
containing stringers of silt and sand, producing local
inhomogeneities which effect unconfined fracture, but do
not significantly effect the behavior at higher mean normal
pressures. Strong sensitivity of deviatoric maximum stress to
mean pressure is observed for dry material, while little
increase in deviatoric strength with pressure occurs for the
fully saturated material. Dilation accompanies distortional
deformation; however, softening or ease of compaction
occurs at small distortional strains, before substantial dilation
begins. In detail, the deviatoric stiffness (apparent shear
modulus) and the pressure-volume relation (compressibility)
are stress state and stress path dependent, while the
deviatoric strength is only stress state dependent.

INTRODUCTION

Mechanical properties of a shale material were obtained
for El Paso Natural Gas Company to be used in shock
calculations to determine rock breakage, and hence increased
permeability, caused by nuclear explosion. The samples
tested were taken from a core at the 10215-10216 foot
depth in El Paso's Wagon Wheel No. I Well, NW/4 Section 5,
Township 30N, Range 108W, Sublette County, Wyoming.
Small samples were dry cored from the large core provided
by El Paso and tested unconfined and confined to pressures
of 6 Kbars. Both dry and fully saturated samples were
tested, parallel and perpendicular to the large core axis.
Petrofabric analysis was made and photomicrographic
observations taken to predict and better understand the
mechanism of fracture.

Similar tests were previously conducted for El Paso on a
large core of sandstone from 10180.4-10181.0 foot depth.
These results are reported in part 1 of this Section.

EXPERIMENTAL TECHNIQUE

Tests were conducted at Terra Tek and at the University
of Utah.2 The techniques are similar, and were described in
detail in the previous El Paso report1 and will therefore only
briefly be covered here.

Specimens 1 .90-cm diameter 0.025 mm were removed
from a 10.2-cm diameter large core, using a thin-walled
diamond core drill and only air as a coolant. Specimens were
ground to 3.81 0.05 cm length with ends flat and parallel
to within 0.013 mm. For triaxial tests, a 0.15 mm thick,
soft aluminum sleeve was shrunk on with a 0.025 mm
interference fit. Strain gages were bonded to the aluminum
jacket, and the specimen was sealed in tygon tubing and
placed in the vessel, shown in Figure 2, using similar tech-
niques to previous tests.12

Previous work by Brown and Swanson2 at the
University of Utah has shown that the soft metal jacket has
little constraining effect on the specimen; however, a hydro-
static compression, to the pressure to be tested, is run first
to seat the aluminum jacket into the rock. A second
hydrostatic compression to the same level is then made,
recording pressure and strain gage signals. Constant pressure
is maintained by servo-controlling a second press, shown in
Figure 2, during compression of the specimen to large
deformation. Fully saturated specimens were sealed in tygon
tubing without strain gages and tested in the manner above.

For unconfined tests strain gages were bonded directly
to the specimens without metal jackets. Tension specimens
were epoxy bonded to aluminum grips, and pulled by pins
through the grips. Tests were made in a stiff, precisely
aligned press shown in Figure 3. Alignment of this press is
accomplished by elastically deforming tublar columns until
no measurable mis-alignment exists. Strain rates for the
unconfined tests were the same as for confined tests, about
i0-4/sec.

For all confined tests the load cell was inside the test
vessel, thus eliminating the problem of seal friction on load
readings. Load readings are estimated to be accurate to '2%
and hydrostatic pressure readings to within 1%. Strain gage
readings are estimated to have an uncertainty of 3% up to
the "yield point" with larger uncertainty at high strains.
Accuracy of the axial strain from external measurements
(saturated tests) is estimated to be 5%.

MATERIAL DESCRIPTION TOWARD MECHANICAL
BEHAVIOR

The rock is a shale to silty shale (Pettijohn, 1957),3
medium gray to black in color, see Figure 4, with light gray

*Manager, Applied Mechanics, Terra Tek, Inc., Salt Lake City, Utah
**Engineer, Terra Tek, Inc., Salt Lake City, Utah

***Manager, Applied Geosciences, Terra Tek, Inc., Salt Lake City, Utah
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stringers of coarser (silt and sand size) detrital material, as
shown in Figure 5. The coarser grained stringers have the
texture and composition of a fine grained sandstone, and
indicate that variation in lithologic character sometimes
occurs over only a few millimeters distance. These stringers
penetrate the shale at orientations ranging from subparallel
to perpendicular with respect to the primary bedding, which
was orientated essentially perpendicular to the core axis.

The following constituents were identified, with the
percents as obtained from a modal analysis.

Quartz 33%
Clay Minerals 34
Mica (biotite,

muscovite, chlorite) 2
Calcite 13
Rock Fragments 14
Chert 3
Opague1

The bulk density is 2.47 +0.01 am/cm3 , and was obtained
by accurate measurement of the volume of a specimen with
a micrometer and subsequent weighing to the nearest 0.1
milligram. Grain density is 2.65 0.01 gm/cm3 , and was
determined by calculations from the modal analysis and the
average density of mineral and rock fragment constituents.

The rock is a composite, as shown in Figures 6 and 7, of
large aggregrate of quartz, calcite and rock fragments (with
an average grain size of .l-.2 mm) surrounded by a fine
grained detrital matrix of clay minerals, quartz, and calcite
grains (of the order of .01 -.03 mm). The matrix material is weak
relative to the larger grains, thereby making the behavior at
low mean normal pressures governed by the strength of the
matrix material. The composition of the matrix is dominated
by clay minerals arranged in a generally preferred direction
(parallel to 001 basal cleavage) to give a weak tensile
strength parallel to bedding; and hence, anisotropic behavior
would be expected at low mean pressure. Siltstone and
sandstone stringers running across bedding will tend to
"bond" together the layers somewhat and cause fracture to
run across beds in some cases. Random orientation of grains
in the plane of the bedding would indicate planar isotropy.

At higher pressures the large grains will carry more of
the load and play a greater role in the overall deformation.
Grain fracture, intergrannular slip and twinning would be
expected; however, the clay-mineral matrix is still the weak
link with fracture occuring mainly in the matrix over the
pressure range tested here.

It is of interest to note the similarity of behavior of
adjacent sandstone material (from large core depth of 10180
feet' and 10237 feet 4 ) from the same well hole. Investiga-
tion of the microstructure of each indicates this is not
obvious, but also suggests that this could be the case. Both
materials are "composites" with similar aggregate but some-
what different matrix materials and somewhat different
aggregate size. The main structural difference affecting
mechanical properties appears to be in the grain size, the
sandstone having larger grains, and in the composition of the
detrital matrix material, which is dominated by clay minerals
in the shale but by quartz, carbonate and rock fragments in

the sandstone. Cementing material in both is predominately
siliceous although there may be some carbonate cement
present.

Investigation of continuous pictures of the large core
indicates that the shale layer tested here ran from 10203
feet to 10217 feet depth. The portion of the core tested,
10215-10216 feet, was near the bottom of the shale layer.

EXPERIMENTAL DATA

Specimens were machined from the large core as illus-
trated in Figure 1, and the tests performed as shown in
Table 1. Perpendicular and parallel refer to specimen axis
relative to bedding (and hence opposite to the axis of the
large core). Compressive stresses are taken as positive and
correspondingly strains resulting in a decrease in stretch are
positive.

Stress-Strain Behavior
The stress-strain curves for unconfined tension and

compression tests are shown in Figures 8 and 9. Maximum
compressive stress is slightly greater for loading perpendicular
to bedding while increased stiffness is shown parallel to
bedding. The difference in strength and diviatoric stiffness,
shear modulus, with direction is not visible in confined tests,
as discussed later.

Bars on the curves indicate uncertainty in data including
error and material scatter over the approximately one foot
of core tested. Specimens were not taken from areas of the
core containing large patches of sandstone, nor were
specimens made from the regions of the large core showing
visible cracks; both of these would undoubtedly increase the
uncertainty in drawing conclusions about the shale's
behavior.

Stress-strain curves for confined tests are shown in
Figure 10, for axial loading perpendicular to bedding. Curves
for loading parallel to bedding are nearly identical and are
much less different than data uncertainty. Increased apparent
elastic modulus and apparent Poisson ratio are shown with
confining pressure, with data tabulated in Table 2. Modulii
are taken as the tangents to the stress-strain curves, and
Poisson ratio's are ratio's of strain increments.

The stress-strain curves provide the best indication of
"yield" and of brittle or "ductile" behavior. Unconfined and
1 Kbar confined tests show brittle behavior (although 1 Kbar
tests go to about 5% shortening strain before failure), while
2 Kbars and above tests show ductile crush-up and strain
strengthening for 4 and 6 Kbar tests.

Directional Behavior
Less compressibility is shown for direction parallel to

bedding planes, i.e. normal to the large core axis. Figure 11
is mean normal pressure, pm, where:

= /3 (a + 2 + a 3 )

plotted versus axial strain for a number of specimens loaded
in a pure hydrostatic enviornment, and shows that the strain
in the plane of the bedding is always less than the strain
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FIGUR E 1. Test specimens taken from large core.

TABLE 1
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normal to the bedding. This directional behavior is similar to
that shown for unconfined tests, and the average (of several
specimens) apparent bulk modulus with direction is shown in
Table 3, where the apparent bulk moduli were obtained by
scaling the slope of the pressure/strain curves.

Any difference in deviatoric stiffness with direction was
overshadowed by material scatter for all confined tests. For
mean normal pressures above 1-2 Kbars the apparent shear
modulus is independent of direction of loading within the
resolution of measurements here, but is a function of shear
strain and confining pressure as is discussed later.

TABLE 2

APPARENT ELASTIC MODULUS AND POISSON
RATIO, Kbars (PERPENDICULAR TO BEDDING)

ELASTIC MODULUS

Axial Stress Confining Pressure, Kbars

0.0 2.0 6.0

o 250 450 503

.5 0 max 259 174 184

.9 0 max 204 91 62

POISSON RATIO

o .1 .17 .20
.5 oma .10 .35 .30
.9 omax .26 .50 .75

TABLE 3

APPARENT BULK MODULUS PARALLEL AND PERPENDICULAR
TO BEDDING, FOR HYDROSTATIC LOADING ONLY, Kbars

Mean Normal
Pressure, Kbars Parallel Perpendicular

0.0 123 98
2.0 228 220
5.0 268 253

TABLE 4

APPARENT SHEAR MODULUS, Kbars

Confining Deviatoric Strain, \/iI%
Pressure, Kbars 0.0 0.3 0.6

0.0 115 80
2.0 180 94 67
6.0 260 117 100
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Deviatoric Strength
In the deviatoric plane the square root of the second

invariants of stress and strain, \/ii and Ji/K defined as,

\'/ (ui -a 2 )2 + (u2 - 3 )2 + (a,- 3)2

2- -
1(ei e2)2+ (e2 - e3 ) 2 +(e,-- e3)2

no well defined "yield" is observed, and a substantial straighten-
ing of the stress-strain curves occurs with confining pressure,
as shown in Figure 12 for loading perpendicular to bedding-.
The apparent shear modulii as scaled from the stress-strain
curves are given in Table 4.

It is noted that \/J2 and V/iare related to shear stress
and strain, 'r and 'y, in triaxial compression tests as follows:

The change in shear modulus with pressure and dis-
tortional strain agrees with ultrasonic data and variable load
state tests on other materials.s5,2, 6, 8, Furthermore,
deviatoric stiffness may be strain rate dependent.6,'10

Pressure-Volume Behavior
Dilation is observed in all tests prior to failure,

Figure 13. Ductile specimens showed large volume increases,
while brittle tests, unconfined and 1 Kbar confined, showed
only small volume increases beyond maximum stress; how-
ever, the amount of volume increase recorded is dependent
on where the first strain gage fails, which does not always
coincide with the gross failure of a given specimen. Prior to
the onset of appreciable dilation, softening or an ease of
compaction occurs for the triaxial tests.6 This is shown in
Figure 13 where the pressure-volume change curve falls
below the hydrostat. This softening begins about 0.8 Kbars
deviatoric stress (V/JI), except for unconfined tests, where
low hydrostatic pressure apparently produces the same effect
of breaking micro-pores as does distortional strain in the
unconfined tests. The pressure-volume relationship is path
dependent, 6'7 ,8 and is strain rate6 and/or strain rate history
dependent.1 0 However, little data exists as to the effect of
strain rate on the pressure-volume characteristics.

EFFECT OF SATURATION

Specimens were tested fully saturated at 1 and 4 Kbars
confining pressure, measuring load and axial deformation,
Figure 14. Specimens were saturated by first drying in a
vacuum until no further weight loss was observed and then
allowing water to be drawn through the specimen, still
subjected to a vacuum at one end. An additional over
pressure of about 7 atmospheres was applied to insure full
saturation.

Maximum stresses are about the same as unconfined
tests, "not exhibiting a pressure increase in deviatoric
strength. A pronounced drop in load carrying ability occurs

after maximum stress, similar to unconfined brittle behavior.
However, unlike brittle behavior, large straining is possible at
40-50% of maximum stress.

MAXIMUM ST RESS/YIELD ENVE LOPE

Deviatoric strength is plotted versus mean normal stress
in Figure 15. The upper curve is taken as the "maximum
stress" the specimen would withstand prior to 10% shorten-
ing strain, while the lower "yield" curve is scaled from
Figure 13 at the maximum volume strain, the point where
rapid dilation is believed to begin.

The maximum stress for these triaxial compression tests
fits a relation of the form:

V/J = a Pm2 + b,

where a = 0.83 Kbars and b = 0.95 Kbars.

Neither of the failure criteria plotted in Figure 14 is
precise; but this is typical because the shale does not have a
well defined yield over all pressure ranges. It is of interest to
note that if the strength where the stress-strain curve
deviates from the hydrostat, (see Figure 13), were selected as
the inital yield stress, a low deviatoric strength would be
taken, about 0.8 Kbar for all pressures.

The triaxial compression behavior above about 2.5 Kbars
mean normal stress is ductile, in that large crush-up strains
are possible. This would not necessarily be the case for other
type tests, 1 2,6 and more general loadings are required to
develop a general failure criteria. A plot of maximum stress
versus mean normal stress will likely not form a unique
curve. The use of a modified mean pressure, u, + a u2 + a3

where a is a constant, has been suggested,'12 as well as
(u2 + a3) the normal stress across the maximum shear

stress plane' 2,6 ,4 to correlate test results. The latter is
favored as an approximate failure criteria. The effect of
saturation was previously discussed.

Figure 16 shows a comparison of the failure envelope
for sandstone, 10180 foot depth' and 10237 foot depth,4

and for shale, 10215 foot depth. The shale shows lower
deviatoric strength than the sandstone, and apparently
considerably lower pressure for brittle-ductile transition.
Tests from Terra Tek and LRL4 on sandstone at different
depths show difference above about 4 Kbars mean pressure.

UNLOADING BEHAVIOR

Some hydrostatic tests were conducted recording both
loading and unloading behavior, Figure 17. Considerable
hysteresis is shown prior to permanent measurable
compaction, which occurs above about 4 Kbars. Initial
unloading modulus is very steep, with approximate values
tabulated in Table 5. It is interesting to note that the
"rounding" of the curves at the beginning of the unloading
is due to creep occurring before the load could be reversed.
In several cases where minutes elapsed before unloading,
substantial creep (a few tenths of percent volume strain) was
observed, always toward decrease volume; i.e. to the right of
the hydrostat.
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Unloading after application of deviatoric strain is very
complicated. 8, 13 For unloading prior to appreciable dilation
the unloading path would likely be to the right of the
hydrostat. For unloading after small dilation, the unload-
ing path may cross the hydrostat. For unloading after large
dilation a negative slope would likely occur but the path
would always stay to the left of the hydrostat.'3

DISCUSSION OF RESULTS

The deformation of the shale is characterized in
Figure 18, where stress-strain, deviatoric stress-strain and
mean normal stress-volume change are plotted for various
steps in the loading. In the top curves loading has gone to
about 2 Kbars stress difference. The pressure-volume curve
has deviated from the hydrostat, showing the softening or
ease of compaction. In the third set of curves the stress
difference is about 4 Kbars, near maximum stress. Deviatoric
stress-strain is very non-linear, approaching a zero shear
modulus, and pressure-volume shows continued softening.
The last set of curves are at maximum stress diference and
show that large deviatoric strain has occurred. Dilation has
occurred and pressure-volume is approaching a total volume
increase.

These curves indicate the complex-non-linear behavior of
the shale. Table 6 in the Appendix reflects this behavior in
the variations in apparent elastic constants with pressure and
distort io nal deformation. Non-linear elasticity and/or
plasticity type models are clearly required to fit the behavior
in detail. 2, 9, 14, 1s5

The sensitivity of shock calculations to details of the
deformational behavior is not clear, and parametric studies
will likely be required to provide this information; however,
parametric studies cannot be made until details of the
deformation are known, and these data are just now
becoming available.
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TABLE 5

APPROXIMATE UNLOADING BULK MODULUS, Kbars

Pressure Kbars

2 4 6

Approximate Initial Unloading Modulus 290 520 1200

TABLE 6

TABULATED LISTING OF SLOPES OF THE STRESS-STRAIN CURVES-APPARENT
ELASTIC CONSTANTS, Kbars (PERPENDICULAR TO BEDDING)

Pc=5

Pc= 6

________Stress-Strain Curves (Fig. 9 and 10) Hydrostats (Fig. 11) Deviatoric Plane (Figure 1

Calculated K G

E 1) G K Pm \/d Perpendicular Parallel 4 = 0 Jij= .3 Vi =.

c 20 250 ~.l 1 14 104 0 0 98 123

YHum 259 .10 118 108 .23 .18 - -- 115 80 -

.
9

Um 204 .26 8 1 142 .34 .29 - -

c 20 450 .17 192 227 2.0 0 220 228

'/2m 174 .35 65 194 2.69 .59 - -- 180 94 67

.
9

Um 91 .50 30 o 3.15 1.42 - -

-- - - - 5.0 - 253 268

e 503 .20 210 279 6.0 0 - -

Y2Um 184 .30 71 153 7.38 1.27 - - 260 117 100

.
9

Um 62 .75 18 oo8.3 3.23 - -

2)
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FIGURE 4. Thin section, polarized light, 36 x typical shale texture.
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FIGUR E 5. Thin section, polarized light, 36 x shale with sandstone stringer.
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FIGUR E 7. Thin section, polarized light, 480 x matrix material enlarged.
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FIGUR E 8. Unconfined tension tests parallel and perpendicular to bedding.
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FIGUR E 9. Unconfined compression tests parallel and perpendicular to bedding.
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FIGUR E 10. Confined tests perpendicular to bedding.
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FIGUR E 11. Mean normal pressure versus axial strain parallel and perpendicular to bedding.

115



5-

4-

3 -

2-

1 2 3

FIGUR E 12. Square root of second deviatoric invariant of stress versus square root of second
deviatoric invariant of strain perpendicular to bedding.
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APPENDIX

TABULATED DATA

0.0 Kbars - Compression - Perpendicular to Bedding

U1 - U 3

Kbars

.28
.55
.69
.83

1.03
1.16
1.12

El

.12
.24
.29
.35
.43
.5 1
.52

+E 3

-.008

-.025
-03

-.05

-.07
-.10
-.14

0.0 Kbars - Compression - Parallel to Bedding

.28

.55

.69

.83
1.03
1.07
1.05

.082
.157
.195
.232
.290
.310
.310

-.0 10
-.022
-.031
-.037
-.057
-.060
-.075

Pm
Kbars

.09

.18

.23

.28

.34

.39

.37

.09

.18
.23
.28
.34
.37
.35

1 Kbar -- Compression - Perpendicular to Bedding

a1 - 03
Kbars

El Pm
Kbars

0
.69

1.34
2.07
2.76
1.90
2.76

.31

.52

.81
1.21
1.91
3.02
4.03

.25

.21

.15

.06
- .20
- .72
-1.42

2 Kbars - Compression - Parallel to Bedding

0
.69

1.34
2.07
2.76
3.45
4.14
4.28
4.28

.52

.70

.97
1.31
1.80
2.42
3.94
5.50
7.85

.44

.41

.35

.29

.16
- .03
- .70
-2.20
-5.53

Kbars

.16

.32

.40

.50

.60

.67

.65

.16

.32
.40
.51
.60
.62
.61

vil
.07
.15
.18
.23
.29
.35
.38

.05
.10
.13
.16
.20
.21
.22

-AV/V0

.10

.19
.23
.25
.29
.31
.25

.06

.11

.13

.16

.18

.1

.16

-AV/V0
Kbars

1.0
1.23
1.46
1.69
1.92
1.97
1.92

2.0
2.23
2.46
2.69
2.92
3.15
3.38
3.43
3.43

0
.40
.80

1.20
1.59
1.67
1.59

0
.40
.80

1.20
1.59
1.99
2.39
2.47
2.47

0
.18
.38
.66

1.22
2.16
3.15

0
.17
.36
.59
.95

1.42
2.68
4.45
7.73

.81
.94

1.11
1.33
1.51
1.58
1.19

1.40
1.52
1.67
1.89
2.12
2.36
2.54
1.10

-3.21
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4 Kbars - Compression - Perpendicular to Bedding

a- 3El e Pm -AI 0
Kbars %%Kbars Kbars%%

0 .85 .75 4.0 0 0 2.35
1.38 1.25 .66 4.46 .78 .34 2.57
2.76 1.97 .49 4.92 1.59 .85 2.95
3.45 2.38 .38 5.15 1.99 1.16 3.14
4.14 2.91 .23 5.38 2.39 1.55 3.37
4.83 3.62 - .01 5.61 2.79 2.10 3.60
5.52 4.52 - .41 5.84 3.19 2.85 3.70
6.21 5.89 -1.32 6.07 3.59 4.17 3.25
6.55 7.42 -2.51 6.18 3.78 5.74 2.40

6 Kbars - Compression - Perpendicular to Bedding

0 1.12 1.01 6.0 0 0 3.14
1.38 1.47 .90 6.46 .78 .33 3.27
2.76 2.01 .74 6.92 1.59 .73 3.49
4.14 2.72 .53 7.38 2.39 1.27 3.78
5.52 3.74 .24 7.84 3.19 2.02 4.22
6.21 4.42 - .02 8.07 3.59 2.56 4.38
6.90 5.22 - .37 8.30 3.99 3.23 4.48
7.59 6.61 -1.46 8.53 4.38 4.66 3.69
7.93 7.30 -2.60 8.64 4.58 5.72 2.1
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SECTION G
PERMEABILITY OF GAS RESERVOIR SPECIMENS

By

R. Quong* and V. J. LaGuardia**

ABSTRACT

The matrix permeability has been measured in rock
specimens recovered from the site of the proposed Wagon
Wheel Project - an experiment in nuclear stimulation of a
gas reservoir. The gas permeability of specimens recovered at
depths between 8,900-10,500 feet was found to be highly
variable, depending on the rock type, porosity, and degree of
water saturation. Measurements were made over a range of
confining pressures (simulated overburden) up to 12,000 psi.
At this pressure, which is approximately equal to 10,000
feet of overburden, specimen permeability ranged from
1 X 10-6 millidarcys (md) for fine-grained siltstone to
2-3 X l0-3 md for larger grained sandstones.

INTRODUCTION

Project Wagon Wheel is a proposed experiment in nu-
clear stimulation of gas-bearing sands located at various depths
in a low-permeability reservoir. The technical aspect of the
project is currently being formulated with the aid of infor-
mation derived from core samples. These studies include the
measurement of permeability. The permeability represents
the ability of the reservoir to conduct fluids and therefore is
essential to the development of the technical concept.

The core samples were recovered from an interval of
sand (8,900-10,500 feet deep) containing considerable gas
reserves. Specimens removed from these cores were used to
determine permeability by methods which have been dis-
cussed in a previous study.'

R ESU LTS

Permeability of the specimens measured at several con-
fining pressures is shown in Table 1. In general, the permea-
bility decreases about a factor of 10 as confining pressure is
increased from atmospheric to 12,000 psi. At 12,000 psi,
which is approximately equal to overburden, specimen per-
meability ranged from I X 10-6 md for fine-grained silt-
stone to 2-3 X l0-4 md for some larger grained sandstones.

The percent water saturation is that which exists in the
specimen at the completion of the permeability measure-

ment. The water content of these specimens is relatively low
compared to reservoir estimates of 50%. At this saturation, a
specimen would have considerably lower permeability which
can be roughly estimated by comparing the ratio of the void
volumes, excluding water, to the third power.' In this re-
spect, in-situ permeability can be expected to be lower than
the laboratory values. On the other hand the laboratory
specimens are conspicuously lacking in cracks and irregular-
ities, conditions which are normally present in in-situ rock
and contribute appreciably to permeability. The dimension
and frequency of these cracks are extremely variable, making
it virtually impossible to extend the laboratory measured
values into an accurate prediction of in-situ permeability.
The measured values can be regarded as a lower limit. This is
evident in the Project Gasbuggy studies, where the average
in-situ value 2 was approximately 10-100 times the laboratory
measured permeability.'

As indicated in Table 1, four of the specimens had been
subjected to either one-dimensional strain or triaxial tests3

prior to the permeability measurement. However, there was
no significant change in permeability compared to an un-
tested specimen. This agrees qualitatively with microscopic
examination 4 in which no fractures were observed on any
scale.
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TABLE 1

PROPERTIES OF WAGON WHEEL ROCK

Samledeph oroit satro Permeability (md) under various confining pressures (psi)

(ft) (%) (%) 1 atm 500 1,000 2,000 4,0-00 - -8,000 1 2,000

8,945 Horiz. 7.4 8.0 1.9 X 1i-
2  1.5 X 1i-2 1.2 X 10-2 8.2 X 10-3 4.3 X 10- 2.7 X 10-3 2.5 X 10-

8,945 Vert. 7.6 10.0 1.7 X 1i-2 1.3 X 1i-2 1.1 x 10-2 7.6 X 10-3 4.3 X 10-3 2.3 X 10-3 1.6 X 1-

8,999 Horiz. 3.0 36.3 3.5 X 10- 2.5 X 10- 1.9 X 10- 1.2 X 10-5 6.4 X 1i-6 2.5 X 1i-6 1.2 x 10-6

8,999 Vert. 3.4 31.0 4.0 X 105 3.0 X 10-5 2.4 X 10-5 1.5 X 10-5 8.2 x 1i-
6  4.3 x 1i-6 2.8 x --

8,999 Veta 30 7. . 051.7 X 10- 1.3 X 10-5 8.2 X i0-6  4.4 x 1i-6 1.9 x 10-6 1.0 x 10-6

10,163 Horiz. 9.5 23.7 4.0 X io-2  2.5 X 1i-2 1.7 x 10-2 7.0 x 10- 2.2 X 10-3 1.0 x 10-3 6.5 X 1~

10,163 Vert. 9.9 11.9 8.0 X 10- 5.5 X 10- 4.0 X 10 2.5 X 10- 1.2 X 10- 4.4 X 10- 2.0 X 1-

10,224 Horiz. 8.7 15.0 1.2 X 10-2 1.0 x 10-2 8.4 X 10-3 6.0 X 10-3 3.9 X 10-3 2.0 X 10 3 1.7 X 1-

10,224 Vert. 8.8 21.3 9.5 X 10-3 8.0 X 10- 6.6 X 10- 4.7 X 10 2.6 X 10- 1.4 X 10- 1.2 X 1-

10,237 Vert. 7.8 8.7 9.0 X 10- 6.4 X 10- 5.0 X 10 3.7 X 10 3 1.9 X 10-3 9.0 X 10~ 6.0 X 1~

10,237 Vert.b 7.3 11.6 8.0 X 10-3 6.5 X 10-3 5.0 X 10-3 3.3 X 10-3 1.4 X 10- 5.0 X 10~4 4.1 X 1~

10,237 Vert.c 7.0 13.1 4.5 X 10-3 3.3 X 10-3 2.5 X 10-3 1.7 X 10 3 7.0 X 10~4 3.0 X 10~4 2.2 X 1~

10,237 Vert.d 6.5 14.5 1.5 X 10- 1.0 X 10- 8.0 X 1045.6 X 1043.6 X 1042.4 X 1042.0 X 1~

- a 3 = 1.4 kbar, er = 0.2%, c1 = 0.55% (triaxial test).
3

be - a 3 = 1.655 kbar, Er = 0.6% (one-dimensional test).
3

Ca - a 3 = 2.043 kbar, E~ = 0.7% (one-dimensional test).
3

da 1 - a3 = 3.217 kbar, Er = 0.16%, c2 = 0.9% (triaxial test).
3
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SECTION H
SPECIAL CORE ANALYSIS STUDY

By

Dare K. Keelan*

INTRODUCTION

Much discussion related to the permeability of rock
samples as a function of overburden pressure and water con-
tent has taken place. The purpose of this study was to de-
fine the effect of overburden pressure on the permeability to
gas in the presence of connate water. Core samples from the
Wagon Wheel No. 1 Well that were used in this study were
exposed prior to shipment to the laboratory and it was
necessary to restore the connate water saturation to the sam-
ples prior to analysis.

DISCUSSION OF RESULTS

Samples used in this study are identified as to formation
and depth, and lithologically described in Table One. Results
of the conventional core analysis are presented in Table Two
for ease of reference. Other data include (1) mercury injec-
tion capillary pressure test results shown tabularly in Table
Three and graphically in Figures 1-4, (2) gas flow data under
varying overburden conditions presented in tabular form in
Table Four and in graphical form in Figures 5-15, and (3)
pore compressibility data on two samples of varying porosity
presented in Table Five.

Cylindrical plugs drilled to yield flow characteristics in a
horizontal direction were used for all tests. A series of net
overburden pressures (confining pressure less internal mean
pressure) of 200, 500, 1000, 2000, 4000 and 6000 psi were
selected for investigation. Four different values of mean flow
pressure (one-half the sum of the upstream and downstream
pressures) were selected to establish the Klinkenberg effect
on the plugs containing connate water. A low pressure differ-
ential was used for all tests to eliminate turbulence in the
flow channels. Nitrogen was used as the flow medium. No
water analysis was available from this formation and a brine
synthesized from an analysis of the Pictured Cliffs formation
water was used as being representative-.

Uncertainty existed in the validity of certain of the total
water saturations determined from the conventional core
analysis in reference to these saturations being representative
of reservoir water saturations. It was requested that capillary
pressure tests be conducted on selected samples prior to re-
storing the cores for overburden permeability tests. At this
point in the study sequence, mercury injection capillary pres-
sure tests were considered a likely technique for establishing
the connate water values in the core samples.

A study was made of the mercury injection capillary
pressure data. Sample No.'s 8 and 10 yielded wetting-phase

*Manager, Special Core Analysis, Core Laboratories, Inc.

saturations at 1 500 psi mercury injection pressure essentially
equal to water saturations reported in the conventional core
analysis. The remaining samples tested, except for No. 12,
yielded wetting-phase saturations at 1500 psia considerably
lower than those reported from the conventional analysis. It
was known that certain of the cores had been allowed to
weather prior to the conventional analysis. In the case of
sample No. 12, it was felt that the conventional core analysis
total water saturation was unreasonably low.

The study was halted at this time and a review was
made of all available data relating to water saturation. Data
included mercury injection information and correlation of
water saturation versus porosity established by averaging and
grouping all of the core analysis data available for the Wagon
Wheel No. 1 well. After discussions with Mr. R. F. Lemon of
El Paso Natural Gas Company, and review of all data, water
saturations were selected for the remaining samples from the
core analysis total water versus porosity correlation.

Prior to the period of uncertainty as to the validity of the
mercury injection data, several samples had water saturations
established in them equal to those found by mercury injection
capillary pressure. Certain of the saturations were subsequent-
ly changed. In order to utilize work already completed to gain
additional knowledge as to the effect of varying water satura-
tion on permeability, gas flow tests were made prior to repre-
paration of the cores. Permeability to gas at an effective over-
burden pressure of 200 psi and at the highest mean pressure of
flow (where permeability would be essentially equal to the
Klinkenberg value) was determined. These data are reported
herein.

Where appropriate, the samples were again prepared and
connate waters as selected were established in each core.
Permeabilities at each designated overburden pressure were
determined. When samples declined to a magnitude so low
that excessive time was required to secure reproducible per-
meability values at each test point, the tests were
terminated. In certain of these cases, only a single value for
a given overburden pressure was determined at the maximum
pressure differential imposed.

In addition to the effect of varying water saturation,
two other parameters of interest were investigated during
this study. An investigation was made of the elasticity of the
core samples in terms of the permeability regained after
overburden pressure was removed from the core. The data
examining this variable are given in the Sample No. 9 portion
of Table Four. Sample No. 9 had a flow rate so low at 6000
psi that stable flow conditions could not be achieved and
reproducible permeability could not be determined. The
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overburden pressure of this core was reduced from 6000 to
200 psi and permeability was remeasured. Approximately
one day was required to run the Klinkenberg curve and data
shows that the permeability was equal in magnitude to that
originally found at an overburden pressure of between 500
and 1000 psi. This core was subsequently tested two days
later. A slight increase in the permeability occured, and the
value again fell between that determined at 500 and 1000
psi during the initial stages of the test. These data indicate
considerable time would be required for this core to regain
all permeability lost from being subjected to overburden
pressure.

Some insight was gained as to the importance of the
technique used to establish connate water saturation in these
samples. All cores were originally saturated to 100 per cent
and then desaturated to a selected connate water. Sample
No. 11 was desaturated (drained) to 50.6 per cent water,
which was in agreement with the capillary pressure value.
The saturation was subsequently raised to 60 per cent by
imbibition. The permeability to nitrogen was measured at 60
per cent water saturation under an effective overburden pres-
sure of 200 psi. Permeability values were found to be un-
reasonably low when compared to other samples and it
appeared that the water in this core was not properly dis-
tributed and that test results of gas flow were not represent-
ative.

The sample was reprepared by saturating to 100 per
cent and then desaturating to 60 per cent pore space. The
Klinkenberg permeability at an overburden pressure of 200
psi was approximately eight times greater than when the
water saturation was established by imbibition. The most
appropriate of these permeability values are data developed
when the sample contained water established by drainage
(desaturation).. This was the technique used on all other
tests. This core was subsequently evaporated (drained) to a
saturation of 50.6. Further tests were made at this satura-
tion, which was ultimately selected as the most represent-
ative for this core after all factors were considered.

Test data generated during this study indicate that in-
creased water saturation causes a decrease in the permeabil-
ity to gas. In addition, the cores are sensitive to effective
overburden pressure and show a dramatic decrease in per-
meability as overburden pressure increases.

Rock compressibility values were determined on two
100 per cent water saturated cores of varying porosity under
conditions of constant temperature and constant internal
pore pressure of 200 psi. The external confining pressure was

applied hydraulically (equal in all directions) as was used
during the flow tests. The pressure was varied to yield the
same effective overburden conditions as used when nitrogen
was flowed through the cores.

Pore volume changes that occured with application of
overburden pressure were monitored on a micro-pipette by
water movement caused by pore compression. All pertinent
data resulting from these tests are presented in Table Five. The
bulk volume of the core was assumed to reduce the same
amount as the pore volume. Compressibility values reported
were computed by plotting the pore volume versus effective
overburden pressure curve and graphically differentiating the
curve at selected overburden pressures.

Computed compressibility values were high for pressure
changes when the effective overburden pressure was low.
These data are somewhat misleading, however, because only
minimum porosity changes occurred in this rock throughout
the effective overburden pressure investigated. Sample
No. 14, with an initial porosity of 12 per cent, decreased in
porosity to a value of 11.3 at 6000 psi overburden. Sample
No. 16 decreased from 9.8 to 9.4 porosity for this same
pressure range.

SUMMARY

(1) Limited tests indicate mercury injection capillary pres-
sure data were not satisfactory to determine interstitial
water.

(2) Increasing interstitial water saturation resulted in signif-
icant decreases in permeability to gas.

(3) Application of overburden pressure resulted in significant
decreases in permeability to gas.

(4) Tests indicate relatively long times are required for core
samples to regain permeability after having been sub-
jected to overburden pressures.

(5) Gas permeability is dependent on the manner in which
interstitial water saturation is established in the cores.
The desaturation (drainage) technique employed results
in higher gas permeabilities than if water saturations
were established by imbibition.

(6) Computed pore volume compressibilities were high at
low overburden pressures and decreased with increased
overburden pressure.

(7) Porosity was reduced approximately 6 per cent of the
initial value at the maximum overburden pressure of
6000 psi.
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TABLE ONE

IDENTIFICATION OF SAMPLES

Sample
Number Depth, Feet Description

1 8 105.3 - 05.9 Sd, tan, v/fn-fn gin, sl/clayey*, si/caic, v/well indurated, glauc

2 8105.3 - 05.9 Same as above.

3 8108.0 - 08.6 Sd, tan, v/fn-med gin, sl/clayey*, sl/calc, v/well indurated, glauc, sh chips

4 8108.0 - 08.6 Sd, tan, v/fn-fn grn, sl/clayey*, cale, v/well indurated, glauc

5 8953.0 - 53.5 Sd, It gry, v/fn-med grn, sI/clayey*, si/cale, v/well indurated, glauc

6 8953.0 - 53.5 Sd, It gry, v/fn-fn gin, si/sity, v/sl/clayey*, sl/calc, v/well indurated, glauc

7 10181.0 - 81 .5 Sd, lt gry-tan, v/fn-fn gin, v/sl/clayey*, sl/calc, v/well induratesl, tr mica, glauc,
sh chips, carb chips

8 10181.0 -~ 81.5 Same as above

9 10258.8 - 59.0 Sd, it gry, v/fn-fn gin, sl/clayey*, sl/calc, v/well indurated, tr mica, glauc

10 10258.8 - 59.0 Same as above

11 10985.5 - 86.0 Sd, tan, v/fn-med gin, sI/clayey*, v/sl/calc, v/well indurated, tr mica, glauc,
sh chips & thin stringers, gil

12 10985.5 - 86.0 Same as above

14 8108.0 - 08.6 Sd, white, v/fn-fn gin, clayey*, calc, v/well indurated glauc

16 10181.0 - 81.5 Sd, tan, v/fn-med gin, sl/clayey*, sl/calc, v/well indurated, glauc, sh chips,
carb specks

*Swelling clay as indicated by benzidine dye.
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TABLE TWO

CONVENTIONAL CORE ANALYSIS DATA
(SAMPLES ADJACENT TO TEST PLUGS)

WaterAi
Sample Depth, Saturation, irblt Porosity,
Number Feet Percent Pemailty Percent

Pore SpaceMd

1 & 2 8105.3 - 05.9 48.6 0.29 14.4

3 & 4

5 & 6

7 & 8

9 & 10

11 & 12

8108.0 - 08.6

8953.0 - 53.5

10181.0 - 81.5

10258.8 - 59.0

10985.5 - 86.0

54.9

43.3

40.6

43.7

27.6

0.18

0.10

0.04

0.01

0.14

12.4

9.0

10.6

8.0

6.9

TABLE THREE

Mercury Injection Capillary Pressure Data

Sample Number:

Permeability, Md.:
Porosity, Per Cent:

Injection Pressure, PSIA

3
6
9

12
15
18
21
24
27
30
40
60
80

100
200
300
500
750

1000
1250
1500

2

0.54
12.5

100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
99.5
65.7
51.6
39.9
32.7
28.9
26.7
24.6

4

0.27
10.8

6

0.20
8.0

10

0.16
10.4

Wetting Phase Saturation, Per Cent Pore Space

100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
82.2
64.3
52.2
43.6
39.1
35.6
33.2

100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
93.7
71.7
52.5
44.7
39.6
36.1
33.1

100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
95.5
68.9
55.9
50.5
46.4
43.8

100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
95.8
77.5
64.9
57.9
53.7
50.6

12

0.15
8.8

8

0.13
10.0

100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
93.0
60.2
50.4
44.9
41.6
39.2
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TABLE FOUR

SUMMARY OF PERMEABILITY DATA

Ai atrEfetie Reciprocal Air
Sample Porosity irbity atrto Effectiven of the mean Permeability
Number Permai.ty Satrao OrurenI Pressure Millidarcys

Md. Poe Spce ressre SIG Atmospheres

1 12.8 0.50 24.6 200 0.082 20.8 x 10-2

200 0.535

0.398

0.2 18

0.082

0

10.76 x 10-2
10.22 x 10-2
9.55 x 10-2
8.98 x 10-2
8.67 x 10-2**

500 0.535 9.47 x 10-

0.398 8.91 x 10-2
0.218 8.21 x 10-2
0.082 7.65 x 10-2

0 7.32 x 10-2**4

1000 0.543 7.93 x 10-2

0.398 7.37 x 10-2
0.218 6.65 x 10-2
0.082 6.11 x 10-2

0 5.80 x 10~2**

2000 0.545 6.23 x 10-2

0.390 5.75 x 10-2
0.215 5.20 x 10-2
0.082 4.81 x 10-2

0 4.55 x -24

4000 0.530 4.85 x 10-2

0.393 4.42 x 10-2
0.218 3.85 x 10-2
0.082 3.47 x 10-2

0 3.22 x 10-2**
6000 0.525

0.393

0.2 15

0.082

0

4.18 x 10-2
3.85 x 10-2
3.42 x 10-2

3.10 x 10-2
2.90 x 10-2**

*Measured with permeameter
**Klinkenberg air permeability by extrapolation
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TABLE FOUR (Cont'd)

SUMMARY OF PERMEABILITY DATA

.Air Water Effective Reciprocal Air
Sample Porosity erebiy* Strtn ebren of the mean Permeability

Nube %Md. % Pore Space Pressure PSIG Atmospheres Miidry

3 11.1 0.28 33.1 200 0.082 8.28 x 10 2

3 11.1 0.28 65.0 200 0.082 0.88 x 10-2

53.0 200 0.530

0.398

0.2 19

0.082

0

5.13 x 10-2

4.76 x 10-2

4.18 x 10-2

3.74 x 10-2

3.50 x 10~2**

500 0.533 3.67 x 10-2

0.400 3.40 x 10-2

0.2 19 3.08 x 10~2

0.082 2.80 x 10-2

0 2.66 x 10-2**

1000 0.529 2.18 x 10-2

0.394 2.00 x 10-2

0.219 1.80 x 10-2

0.083 1.62 x 10-2

0 1.50 x 10-2**

2000 0.534 1.13 x 10~2

0.395 0.98 x 10-2

0.2 14 0.77 x 10-2

0.08 1 0.60 x 10-2

0 0.52 x 10-2**4

4000 0.549 0.54 x 10-2

0.396 0.49 x 10-2

0.218 0.43 x 10-2

0.082 0.40 x 10-2

0 0.38 x 10-2**

6000 0.549

0.399

0.2 19

0.082

0

0.30 x 10-2

0.29 x 10-2

0.28 x 10-2

0.28 x 10-2

0.28 x 10-2**

*Measured with permeameter
**Klinkenberg air permeability be extrapolation
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TABLE FOUR (Cont'd)

SUMMARY OF PERMEABILITY DATA

. irWae Efetie Reciprocal Air
Sample Porosity irbity atrto Effebtive of the mean Permeability

Nubr %Md. % Pore Space Pressure PSIG Atmosshres Millidarcys

5 8.3 0.18 33.1 200 0.082 3.79 x 10-2

5 8.3 0.18 55.0 200 0.535 0.85 x 10-2
0.396 0.80 x 10-2

0.2 19 0.74 x 10-2

0.08 1 0.68 x 10-2

0 0.65 x 10~2**

500 0.545 0.57 x 10~2

0.396 0.50 x 10-2

0.2 19 0.43 x 10-2

0.081 0.38 x 10-2

0 0.34 x10-2**

1000 0.540 0.20 x 10-2

0.395 0.17 x 10-2

0.217 0.13 x 10-2

0.08 1 0.10 x 10-2

0 0.08 x 10-2**

2000 0.08 1 0.06 x 10-2

7 10.1 0.10 39.2 200 0.554 2.4 x 10-2

0.399 1.9 x 10-2

0.217 1.6 x 10-2

0.082 1.3 x 10-2

0 1.1 x 10-2**

500 0.524 1.7 x 10-2

0.393 1.6 x 10-2

0.214 1.3 x 10-2

0.082 1.1 x 10-2

________ 0 1.0 x10-2 **

1000 0.527 1.5 x 10-2

0.389 1.2 x 10 2

0.214 1.1 x 10-2

0.082 0.87 x 10-2

0 0.76 x10-2 **

2000 0.541 1.1 x 10-2

0.396 0.96 x 10~2

*Measured with permeameter
**Klinkenberg air permeability by extrapolation
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TABLE FOUR (Cont'd)

SUMMARY OF PERMEABILITY DATA

.Air Water Effective ReciprocalAr
Sample Porosity erebly* Strtn erren of the mean Permeability

Nubr %Md. % Pore Space Pressure PSIG Atmospheres Millidarcys

7 10.1 0.10 39.2 2000 0.2 18 0.80 x 10-2

0.082 0.69 x 10-2
0 0.60 x10-2**

4000 0.536 0.85 x 10-2

0.395 0.77 x 10~2
0.2 17 0.68 x 10-2
0.082 0.56 x 10-2

0 0.51 x 10-2**

6000 0.540 0.80 x 10-2

0.39 1 0.74 x 10-2

0.218 0.63 x 10-2
0.082 0.55 x 10-2

0 0.50 x 10-2**
9 10.1 0.17 43.8 200 0.537 1.56 x 10-2

0.394 1.39 x 10-2
0.220 1.25 x 10-2
0.082 1.04 x 10-2

0 0.98 x 10-2**,
500 0.5 36 0.96 x 10-2

0.399 0.88 x 10-2

0.219 0.71 x 10 2

0.082 0.59 x 10-2

0 0.50 x10~2**

1000 0.536 0.49 x 10-2
0.399 0.42 x 10-2

0.2 18 0.34 x 10-2

0.082 0.28 x 10-2

0 0.25 x 10-2**
2000 0.549 0.15 x 10-2

0.397 0.14 x 10-2
0.218 0.13 x 10-2
0.083 0.10 x 10-2

0 0.09 x 10-2**
4000 0.541 0.12 x 10-2

__________________________________________ 0.397 0.10 x 10-2

Measured with permeameter
**Klinkenberg air permeability by extrapolation
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TABLE FOUR (Cont'd)

SUMMARY OF PERMEABILITY DATA

.Air Water Effective Reciprocal Air
Sample Porosity Prebiy* Strto ebren of the mean Permeability
Number %Md. % Pore Space Pressure PSIG PressureMiidry

Atmospheres Mlidry

9 10.1 0.17 43.8 4000 0.216 0.04 x10-2

0.082 0.02 x 10-2

6000 0 0.01 x 10-2**
Stable conditions could not be achieved at

6000# effective overburden pressure.

Effective overburden lowered to 200#.

Results are below.

200 0.534 0.55 x 10-2
(After 18 hrs.)

0.399 0.52 x 10-2
(After 20 hrs.)

0.219 0.48 x 10-2
(After 22 hrs.)

0.082 0.44 x 10-2
(After 26 hrs.)

0 0.42 x 10 2

0.082 0.49 x 10-2
(After 54 hrs.)

11 8.8 0.13 60.0*** 200 0.540 0.048 x 10-2

0.390 0.044 x 10-2

0.2 10 0.040 x 10-2
0.080 0.035 x l0-2

0 0.030 x 10-2**

11 8.8 0.13 60.0**** 200 0.535 0.55 x l0-2

0.390 0.45 x 10-2

0.2 12 0.35 x 10-2

0.082 0.28 x 10-2

_______ ________ ________ 0 0.24 x10-2**

*Measured with permeameter
**Klinkenberg air permeability by extrapolation

***Water saturation established by imbibition
****Water saturation established by drainage
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TABLE FOUR (Cont'd)

SUMMARY OF PERMEABILITY DATA

*Measured with permeameter
**Klinkenberg air permeability by extrapolation
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.Air Water Effective ReciprocalAr
Sample Porosity Permeability* Saturation Overburden of the mean Permeability
Number % d oeSae Pesr SG PressureMiidryMd. % ore Sace Pessur PSIG Atmospheres Mlidry

11 8.8 0.13 50.6 200 0.542 1.350 x 10~2

0.400 1.180 x 10-2

0.2 19 0.920 x 10-2

0.082 0.750 x 10-2

0 0.620 x 10-2**

500 0.547 0.830 x 10-2

0.402 0.730 x 10-2

0.2 19 0.610 x 10-2

0.082 0.520 x 10-2

0 0.470 x 10-2

1000 0.542 0.370 x 10-2

0.395 0.3-20 x 10-2

0.2 18 0.270 x 10-2

0.082 0.220 x 10-2

0 0.190 x10 2**

2000 0.540 0.062 x 10-2

0.391 0.058 x 10-2

0.2 12 0.054 x 10-2

0.082 0.050 x 10-2

0 0.045 x 10-2**



TABLE FIVE

COMPRESSIBILITY DATA

Effective Overburden Pressure****, PSI

200* 500 1000 2000 4000 6000

Sample Number: 14

Compressibiity**: 31.31 21.92 12.33 6.76 4.65

Pore Volume, cc: 7.32 7.24 7.15 7.03 6.90 6.82

Bulk Volume, cc: 61.07 60.99 60.90 60.78 60.65 60.57

Porosity, Per Cent: 12.0 11.9 11.7 11.6 11.4 11.3

Air Permeability***, Md.: 0.40

Sample Number: 16

Compressibiity**: 17.94 14.07 9.40 4.71 3.10

Pore Volume, cc: 5.64 5.61 5.57 5.50 5.43 5.39

Bulk Volume, cc: 57.42 57.39 57.35 57.28 57.21 57.17

Porosity, Per Cent: 9.8 9.8 9.7 9.6 9.5 9.4

Air Permeability***, Md. 0.10

*Reference pressure
**PV/PV/PSI x 10-6

***Measured in permeameter
****Internal pressure maintained at 200 psi
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-U-
-1--

Sample Number: 3
K = 0.28 (Permeameter)

#= 11.1% t

~44'Water Saturation-

0.10

0.09

0.08

0.07

0.06

0.05

0.03

0.02

0.01

0.00

o = 53.0%

x = 33.1% ]
200#

= 65.0%

II~I 111111111 liii' II! I 111111111 II..~..'~'~""*I~I III I ~

L 3EIEEE~
500 #

-i-I

1000#

2000#

4000#
6000#

7-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

RECIPROCAL OF THE MEAN PRESSURE, ATMOSPHERES

144

II

ii

II
cn
U

~1

I-

w

w
0~

-



1.0

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0.0

WATER SATURATION, PER CENT OF PORE SPACE

145

FIGURE 8

0 10 20 30 40 50 60 70 80 90 100

C,,

0

0
-J
-J

I-

w

w
0.



FIGURE 9
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FIGURE 10
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FIGURE I I
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FIGURE 12
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FIGURE 13
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FIGURE 14
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FIGURE 15
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SECTION I
RESERVOIR AND RECOVERABLE GAS ANALYSIS

By

R. D. Habbit*, H. J. Patel** and R. F. Lemon***

ABSTRACT

The major effect of a nuclear explosions in a low per-
meability hydrocarbon reservoir will be to increase the
apparent well bore diameter by creating a cavity, chimney
and an associated annular fractured zone. This geometry re-
suits in a complex flow regime yielding increased produc-
tivity and ultimate recoverable hydrocarbon. A discussion of
this flow regime and the effect of varying nuclear explosive
yields on the 20-year recovery of gas along with detailed
reservoir analysis of the gas bearing Fort Union sandstones at
the Project Wagon Wheel site area are discussed. The per
cent gas recovered in 20 years from the Fort Union forma-
tion after nuclear stimulation will range from 7 per cent to
17 per cent of the 194.4 bcf gas-in-place, depending upon
the selection of nuclear explosive yield and the matrix per-
meability.

INTRODUCT ION

The Fort Union formation of Tertiary age is the objec-
tive horizon in the Project Wagon Wheel study. It is a thick
non-marine sequence of alternating sandstones, shales, silt-
stones and combined variations. The sandstones have been
established as gas bearing, but lack adequate permeability to
be commercially completed by conventional stimulation
techniques. The purpose of this study is to analyze the reser-
voir properties of the Fort Union sandstones for possible
nuclear stimulation, and to predict the effect upon gas recov-
ery from varying nuclear explosive yields.

WELL HISTORY - PINEDALE FIELD

Pinedale Field is located in southwestern Wyoming
(Figure 1) approximately six miles south of the town of
Pinedale and 90 miles north of Rock Springs. The estab-
lished reservoir to date is the very low permeability Fort
Union sandstones. Structurally the field is a large northwest-
southeast trending anticline on the northeast flank of the
Bridger Basin lying adjacent and approximately parallel to
the axis of the Wind River Mountain Range.

The Pinedale structure was first tested in 1939 by the
California No. 1 Unit well in the SW/4 NE/4 of Section 14,
T-31-N, R-109-W. Gas shows were encountered; however, no

*Senior Reservoir Geologist, Reservoir Engineering Dept., El
**Engineer, Reservoir Programs, El Paso Natural Gas Compan)

***Manager, Reservoir Engineering Dept., El Paso Natural Gas

attempt was made to complete the well. It was plugged and
abandoned at a total depth of 10,000 feet in Tertiary sedi-
mient s.

Activity was dormant until 1949 when Amoco (formerly
Stanolind Oil and Gas Company) drilled the Stanolind-
Murphy Oil No. I Unit in the SE/4 NW/4 SE/4 of Sec-
tion 17, T-33-N, R-109-W. This second test was drilled only
to a total depth of 7,787 feet and was plugged and abandon-
ed. Gas cut mud was reported between 7,594 and 7,638
feet.

A new interest in gas reserves in Wyoming led to the
drilling of the EPNG No. I Unit well located in the NE/4
SE/4 of Section 9, T-30-N, R-108-W. This "discovery" well
was completed in early 1955 and for an initial potential of
2,310 Mcf/D from the Fort Union. Between 1955 and 1965
seven additional wells were drilled - six by EPNG and one,
the No. 8 Unit, by Mountain Fuel Supply Company. The
Unit wells I through 9, except No. 6, were completed as
Fort Union gas wells and are shut-in at present. Unit Well
No. 6 was plugged and abandoned, at a depth of 11 ,057
feet, due to recovery of water from several questionable
drillstem tests in the Fort Union. Investigation of the tests
indicates that mechanical problems were encountered, and
the source of the water recovered is subject to some specula-
tion. There is evidence that the water came from the Ter-
tiary arkosic sandstones.

The EPNG No. I Wagon Wheel was spudded on Octo-
ber 3, 1969 and is presently shut-in after reaching a total
depth of 19,000 feet. Prior to the drilling of this well only
one other well, the EPNG No. 5 Unit drilled to a total depth
of 15,020 feet, had penetrated the Pinedale structure deeper
than the Fort Union formation.

Figure 2 shows the location of the Pindeale Field wells
and the Unitized area and Table 1 shows the completion
data for the wells.

R ESERVOIR ANALYSIS

The pore volume method was utilized to determine the
Fort Union gas-in-place for the No. I Wagon Wheel well.
Lack of production from the seven completed shut-in Fort
Union gas wells precluded a material balance reserve study.
The volumetric factors for the pore volume study were de-
termined as follows:

Paso Natural Gas Company
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Porosity and Water Saturation - These factors were de-
termined from core analysis work by Core Laboratories, Inc.
(Core Lab) and from Schiumberger's computer interpretation
of selected log data (Saraband).

Through the Fort Union formation approximately 87 to
120 feet of section was cored at arbitrary, pre-scheduled
1000 foot intervals. Samples from each pertinent foot of
core recovered were analyzed by Core Lab. A detailed study
of the core analysis data indicated that the majority of
values are fairly representative of the limited number of
sandstone members randomly cored. The most notable ex-
ception to the validity of the core analysis data is the erro-
neously low water saturations reported for several of the
cored intervals. This is probably due to dehydration suffered
by the cores prior to delivery to the lab for analysis. The
water saturation values for these samples were excluded from
this study.

The Saraband data were also analyzed for this study and
compared, over the cored intervals, with the core analysis
data. Calculated Saraband porosities are in reasonable agree-
ment with the Core Lab data. Minor discrepancies were
noted as expected since the lab porosities are derived from a
small plug. whereas the Saraband porosity values represent
an average for a greater interval. Water saturations calculated
by Saraband are not valid. The Saraband water saturation
calculations are premised on having accurate knowledge of
the resistivity of the formation water. No tests of the Pine-
dale Fort Union sandstones have recovered representative
formation water to obtain this needed factor.

Porosities and water saturations from core analysis were
primarily utilized to calculate the volumetric in-place gas for
the sandstones that were cored. The Saraband porosities
were applied mainly to the uncored sandstones. To deter-
mine the water saturation for the uncored sandstones a plot
was made of core analysis porosity versus core analysis water
saturation as illustrated in Figure 3. A hyperbolic relation-
ship was established using the least squares method for the
points on the plot for the dependent variable water satura-
tion and the independent variable porosity. By inserting
Saraband porosities on this graph the water saturations were
determined for the uncored and dehydrated cored sandstone
intervals.

Net Pay - The Fort Union formation is a non-marine
alternating sequence of lenticular and very low permeability
sandstones, shales, siltstones and gradational lithological var-
iations of each. Experience with tight gas reservoirs, notably
the San Juan Basin of northwestern New Mexico, has shown
that low permeability sandstones with greater than approx-
imately 60 per cent water saturation are not capable of sus-
tained production. The effective permeability to the gas of the
rock is too low to allow the gas to be produced in a reasonable
time span. Referring to Figure 3, a porosity value of 7.5 per
cent corresponds to a water saturation of 60 per cent. In deter-
mining the net reservoir pay considered capable of producing,
only sandstones of greater than 7.5 per cent porosity and less
than 60 per cent water saturation were considered.

LATERAL CONFORMANCE OF
FORT UNION SANDSTONES

Development to date of the Pinedale Field, although far
from being complete, has been on 640 acre well drillsites. An
electric log study of the areal extent of the net pay sandstones
concludes that approximately 75 per cent of the net pay sand-
stones can be correlated over an area of 640 acres or greater.
The lateral extent of the remaining 25 per cent of net pay
sandstone is questionable and could only be estimated. Even
though the Fort Union sandstones are not blanketed over the
Pinedale structure (Section K) each well drilled to date has ex-
hibited approximately the same amount of sandstone. There-
fore, for the purpose of this study, the gas-in-place is estimated
for an area of 640 acres which assumes all net pay sandstones
encountered in the No. I Wagon Wheel well extend over an
area of 640 acres.

GAS COMPOSITION

The gas composition, specific gravity and heating value of
the gas for the Wagon Wheel area is estimated based on the
average gas composition from the available Pinedale Field gas
analysis data and are summarized in Table II.

RESERVOIR TEMPERATURE AND PRESSURE

Temperature - A surface temperature of 720 F. and an
average temperature gradient of 1 .2520 F. per 100 feet, esti-
mated from available Pinedale Field temperature surveys, were
used to arrive at an average reservoir temperature for each
sandstone and/or sandstone interval.

Formation Pressure - Extended pressure build-up data for
the Fort Union formation are very limited. The tests that are
available from several wells indicate that the pressure gradient
varies and is not consistent with depth as illustrated in
Figure 4. This variation is probably due to lack of vertical
communication between the sandstone members of the Fort
Union. Recognizing these limitations, the available data were
averaged to obtain the pressure gradient of 65.1 psia per 100
feet which was utilized in this study.

GAS- IN-PLACE

A pore volume estimate of the gas-in-place was calculated
for each potentially productive Fort Union sandstone and/or
selected group of sandstones in the No. 1 Wagon Wheel well.
This study determined that the majority of gas-in-place is in
the gross interval from 7,984 feet to 11 ,797 feet. The net pay,
reservoir data and gas saturation through this gross interval are
shown in Table III and Figure 5, which graphically illustrates
these intervals on a Schlumberger Induction-Electrical Log.
The above reservoir properties are summarized in Table IV as
average reservoir characteristics for Upper Zone (8,942 feet -
10,518 feet) and Lower Zone (11 ,292 feet - 11 ,797 feet) of
the Fort Union formation, which are the intervals under con-
sideration for nuclear stimulation.
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PREDICTION OF POST SHOT WELL PERFORMANCE

Unsteady-state gas flow in a single well, symmetric, radial

system of varying radial permeability can be described by the
following equations representing the basic principles of conser-
vat ion of mass, Darcy's law and equation of state.

Continuity equation:

I a (pur) ap
=<b- Eq. 1

raor a t
Where

r= radius
u = velocity
p = density
t = time

<b= hydrocarbon porosity

Darcy's law:

u=K(U) dP Eq

u=p(P) dr E.2

Where

K(U) = distance dependent permeability
p(P) = pressure dependent viscosity

Equation of state:
MP

~Z(P) RT E.

Where

P = pressure
M = Molecular Weight
T = Reservoir temperature
Z(P) = Pressure dependent compressibility factor
R = Gas constant

Combining equations (1), (2) and (3) results in the follow-
ing second order partial differential equation describing a
single phase transient flow through a porous radially sym-
metric media.

Sa K(U)r dP2  a Eq. 4
r ar p(P)Z(P) dr =2 atZ()

The pressure tends to vary exponentially with the distance

from the well bore, indicating that the best results could be
obtained using small increment of radius r around the well

boundary and letting the increment size increase logarith-
mically with the distance from the well.

The following substitution was made in the equation 4

and the resulting equation was solved using finite difference

approximations and implicit procedure.

r = reeU

Where

re = external boundary radius.

Recovery rate at the surface is the sum of the flow rate

from the formation and the gas withdrawal rate from the

chimney.

Qt =QOrc +Qf

Where

Q t
Q rc
Qf

= Total rate of recovery at surface.
= Withdrawal rate from the chimney.

= Withdrawal rate from the formation.

Cornposit ion of the natural gas that constitutes the flow-

ing fluid used in the gas flow computations is given in Table II.

PROPERTIES OF THE CHIMNEY, RADIATING
FRACTURES PRODUCED BY NUCLEAR EXPLOSION,
AND RESERVOIR

Factors pertaining to the radius and height of the rubble-
filled chimney that would be created by different nuclear yield
explosives are described by Terhune (Section D), and in part
are summarized in Table V.

The lowest value of 18 for dimensionless permeability

KIK~ in the extensive fractured zone is based on the informa-
tion gained from the Gasbuggy experiment. Because the
mechanical properties of the Wagon Wheel rock as described

by Schock, Heard and Stephens (Section E) indicate that the

Wagon Wheel rock is stronger and less ductile than the Gas-

buggy rock, it is suggested that the rock at Wagon Wheel will

produce more extensive and wider cracks on failure than ex-

perienced at Gasbuggy, dimensionless permeability ratios of 50
and 100 in the extensive fractured area were also considered.
The assumed values of dimension less permeability expressed as
a function of the distance from the center of the chimney is
illustrated in Figure 6.

Permeability measurements conducted on dried cores un-
der surface conditions from the Wagon Wheel well indicated a

permeability value of .068 md. It has been established from

experimental work that the in-situ formation premeability will
be much less due to the presence of connate water in the
format ion and the effect of the overburden pressure in further
restricting the movement of gas through the formation. For

the purpose of this study gas flow calculations were made

using permeability values of .0068 and .0034 md. which is
believed to provide a range of the actual formation permeabil-

ity existing at the Wagon Wheel site. Barring the existence of
natural fractures in the Fort Union formation, which up to
this time have not been considered a factor based on detailed
geological studies, it is believed that the in-situ permeability of
.0068 md. represents the maximum upper limit of the forma-
tion permeability, and that in all probability the actual value
will be closer to .0034 md.

Laboratory derived data used in predicting formation per-
meability must, by necessity, be considered as only a rough
approximation of the actual formation permeability. Far more
reliable data can be obtained by performing flow tests of spe-
cific sand intervals in the Wagon Wheel well. An attempt was
made to test the interval at 10,224 to 10,246 feet but the test
was unsuccessful due to repeated packer failures. Operations
to attempt further testing of ths zone have been temporarily
suspended pending furt her study.

The product ion forecast considering nuclear stimulation
of the Wagon Wheel well was started with a predetermined rate

(Figures 7, 8 and 9) at the surface and was maintained con-
stant until the pressure in the chimney reached a value of 615
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psia and thereafter the rate was declined to maintain a con-
stant chimney pressure of 615 psia.

Table VI summarizes the results obtained for different
flow regimes and for .0034 and .0068 millidarcy matrix per-
meability values. The total gas recovered is based on the
assumption that a waiting period sufficiently long after the
detonation will occur to permit the chimney pressure to attain
a value close to the initial rreservoir pressure. The required
waiting period to attain the stabilized condition will range
from four to six months after the detonation, depending upon
the matrix value of permeability.

Figures 7, 8 and 9 are typical rate decline curves for the
different flow regimes, matrix permeability values and dif-
ferent nuclear yield.

POST SHOT TESTING PROCEDURE

The design criteria for the post shot testing program of
the Wagon Wheel Project from a reservoir engineering view-
point are twofold. The first requirement being to provide in-
formation regarding the degree of connection of the nuclear
created chimneys and the other to provide data for estimating
the delivery capability of the nuclear stimulated well. Prelim-
inary investigation into the design of a testing procedure to
accomplish the foregoing is set forth in Table VII.

CONCLUSION

The gas-bearing Fort Union sandstones of Tertiary age at
the Project Wagon Wheel site are lenticular in nature and ex-
hibit very low permeability characteristics. The deposition of
the productive sand is not continuous. Only 75 per cent of the
net sand can be characterized as continuous over 640 acres.
Average porosity of the net pay sand ranges from 7.7 to 11.3
per cent and the water saturation ranges from 48 to 59 per
cent. Only 18 per cent of the entire lithological section of
some 3800 feet of Fort Union formation is sandstone of reser-
voir quality.

Based on core studies and experience obtained from Pro-
ject Gasbuggy, the matrix permeability of .0068 and .0034
millidarcys were selected for these studies. Increasing the yield
of the nuclear explosive from 20 kilotons to 40 kilotons in-
creases the estimated recoverable gas over a 20 year period by
approximately 50 per cent, while increasing the nuclear yield
from 40 kilotons to 100 kilotons increases the recovery by
15-20 per cent. The per cent gas recovered in 20 years at the
Project Wagon Wheel site after nuclear stimulation will range
from 7 per cent to 17 per cent of the 194.4 bcf gas-in-place,
depending upon the selection of nuclear explosive and the
matrix permeability.

TABLE II

GAS COMPOSITION FOR THE
WAGON WHEEL SITE AREA

Components Mole Per Cent

Nitrogen .................................................................... 0.54

Carbon Dioxide ............................................................... 0.26

Methane.................................................................... 92.14

Ethane..................................................................... 4.71

Propane ..................................................................... 1.39

I-Butane..................................................................... 0.29

N-Butane .................................................................... 0.28

-Pentane .. . ... ... . .. .. .. .. .... .. . .. .. .. . .... . .. . .. ... .. .. .. .. .. .. .. .. .. .. .. .. 0.16

N-Pentane ................................................................... 0.07

Hexanes Plus ................................................................. 0.16

Gas Gravity .................................................................. 0.613

Heating Value at 14.7 psia and 600 F. BTU/cu. ft. (Dry Basis) .. .. .. .. . .. .. .... .. . .. .. .... 1089

156



TABLE I
SCIIEDULE SHOWING COMPLETION DATA FOB WE LLS IN PINEDA LE FIELD

SUBLETTE COUNTY, WYOMING

COMPANY
Lease

EL PASO NA TURA L GAS
Pinedasle Unit

Well

No.

13300' FN & 810' FE
Sec. 9-T3ON-RSOSW

Drig. Record ___ Casing Record ______

Elee. Spud Camp. Size of Size of Sks. Csg. Csg.
K. B. Date Date _Hole Depth_ Cog. T~yps Weight Cement Set at Length

7, 196 1-14-54

Pinedale Unit 2 1320' FO & 198S'FE 7, 033
29-31n-108W

Pinedale Unit 3 1320' FN & 1320' FW 6, 907
13-31N-109W

Pinedale Unit 4 1320' FN & 1317' FW 7, 205
Sec. 24-T32N-RIO9W

2-19-55 12 1/4" 700'
17 1/4" 340' 13 3/0" 19-40

? 7,0689' 0 5/9" J-91

0 s/s' J-95

8 5/8" 9,6G' 7" N-0
7"N-SO

0" 10.550' 5" a-55s

2-15-55 8- 2-51 12 1/4" 4170'

? 354'
?7.759'

?10, 694'

3-- 8--15 10- 2-55 17" 450'
12 1/4" 7,790'

8 5/0" 10. 874'
6" 11.009'

8-30-55

49. 9 #8
43.58#

40. 0 #8
29. 9 8
26.50 #
15.0 0 #

300

500

221)

371]
72

13 3/8" 19-40 40.0 0 475
9 5/8" J-9S 40 & 43.5 # 500
7" N-SO 26, 29 & 26 # 950

9 5/0" ?7

7" N-89

1-29-SO 17 1/4" 430' 13 3/8" a-55
9 7/0 ' 7,0843' 7 5/0" N-So
0 3/1" 11, 124 2 L/2" N-SO

Pinedale Unit 5 1313' FO & 1320' FE 7, 056 10- S-IS 9-12-56 --

Sec. 5-T3ON-ROOW 12 1/4"
8 5/0"
6"

Pinedale Unft 6 1980' FN & 1992' FW 7,3294 3- 7-57 0- 0-57 17 1/4"
Sec. 21-T3ON-R1OSW 9 3/4"

Pinedale Unit 7 1354' FN & 1241' FW 7, 373 6- 5-60 8-10-00 17 1/4"
Sec. 15-T39N-R1O8W 9 5/8"

5 /8"

437' 13 3/0"

0, 201' 5 5/0" N
t3, 000' 7"

15, 020' S"

48.0# 500
400&43.58# 500
23, 26,.29&33# 875

54.S o 400

20. 4 & 29.7 0 450
3 # 00

a-Os 54.5 #0

S8t&S-OS 40 & 43.5 #0

N-SO 32 '0
P-OO 18. 0 #0

R05' 135/0" J-ss 54. 01#
11, nar' a1/2"' i-1tONL 20 & 23 0

130' 13 3/0" J-5~> 34. 5 #
7.710' 7 5/0'' N-So 20.4 & 29.70#

10. 37):' 5 1/2" P-il:: 0.,0 #0

400

900
800

171)

337

7, 685

'9,076
10, 107

321'

1,457'
6, 220'
2, 204'

7,400'
870'

450 7

7, 748 7,735'
10. 314 10, 304'

417

7, 700
10, 874

7, 697'
10, 834'

Plugged Perforations
Total Back Zone Shots
Depth Depth No. __ Interval _______ Per Foot

10, 550' 9, 727' 1

10,604' 10, 210'

10, 249-10, 250
9, 923-9, 924
8, 929-9, 832;9, 910-9, 982
9,0674-9, 702
Re Perf. 9,0923-9,694
9, 424-0, 470
9, 352-9,400
9, 250-9, 390

1 7,.505-7, 600 Sqed. 50 sks. , resqzd. 159 nks.
2 10, 060-10, 100
3 9, 700-9, 740
4 5, 460-9,599;9,53-9, 00

Retreat Zone 4
5 9, 29-s, 332
6 0.005-08,040

7 0,548 8,10
8 0,471-0,492
9 8,.265-0, 310

10 0, 145-8, 10
11 7, 902-8, 010;0, 044-0,060
12 7, 9:0-7, 920

11, 008' 19, 874'? 1 7,9140-7, 460;7,480-7,520 Oqed. 200 ohs.
2 50, 740-20,780

Retreated 10. 740 -90

3 10, 600--10,0670
4 10, 386-10,421;10, 296 -10, 360
5 10, 118--10, 142;10, 164-10, 208;10, 004-tO, 108
6 9, 842-9,0878;9, 780-9,0822

7 9, 008-9, 702
0 9,584-9,0634
9 9,480--9,560

10 9, 2o5-9, 245
11 8, 400-0,560

12 9, 400-0, 445;8, 379-6, 390
13 0, 194-8, 224
14 6, 092-0, 131

4
4

4
4

4

4
4

408' ? 11, 124' " 1 10, 975-85;10, 1i50-96;11, O00:-05;11, 00-13;11, 026-34 2
7. 843' 7.0835' Re per. 10,.975-05;10,.090-90;l1.,000-05;11,.000-13;l1, 026-34 4

11, 124' ti.o12' Retreat 10,.975 -85;10,.999-O6;11,.000-05;11,.008-1311,026-34

2 10,0870-10, 906 4
3 0, 330 Sqzd, 300 ska.
4 8, 900, 905
5 0, 230-9, 268 4
6 8,0800 4
7 0. 009-30;0, 702-15:9.730-55 4
0 0.412-0,492 4
9 0, 130-8. 179 4

437.
6, 255'

13, 000'
15, 0'

427'

8, 242'

Top of 5"
at 12, 960'

15, 020' 12. 224' 1
collapsed 2

4

050 787' 7 11,9057' P & A 1
3, 009 10.0879' ? 2

4

350

350

750

520' 4
7, 709' 7, 709'

0,0820' 0,0820'

10, 270' 1,9826'

14. 292-14, 302
13, 110-130;13, 130-070; 13, tOO -204

12, 808-t2. 910

12, 700-12,70
(12. 020 -12. 640;13. 405-12, 40 &
(12, 225 -12. 250;92. 140-12. 100

10, 025-10.0G74

10, 104--10. 104; 10, 200-10. 220
9,0630-0, 0G0;0, 704-0,734
0, 984-0,0 10
0, 100-0. 101
0. 170-0, 190;9, 220 -0,230
7.499-7,300
7, 500-7, 578

Notched: 9, 313;9, 324-25;9, 350

Treatment - Perforated Interval

(Told. 5" liner Cement)
(Tord. 5" Liner Cement)
SOF-lO, 003 gals. & 10, 000 # sd. ;Flush w/60 Bbls.

SOF-lI, 850 gals. & 1200 # sd. ; Flash w/3609 gals.
None
OOF-15,099 gals. & 87008 a d.; Flash a/to Bbia.

None

None

4 Washed w/500 gals. acid; SOF-l3. 090 gal & 4800 # ad.,
4 OOF-8300 gals. & 12,700 8 sd . ;lshed we/440 gals.
4 OOF-12, 000 gals. & 9200 #sd. ; Flushed w/4000 gals.
4 SOF-12, 800 gals. & 9000 a d. ;Flushed w/4090 gals.

SOF-17, 590 gals. & 11,00 # ad. ; Floshed w/500 gals.
4 In 7000 gals, acid; SOF-O. 975 gals. & 14. 0000# sd.
- SOF-2, 021 gals. & 0000 # ad. ; Flushed w/2855 gals.
4 OOF-55. 221 gals. & 17. 500 0 ad.; Flushed w/4000 gals.
4 OOF-11, 300 gals. & 82000 a d,; Flushed w/1000 gals.
4 SOF-lO, 207 gals. & 7500 0 ad.; Flushed is/SlOG gals.
4 SOF-14,400 gals. & 9000 a d,; Flushed w/3150 gain.)
4 OOF-1t,.050 gals. & 5000 sd.; Flushed w/2410 gals.)
4 OOF-l1.795 gala. & 07000 a d.; Flushed w/2030 gals.)

OOF-14.040 gals.
OOF-10, 000 gala.

SOF-2 1, 400 gals.
SOF-lO, 900 gals.
SOF-tO, 739 gals.
SOF-lO, 510 gala.
OOF-17. 850 gals.
SOF-25, 090 gals.
OOF-28, 150 gals.
OOF-13, 410 gals.
SOF-1b, 001 gals.
OOF-21, 040 gals.
SOF-lO. 000 gala.

SOF-23,400 gals.
SOF-29, 209 gals.

& 11, 300 # ad.
& 53900 a d.; Flushed w/4200 gals.
& 11,9000 #1 ad.; Flushed w/4200 gals.
& 12, 900 # ad.; Flushed w/4200 gals.
& 12, 000 0 ad.; Flushed w/1200 gala.
& 13, 500 # ad. ; Flushed w/4200 gals.
& 11,500 0 ad. ; Flashed w/4090 gals.
& 12, 00 0 ad,; Flushed w/4000 gals.
& 13, 100 0 ad. ; Flashed w/4099 gals.
& it, 000 

#sd.; NONE - Jnob plugged
& 9, 100 0 ad. ; Flashed w/3500 gals.
& 10, 300 # sd. ;Flashed w/3500 gals.
& 7, 300 0 sd. ; Flashed w/3590 gals.
& 10, 300 # ad.; Flushed w/2520 gabs. WTH
& 14, 500 # ad.:; Flushed w/21,092 gals. 0 & W.

Could aot break down form. w/'tr.
WSVF-tS, 000 gals, wtr. & 11, 100 # od.
WOF-47. 240 gala. wetr. & 13, 100 # ad. ; Flash n/1iloo gals. wtr.
WOF-SO, 750 gala. wtr. & 29, 000 0 ad.; Flush w/t0. 500 gale~wtr.
(Trying In correct bad orig. cement job,)
(Cemn. Tat. -Pert, pressured to 4. 500 6 rem, held.)
lOP-18, 000 gals. & 15, 2000 a d.; Flush w/8400 gala. wle.

(Cern. Tnt, -Pert. pee sauced to 4000 0 cem. held)
OOF-20,500 gals. & 17, 5000 a d. ; Flush w'/7800 gala. wt.'
SOF-20. 500 gala. & 10,500 # ad.;: Flush w/7000 gala. wte.
SOF-2i1,000 gala. & 32, 000 0 ad.; Flush w/7600 gala. wtr.

4 Tried to treat-would not brk. at 0000 #$
4 Ar, w/500 gal .;oil frac. w/2500 gala.

Retreat Zone 2 w/50 bbls. oil
4 Oil ferc w/2500 gals.

Retea Zone 3 w/120 Obls. oil
4 Oil fer.c wv/12. 040 gala.
4 See below.

Od. -oiled Zone 4 & S w/20, 000 gala.
SOP ZoneS5 w/28,426 gala. & 39,000 a d.
OF Zone 5)12, 140-170 only)-54,500 gala. & 12, 7000 a d.

4
4
4
4

4
4
4

NONE
NONE
NONE
NONE
(Wtr. shot off tat.)
NONE
(Wtr. shot off tsl. )
NONE

Ac. w/250 gals. ;OOF-28,780 gals. & 20,000 a d.; Flush
w/8274 gala, oil.

Test A fter Treatment

1190 Mcf/D-After 2 day cloan-up
0 Mcf/D--Sand Bridges
0 Mcf/D-Still ad. bridged or depleted
1400 Mcf/D-A:~ter 2 day clean-up
Immed. after perf. made same as Zone S
Immedl. after peef. mnade same as Zone 5

No production after treatment

Mad sml aeo a
Made small volume of gas

Made sniall relume of gas-Perfa. plugged?
Sm. amt. C. s after ac id-made csl. 200 Mcf after SOF
1000 Mcf eat. -final gauge 004 Mef

384 Mef gauged

1009 Mef approx.

817 Met cst.
(7900--20 job plaigged 911 gals. short of flush)

Trace of gas ecqzd.
1400 Met then retainer gave way. No gas.
Perts. plugged-Ret, stuck had to soil) oat.
195 Met gauged after 24 krs.
250 Mef-Flus' pkr. gave way
1020 Met gauged after 7 hrs.; 887 Mef gauged after 10 hrs.
No eec. or v/little gas?
No gas.
(175 Mef nat. ) 437 Met 11 hrs. after treatment.

(214 Met nat. ) 124 Met 18 hen, after treatment
(62 Met oat.) 627 Mef 22 1/2 krm. after treatment
2300 Met gauged 5 hrs. & 1020 Mef 22 hro. after treatment
(824 Met nat-believe communicating) 000 Met after treatment
3350 Met gauged 14 birs. after treatment
No gauge-making wtr. & oil-eat. 200-309 Mcf/D

Made sin. amt. gas then ggd. 580 Met incer. to 780 Met
Ggd. 125 Met
Sm. vol. gaa

Ggd. 734 Met

Ggd. 1020 Mc/D (910 Met/D before treatment)
TSTM (310 Mct/D before treatment) ILater IsId. 214 Met
TOTM

249 Mcf/D gge.
No iner. is gas
245 Mile 3 hesn
Made am. vol. gas
(Nat. 1220 Mct/1'-917 Mcf/7') After trtmnt. ggd. 734 Mcf/D
(Nat. 892 Met)

1190 Met ggd. /to'

2960 Met ggd. /8';1790 Met ggd. /12';I050 Met ggd. /?'
Well would not flow

No shows of gas while swabbing
Sabd. v/sm.: aml. of gas
Owbd. -made heads of brackish water & gas
DOT-Gas TOTI.-Ree. 390' brackish seater
(Oqzd. w/1250 ohs.)
DOT -Gas TS -Ree. 6969' brackish water.
(Oczd. we/250 ohs.)
DST -WBA -Rm'.5520 wte.

(Nat. -DOT 9315 & 9524-25 -Ggd. 54 Mcf/D).
4870 Mct/D ggal. /1 1/2' surging to 8500 Mef/D.

Tubing
Size Thype Depth

Initial
Potential
MCFGPD Remarks

2 1/2" RUE 9, 695' 2, 319 1. Bomb press. 4919 psig & temp. 1S2* F. sf 9610'
2. Perf. cones 5, 6 & 7 are communicating.
3. Orig. PBTD was 10,107;however, 1" liner collapsed

at 9690' & the 5" Baker Bridge plug set at 9727' was
never drld. out.

2 1/2" EUE 10, 199' 1,250 1/ From the time the well was put on completion tests
(2-2-16) on Aug. 2, '55, it made oil & wtr. and it wasn't until

Feb. 25, '56 that the 1250 Mcf/D IF was able to be
takes.

2 1/2" EUE 0, 341' 1,549 1/ t out collapsed cog. w/diamond bit and sqzd. w/30
(2-2-56) sks. at 6794-this took place in between Zone 1 and

Zone 2 perfs.

2/ After perforating A LL cones & going back in to drill
out plugs the 7" eng. was found to be collapsed at
8393'. The well was milled out to 8514', but couldn't
get mill tool down any furtber-COTD=85 14'.

2 1/2" EUE 10,883'

NONFE

3 850 1/ 11 was necessary to recement the production
string due to peer orig. cement job.

1,120 1/ At 8427' lost drld. collars while trying to dcl. w/a-
could not recover. Set plug at 8385' back to 0265'
cemented w/100 ? aks. Then whip stocked at approx.
027' WO hole deviated bedly set whipotoek 02 at

2/ When drlg. at 12, 800' discovered hole in 9 5/8"
a 412', Cu 9 5/8 rag. at 410'-pulled 418' of 8 5/8"
then set eag. bowl & cemented

3/ After per. zone 1 the S' liner collapsed & it was

4/ 7" eng. is collapsed at 12, 224'.

P & A 1/ Cement plugs: 1. 7059-7525 a/O aks. , 2. 755-900

2/ Cut & pulled 925' of 5 1/2" rag.sks

2" E UE 9, 324' 1, 471 1/ Type of notches: 9313'--MeCullughs 3 way jet
8324'-25'-Baash Rosa Mach. Cutter
9350'-MCullouigh 3 way jet

1 57
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TABLE III
EL PASO NATURAL GAS CO. NO. 1 WAGON WHEEL

RESERVOIR DATA
FORT UNION INTERVAL 7,984' -- 11,797'

Net
Pay

Depth Feet

7,983.5 - 7,992.5 5
8,080.0 - 8,129.0 30
8,232.5 - 8,234.5 2
8,525.5 - 8,539.5 6
8,613.5 - 8,630.5 5
8,749.5 - 8,793.5 17
8,843.5 -~ 8,850.5 4
8,876.5 - 8,906.5 16
8,942.0 - 8,986.0 25
9,057.5 - 9,063.5 4
9,090.5 - 0,143.5 25
9,176.5 - 9,178.5 2
9,204.5 - 9,296.5 53
9,322.5 - 9,324.5 2
9,412.5 - 9,452.5 23
9,477.5 - 9,555.5 46
9,665.5 - 9,752.5 39
9,881.5 - 9,907.5 25
9,997.5 - 10,073.5 33

10,116.5 - 10,135.5 13
10,161.5 - 10,264.5 57
10,265.5 - 10,326.5 34
10,352.5 - 10,356.5 3
10,382.5 - 10,390.5 6
10,428.5 - 10,5 18.5 34
10,652.5 - 10,661.5 7
10,723.5 - 10,763.5 12
10,809.5 - 10,870.5 25
10,928.5 - 10,938.5 8
10,982.5 - 10,996.5 13
11,059.5 -11 ,068.5 9
11,292.5 - 11,318.5 23
11,429.5 - 11,480.5 46
l1,528.5 -1I1,530.5 2
11,550.5 -11,561.5 10
11,569.5 - 11,576.5 4
11,609.5 -11,616.5 6
11,642.5 -11,651.5 4
11,764.5 -11,796.5 _9

Total 687

A cres

640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640

Acre
Feet

3,200
19,200

1,280
3,840
3,200

10,880
2,560

10,240
16,000
2,560

16,000
1,280

33,920
1,280

14,720
29,440
24,960
16,000
21 ,120

8,320
36,480
21,760

1,920
3,840

21,760
4,480
7,680

16,000
5,120
8,320
5,760

14,720
29,440

I ,280
4,400
2,560
3,840
2,560
5,760

Average
Porosity

7.7
11.3
11.0
10.1
8.5
8.9
8.9
8.7
9.6
8.0
8.9
9.1
9.1
8.3
8.8
8.7
9.7

10.0
10.3
9.5
9.1
9.0
8.4
8.3
8.4
8.4
8.3
9.0
9.2
9.1

1 0.6
9.0

19.9
9.2
9.6
8.9
7.9
9.0
9.7

Average
Water Sat.

59.0
53.2
52.0
52.5
56.5
55.5
55.5
56.0
48.9
58.0
55.5
54.5
54.5
57.0
55.5
56.0
53.5
53.0
52.5
54.0
54.5
55.0
56.5
57.0
56.5
56.5
57.0
55.0
54.5
54.5
52.0
55.0
53.0
54.5
53.5
55.5
58.5
55.0
53.5

Mid Point
of Pay
Feet

7,988
8,105
8,234
8,533
8,622
8,772
8,847
8,892
8,963
9,061
9,117
9,178
9,251
9,324
9,433
9,517
9,709
9,895

10,036
10,126
10,213
10,291
10,355
10,387
10,474
10,657
10,744
10,840
10,934
10,990
11l ,064
11 ,306
1 1,455
11,530
11,556
11,573
1 1,613
11 ,647
11 ,78 1

Orig. Fm.
Pressure

Psia

5,200
5,276
5,360
5,555
5,613
5,711
5,750
5,789
5,835
5,899
5,935
5,975
6,022
6,070
6,141
6,195
6,321
6,442
6,533
6,592
6,619
6,699
6,741
6,762
6,819
6,938
6,994
7,057
7, 18
7,154
7,203
7,360
7 456
7,506
7,523
7,534
7,560
7,582
7,669

Temp.
0F.

172
173
175
179
180
182
183
183
184
185
186
187
188
189
190
191
194
196
198
199
200
201
202
202
203
205
207
208
209
210
211
214
215
216
217
217
217
218
219

Gas
Gravity
0.613
0.6 13
0.6 13
0.6 13
0.613
0.6 13
0.6 13
0.6 13
0.6 13
0.6 13
0.6 13
0.6 13
0.613
0.6 13
0.6 13
0.6 13
0.6 13
0.613
0.6 13
0.6 13
0.6 13
0.613
0.6 13
0.6 13
0.613
0.6 f3
0.6 13
0.6 13
0.6 13
0.6 13
0.613
0.6 13
0.6 13
0.613
0.613
0.6 13
0.6 13
0.6 13
0.613

Original
GIP
Bcf

1.3
12.8
0.9
2.4
1.5
5.6
1.3
5.1

10.3
1.1
8.3
0.7

18.6
0.6
7.7

15.1
15.1
10.2
14.1
5.0

20.7
12.1

1.0
1.9

11.0
2.3
3.8
9.0
3.0
4.8
4.1
8.4

19.4
0.7
4.0
1.4
1.8
1 .5
3.7

252.3 00



TABLE IV

EL PASO NATURAL GAS CO. NO. 1 WAGON WHEEL

AVERAGE RESERVOIR CHARACTERISTICS FOR INTERVALS
UNDER CONSIDERATION FOR NUCLEAR STIMULATION

Upper Interval
(8,942'-1O,5 18')

Lower Interval
(11 ,292'-1 1,797')

Porosity, %

Water Saturation, %

Initial Reservoir Pressure, psia

Reservoir Temperature, 0F.

Net Pay, ft.

Gas-In-Place, bcf

TABLE V

CHIMNEY AND FRACTURE GEOMETRY FOR A
NUCLEAR STIMULATED WELL FOR VARIOUS SIZE YIELDS

Nuclear Yield
Kilotons

20

40

100

Cavity Radius
Rc, ft.

50.03

63.98

87.27

Chimney Radius
Rch, ft.

1.2 xRc

60.04

76.78

104.72

Radius of
Extensive Fracturing,

feet

2 xRc

100.06

127.96

174.54

Radius to
Transion Zone
K/K; = 2, ft.

2.5 x Rc

125.08

159.95

218.18

Radius to
Undisturbed

Reservoir rock,
K/K; = 1, ft.

5 x R

250.16

319.90

436.35

9.2 9.4

54.4

6334

194

424

153.5

54.1

7468

216

104

40.9

159



TABLE VI

EL PASO NATURAL GAS CO. WAGON WHEEL NO. 1
ESTIMATED 20-YEAR GAS PRODUCTION'

Upper Zone
Nuclear Number of 20-Year Production, Bcf

Formation Chimney3

8.6 0.9

14.5 0.9

13.2 1 .5

22.1 1.5

14.8 3.1

23.8 3.1

13.2 1 .5

22.1 1.5

14.8 3.1

23.8 3.1

13.2 1.5

22.1 1.5

14.8 3.1

23.8 3.1

Lower Zone
Nuclear Number of 20-Year Production, Bcf

Yield Nuclear
Kiloton Explosives Formation Chimney3

40 2 3.5 0.6
40 2 5.9 0.6

40 2 3.5 0.6

40 2 5.9 0.6

40 2 3.5 0.6

40 2 5.9 0.6

40 2 3.5 0.6

40 2 5.9 0.6

40 2 3.5 0.6

40 2 5.9 0.6

40 2 3.5 0.6

40 2 5.9 0.6

40 2 3.5 0.6

40 2 5.9 0.6

Total Fort Union

Production, Bcf3

1 3.6

21.9

18.8

30.1

22.0

33.4

18.8

30.1

22.0

33.4

18.8

30.1

22.0

33.4

S20 year gas production period does not include waiting period required for chimney to reach near initial reservoir pressure.
2 Based on the SRc spacing.

3 Includes non-hydrocarbon gases.

Permeability
Fort Union

K, Md.

.0034

.0068

.0034

.0068

.0034

.0068

.0034

.0068

.0034

.0068

.0034

.0068

.0034

.0068

K/Ki

18

18

18

18

18

18

50

50

50

50

100

100

100

100

Yield
Kiloton

20

20

40

40

100

100

40

40

100

100

40

40

100

100

Nuclear
Explosives 2

6

6

5S

5S

4

4

5S

5

4

4

5

5S

4

4

Per Cent
In-Place

Recovered

7.0

1 1.3

9.7

15.5

11l.3

17.2

9.7

15.5

11l.3

17.2

9.7

15.5

11l.3

17.2

0



TABLE VII

PRELIMINARY POST SHOT
TEST PROCEDURE

WAGON WHEEL NO. 1

Well Status

Flow at 25 M2 cf/d

Shut-in

Flow at 25 M 2 cf/D

Shut-in

Flow at a rate to maintain a predetermined
pressure for about six months.

Flow at a maximum rate up to 25 M 2 cf/d

Shut-in for long term pressure build-up

Duration

15 days

45 days

20 days

45 days

185 days

20 days

6 months plus

1.

2.

3.

4.

5.

6.

7.

Cumulative
Time, Days

15

60

80

125

310

330

161
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EPNG NO.1 WAGON WHEEL
Sublette County), Wyoming
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PRESSURE GRADIENTS & INDICATED

SHUT-IN BOTTOM HOLE PRESSURES
WAGON WHEEL AREA

SUBLETTE COUNTY, WYOMING
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EL PASO NATURAL GAS COMPANY
WAGON WHEEL NO.1

1980' FNL & 1980' FWL

SECTION 5 -T 30 N -R 108 W

SUBLETTE COUNTY, WYOMING
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PERMEABILITY DISTRIBUTION
IN A NUCLEAR STIMULATED WELL

FOR VARIOUS SIZE YIE LDS
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FOR T UNION FOR MA TION
GAS PRODUCTION VERSUS TIME

FOR DIFFERENT NUCLEAR YIELD,
MA TRIX PER MEA BILITY A ND PE RMEA BILITY

DISTRIBUTION PATTERNS ILLUSTRATED IN FIGURE 6
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PROJECT WAGON WHEEL
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SECTION J
WAGON WHEEL PRODUCTION CALCULATIONS

By

D. N. Montan*

The expected 20 year production for the Wagon Wheel
experiment has been calculated for several well radii and two
values for the in-situ permeability. The results of these calcula-
tions are expressed in percentage recovery of the gas-in-place
per square mile as a function of well radius. This format
should make the calculational results independent of, but
directly applicable to, final experimental design and evalua-
tion of gas-in-place.

The gas production from the formation into a well with
constant pressure was calculated as a function of time by a
finite-difference solution to the non-linear partial differential
equation for radial darcy flow. The radial zoning for the
calculations began with a width of 5 x l0-3 Rw at the well
radius and increased approximately logarithmically to the
outer boundary (o 3000 feet). The number of zones used
depended on the well radius and varies from 35 to 55. The
TRUMP** computer program was used to perform the cal-

culations-.

The parameters used in the calculations are shown in
Table 1. The effect of explosive fracturing was investigated
by the use of four different distributions of permeability
versus radial distance. These distributions are shown in
Figure 1. Distribution of "A" assumes no increase in per-
meability outside the well radius and thus serves as a ref-
erence with which to compare the effects of increased per-
meability. Distribution "B" attempts to represent the effects
of shear and radial failure with greatly increased permeability
in the inner (shear failure) region decreasing rapidly to about
a twofold increase at 2.3 Rw, then decreasing slowly to in-
situ conditions at about 5 Rw. The results of the calcula-
tions for these two distributions and various well radii are
shown in Figure 2 and Table 2. Two other distributions, "C"
and "D", were examined to assess the effects of shear and
radial failure somewhat separately. These distributions were
evaluated for one well radius (100 feet) only. The results for
all four distributions are given in Table 3.

TABLE I

PARAMETERS USED IN PRODUCTION CALCULATIONS

Formation Properties

Pressure
Temperature
Hydrocarbon Porosity
Permeability
Gas Gravity

Well Properties

Bottom Hole Pressure
Spacing

6334 psi
2000 F
4.2%
6.8 and 3.4 id
0.6

750 psi
I well per square mile

Well
Radius

(ft)

40
65

100
150
225
350

TABLE 2

TWENTY YEAR PRODUCTION

% Recovery

6.8 pd

Dist. "A" Dist. "B"

7.94 10.94
9.15 13.34

10.54 16.36
12.24 20.40
14.59 26.59
18.09 37.35

3.4 yid

Dist. "A" Dist. "B"

4.40 6.32
5.15 7.91
6.03 10.02
7.15 12.98
8.68 17.50

11.04 25.78

TABL E 3

TWENTY YEAR PRODUCTION
100 Foot Well Radius

% Recovery

Distribution

"A"
"'B"
"'C"

6.8 pd

10.54
16.36
14.55
14.08

3.4 jid

6.03
10.02
8.77
8.37

*Clhemnist, Lawrence Radiation Laboratories, Livermore
**A. L. Edwards, TRUMP Computer Program: Calculation of Transient Laminar Fluid Flow in Porous Media. Lawrence

Radiation Laboratory, Livermore, Report UCRL-50664 (1969).
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SECTION K
AREAL EXTENT OF WAGON WHEEL

GAS-BEARING SANDSTONE UNITS

By

T. S. Sterrett*

The attached cross-section between the Wagon Wheel
No. 1 and the Pinedale Unit No. 5 wells illustrates the areal
extent of gas-bearing sandstone units in the Wagon Wheel
vicinity. The cross-section does not attempt to correlate all
individual sandstone and shale units in the stratigraphic sec-
tion. The units shown in Wagon Wheel No. 1 and correlated
to Unit No. 5 are those picked by the Reservoir Engineering
Department of El Paso Natural Gas Company as Fort Union
Formation reservoir contributors (net pay), as tabulated on
the attached form. The cross-section does verify the follow-
ing interpretations:

1. For a distance of approximately 2,805 feet (distance
between wells) most sandstone units do not show a
tendency to pinch-out.

2. An aggregate of about 10 feet of the more thin-
bedded sandstone units appear to pinch-out between
Wagon Wheel No. 1 and Unit No. 5. However, other
sandstone units appear to thicken in the same direc-

tion, probably more than compensating for the gas
volume loss caused by pinch-out.

Therefore, sandstone units in the Wagon Wheel area give
indication of extending thousands of feet areally, as opposed
to hundreds of feet, and that reserves stated in billions of
cubic feet per section are valid. In fact, due to the deposi-
tional environment of the Fort Union Formation, it is antic-
ipated that any well drilled in the Pinedale Unit would prob-
ably show a similar gross-net sand ratio to Wagon Wheel
No. I, and that similar reserve values would also occur, re-
gardless of continuity or relative stratigraphic positions of
the contributing gas-sandstone units.

Correlations between other wells in the Pinedale Unit
that are several miles apart, as compared to the short dis-
tance described above, show a correlation factor of approx-
imately 75%. However, due the greater distances and the
depths of the wells involved with respect to the thicknesses
of the gas-bearing sandstone units, it is impractical to repre-
sent this relationship graphically in this report.

*Staff Geologist, El Paso Natural Gas Company
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TABLE I
EL PASO NATURAL GAS CO. NO. 1 WAGON WHEEL

RESERVOIR DATA
FORT UNION INTERVAL 7,984' -- 11,797'

Net Average Average Mid Point Orig. Fm.
Pay Acre Porosity Water Sat. of Pay Pressure Temp. Gas

Depth Feet A cres Feet %____ %____ Feet Psia 0F. Gravity

7,983.5 - 7,992.5 5 640 3,200 7.7 59.0 7,988 5,200 172 0.6 13
8,080.0 - 8,129.0 30 640 19,200 11.3 53.2 8,105 5,276 173 0.613
8,232.5 - 8,234.5 2 640 1,280 11.0 52.0 8,234 5,360 175 0.613
8,525.5 - 8,539.5 6 640 3,840 10.1 52.5 8,533 5,555 179 0.613
8,613.5 - 8,630.5 5 640 3,200 8.5 56.5 8,622 5,613 180 0.613
8,749.5 - 8,793.5 17 640 10,880 8.9 55.5 8,772 5,711 182 0.613
8,843.5 - 8,850.5 4 640 2,560 8.9 55.5 8,847 5,750 183 0.6 13
8,876.5 - 8,906.5 16 640 10,240 8.7 56.0 8,892 5,789 183 0.613
8,942.0 - 8,986.0 25 640 16,000 9.6 48.9 8,963 5,835 184 0.613
9,057.5 - 9.063.5 4 640 2,560 8.0 58.0 9,061 5,899 185 0.613
9,090.5 - 0,143.5 25 640 16,000 8.9 55.5 9,117 5,935 186 0.613
9,176.5 - 9,178.5 2 640 1,280 9.1 54.5 9,178 5,975 187 0.613
9,204.5 - 9,296.5 53 640 33,920 9.1 54.5 9,251 6,022 188 0.613
9,322.5 - 9,324.5 2 640 1,280 8.3 57.0 9,324 6,070 189 0.613
9,412.5 - 9,452.5 23 640 14,720 8.8 55.5 9,433 6,141 190 0.613
9,477.5 - 9,555.5 46 640 29,440 8.7 56.0 9,517 6,195 191 0.613
9,665.5 - 9,752.5 39 640 24,960 9.7 53.5 9,709 6,321 194 0.6 13
9,881.5 - 9,907.5 25 640 16,000 10.0 53.0 9,895 6,442 196 0.613
9,997.5 - 10,073.5 33 640 21,120 10.3 52.5 10,036 6,533 198 0.613
10,116.5 -10,135.5 13 640 8,320 9.5 54.0 10,126 6,592 199 0.613
10,161.5 - 10,264.5 57 640 36,480 9.1 54.5 10,213 6,619 200 0.613
10,265.5 - 10,326.5 34 640 21,760 9.0 55.0 10,291 6,699 201 0.613
10.352.5 - 10,356.5 3 640 1,920 8.4 56.5 10,355 6,741 202 0.613
10,382.5 - 10,390.5 6 640 3,840 8.3 57.0 10,387 6,762 202 0.613
10,428.5 -10,518.5 34 640 21,760 8.4 56.5 10,474 6,819 203 0.61I3
10,652.5 - 10,661.5 7 640 4,480 8.4 56.5 10,657 6,938 205 0.613
10,723.5 - 10,763.5 12 640 7,680 8.3 57.0 10,744 6,994 207 0.613
10,809.5 - 10,870.5 25 640 16,000 9.0 55.0 10,840 7,057 208 0.613
10,928.5 - 10,938.5 8 640 5,120 9.2 54.5 10,934 7,118 209 0.613
10,982.5 - 10,996.5 13 640 8,320 9.1 54.5 10,990 7,154 210 0.613
11,059.5 - 11,068.5 9 640 5,760 10.6 52.0 11,064 7,203 211 0.613
11,292.5 - 1,318.5 23 640 14,720 9.0 55.0 1 1,306 7,360 214 0.613
11,429.5 -11,480.5 46 640 29,440 19.9 53.0 1 1,455 7,456 215 0.613
11,528.5 -11,530.5 2 640 1,280 9.2 54.5 11,530 7,506 216 0.613
11,550.5 - 11,561.5 10 640 4,400 9.6 53.5 11,556 7,523 217 0.613
11,569.5 - 11,576.5 4 640 2,560 8.9 55.5 11,573 7,534 217 0.613
1l,609.5 -11,616.5 6 640 3,840 7.9 58.5 11,613 7,560 217 0.613
11,642.5 -11,651.5 4 640 2,560 9.0 55.0 11,647 7,582 218 0.613
11,764.5 -11,796.5 _9_ 640 5,760 9.7 53.5 11,781 7,669 219 0.613

Total 687

Original
GIP
Bcf
1 .3

12.8
0.9
2.4
1.5
5.6
1 .3
5.1

10.3
1.1
8.3
0.7
18.6
0.6
7.7

15.1
15.1
10.2
14.1
5.0

20.7
12.1
1.0
1.9

11.0
2.3
3.8
9.0
3.0
4.8
4.1
8.4
19.4
0.7
4.0
1.4
1.8
1 .5
3.7

252.3
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SECTION L
MICROSCOPIC EXAMINATION OF UNDEFORMED AND

LABORATORY DEFORMED WAGON WHEEL ROCKS

By

I. Y. Borg*

PART I

UNDEFORMED WAGON WHEEL ROCKS

The following textural and mineralogical descriptions are
intended as a supplement to data already available. Chemical
composition has been supplied by John Hill.' R. Braun and
W. Wadleigh2 have produced partial modal analyses using
x-ray techniques (Table 1). This method gives weight percent
of six mineral components (quartz, calcite, dolomite, feld-
spar, clay and/or mica) accurately to about 20%. The total
quartz so reported consists of sub-angular detrital grains,
devitrified chert pebbles, newly deposited fine-grained ce-
ments, and decomposition products from breakdown of feld-
spar grains. The present study is an attempt to differentiate
between these types of quartz present since it is believed
that the strength properties of the rock as a whole depend
on their distribution. Additional information on the grain
size, texture, and nature of other phases are summarized.
Since the top of the gas-bearing reservoir occurs at 7972
feet, specimens above this were not considered. All thin sec-
tions were cut from cores from Wagon Wheel Hole No. 1.

ROCK TYPE

The group consists of shales, siltstones, and medium-
grained sands. Following F. Pettijohn3 the sandstones can be
called "sub-greywackes" in lieu of their low feldspar content
or simply calcic wacke or calcic arenite using C. Gilbert's4

terminology. Gasbuggy sandstones by contrast are grey-
wackes or feldspathic wackes.

GRAIN SIZE

Average grain size of larger detrital grains are given in
Table 2. Plate I and II are photomicrographs of represent-
ative samples from the cores.

MINERALOGY AND MAKE-UP OF COARSE GRAINED
WACKES

Modal analyses for the group are given in Table 3. De-
scription of the components follows.
A. Quartz and Amorphous SiO2

1. Detrital grains - sub-angular, commonly embayed or
tightly locked to adjacent grains suggesting partial
dissolution at grain contacts. There are abundant
overgrowths on detrital quartz grains.

*Mineralogist, Lawrence Radiation Laboratory, Livermore

2. Devitrified quartz in chert pebbles - commonly dis-
creet well-rounded, "clean" pebbles. Where pebbles
are not well-defined, solution and mobilization of the
SiO2 appears to have gone on and to be the source of
accompanying fine-grained siliceous cement.

3. Siliceous (Si0 2 ) cement - interstitial, fine-grained.
Apparently derived from decomposition of chert and
feldspar.

4. By-product of feldspar decomposition - mixture of
fine-grained 5i02 , clay, and/or sericite and sometimes
fine-grained calcite.

B. Feldspar
Occasional altered microcline and plagioclase grains can

be recognized. Most feldspar initially present is decomposed.

C. Calcite
1. Clear, recrystallized CaCO 3 constituting a portion of

the cement and isolated euhedral grains.
2. Very fine-grained calcite making up larger sub-angular

unites, probably detrital limestone.

D. Dolomites
None recognized, all carbonate assumed to be calcite.

E. Clays and/or Sericite
Average amount recorded in modal analyses is 1-2%

(volume). This is a low estimate since no attempt was made
to determine the portion intimately mixed with quartz as a
feldspar decomposition product. At least 5% is present in the
wackes.

F. Rock Fragments
Original nature of the rock is largely indeterminate. All

fragments are in an advanced state of decomposition. The
little Fe reported in the wackes probably occurs here.

G. Carbonaceous Material (Lignite?)
Except for the siltstone at 10,246 feet carbonaceous

material is inconspicuous. In rock at 10,246 feet it occurs as
large interstitial, brown-black, opaque blebs (up to
15 X 6 mm) somewhat flattened parallel to the bedding. Its
presence in 10,246 feet accounts for the higher free C re-
ported for that specimen.'

H. Other Minerals
A variety of other detrital minerals were recognized in

the rock (biotite, muscovite, phlogopite, zircon, opaque ore
minerals); however, none constitutes > 1%.
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I. Cement
No single component can be described as the cement.

The latter consists of components (calcite, quartz, sericite,
and clays) derived from the breakdown of the detritus. They
have subsequently been redeposited in void space between
large quartz detrital grains.

The 5-14% porosity (Table 3) measured by Core Lab-
oratories is not certainly recognizable as such in thin section.
Void production ("plucking") during thin section prepara-
tion is minimal; but when present it can not be distinguished
from pore space. Nonetheless, microscopic inspection of the
rocks suggests that much of the measured pore space is be-
low lji, i.e. below the resolving capability of the conven-
tional microscope.

MINERALOGY OF THE SHALES AND SILTSTONES

The shales and siltstones have been differentiated from
the wackes on the basis of grain size (Table 2). Modal ana-
lyses were not performed on the shales whose. grain size is
less than 5p. From R. Braun and W. Wadleigh's work2 clay-
rich members of the Wagon Wheel group appear to be re-
stricted to the finest sediments (shales, <5pi). Two siltstones
included in the group are mineralogically similar to the
coarser grained wackes; modal analyses were not carried out.

GENERAL REMARKS

The Wagon Wheel gas-bearing wackes (sands) differ from
each other in small detail, e.g. grain-size. Some appear fresh-
er and cleaner than others. The "freshness" reflects slight
differences in mineralogy and degree of chemical breakdown
of lithic detritus. For example, core at 10,246 feet is not
only C-rich, but mineral and rock components are in an
advanced stage of solution and recrystallization.

COMPARISON OF WAGON WHEEL AND GASBUGGY
LITHIC WACKES

Wackes from the two areas are similar. Their points of
difference are as follows:

Mineralogy - Absence of feldspar in Wagon Wheel (WW).
5-10% greater Si02 (all forms) in Wagon Wheel Greater pro-
portion of calcite among carbonates in Wagon Wheel. Slight-
ly greater amount of lithic debris, carbonaceous material and
clay in Gasbuggy.

Grain Size - Gasbuggy tends to be < l00pi (Table 3);
Wagon Wheel wackes are coarser (Table 2).

Angularity - Gasbuggy grains are more angular; Wagon
Wheel wackes are in more advanced stage of breakdown and
recrystallization than Picture Cliffs.

Grain-Grain Contacts (Quartz, Feldspar Grains
Only) - There are more than twice as many grain contacts
per mm traverse or per grain in Wagon Wheel as in Gasbuggy
(Table 4).

INFLUENCE OF NUMBER OF GRAIN CONTACTS ON
MECHANICAL PROPERTIES

Both Wagon Wheel and Gasbuggy wackes consist of mix-
tures of mechanically strong and weak minerals. There is a
larger percent of stronger components in the Wagon Wheel
rocks than in the Gasbuggy; hence the Wagon Wheel wackes
would be expected to be mechanically stronger, i.e. yielding
or failure should occur at higher stress levels.

The mode of failure of the whole rock depends on the
mode of failure of the most abundant components. In the
case of Gasbuggy rocks one can surmise that onset of yield-
ing will involve more slip and intracrystalline movement of
the micaceous, clay and calcitic components than it will in
the case of Wagon Wheel rocks.

The number of point contacts per grain between strong-
er components is a qualitative measure of how much fractur-
ing is likely to occur at the yield point. The more potential
sites of stress concentration in a given volume, the more
likely is fracture. For the purposes of gas stimulation, the
onset of fracturing rather than yielding per se is of dominant
concern. The data of Table 4 indicate that there are signif-
icantly more grain contacts in the Wagon Wheel rocks than
the Gasbuggy. Thus, intersection of the failure envelope for
Wagon Wheel rocks is more likely to be associated with per-
vasive microfracturing than in the case of Gasbuggy rocks.
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TABLE 1

MINERALOGICAL COMPOSITION OF MAJOR PHASES OF ROCKS FROM
WAGON WHEEL NO. 1 CORE FROM X-RAY ANALYSIS2

Rock Type

arkosic wacke

shale

siltstone

calcic wacke

calcic wacke

shale

calcic wacke

siltstone

shale

calcic wacke

Total Quartz

35

35

47

60

71

25

63

68

26

69

Calcite

6

6

6

13

6

5

13

3

3

7

Dolomite

2

4

4

n.d.

2

3

2

2

4

3

Weight %

Kaolinite and/or
Chlorite

'\ 7 Angstroms

10-30

<10

<10

<10

<10

<10

<10

<10

<10

<10

Illite and/or
Muscovite

% 10 Angstroms

<10

10-30

<10

<10

<10

10-30

n.d.

n.d.

10-30

<10

n.d. = not detected

00

Depth
(ft)

7345

7393

8073

8109

8980

9003

10177

10245

11031

11063

Feldspar

>30

<10

<10

<10

<10

<10

<10

<10

<10

<10



TABLE 2

AVERAGE GRAIN SIZE OF QUARTZ GRAINS IN WAGON WHEEL NO. 1 CORE SAMPLES BELOW 8000'

Shales

9003' < 1ly fine clay

11031' 5g very fine silt

(< .001 - .005 mm)

Siltstones

87'170k angular, poorly sorted

8999' 50pi medium coarse silt

(.04 - .17 mm)

Calcic Wackes ("Sandstones")

8109' 220pi

8980' 155pi sub-angular

10177' 215yi medium grained sand

10236' 180pi

10246' lO0p

11063' 195p

('\ .1 - .2 mm)

METHOD: Grains in series of photomicrographs measured and averaged - 2 measurements/grain. Classification of grain size after Lane et al., Trans. Am. Geop.
Un., 28, 936-8, 1947.
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TABLE 3

MODAL ANALYSES OF > 100p WACKES FROM WAGON WHEEL #1 CORE

Volume %

N

-d 0 -~0
0 ~., _ 0 _

0 "~

S * ~ 0 -Q Qc~
-~ * N CA~ ~ C-,Q0 - "0 "0~' 0

_ _ S 00
(4- CA ~.) 0 0

- .~ CA
- '~- 0 "0-s 0~ S ~ 0 0

4- CA CA 0
"0 0*- ~"0

0 0 - -0 0 0~
Q Q ~ 0

8109 2.13(?) .18 12.9 56 13 11 7 3 10 <1

8980 2.53 .10 13.6 64 7 14 7 4 4 ClayBiotite

10177 2.45 .06 10.2 58 16 11 5 5 4 FeldsparC1a'

10236 2.44 .02 9.5 69 8 7 4 3 6 Feldspar, Cia:
Zircon

10246 2.44 .03 8.2 57 12 9 6 3 4 6 FeldsparCla:
Phiogopite

11063 2.47 .01 5.2 58 10 16 6 4 6 ClaySericite

y

y,

*Core Labs, Inc.

METHOD: Standard microscopic measuring techniques in random traverses across thin section



TABLE 4

NUMBER OF GRAIN CONTACTS PER GRAIN IN WAGON WHEEL AND GASBUGGY WACKES

GASBUGGY
(GB-3)

WAGON WHEEL
(WW-4)

Depth (ft)

3915
3957
4093
4108
4140
4167

8109
8980

10177
10236
10246
11063

No. of Contacts/mm*

7.5
2.0
1 .5
1 .8
2.8
3.6

3.9
5.8
3.3
7.4
4.5
6.8

No. of Contacts/grain

1.7
0.65
0.36
0.60
0.90
0.77

1.3
1.2
1.1
1 .5
0.9
1.6

* Somewhat arbitrary method of comparing number of points of contact or potential
stress concentrations under loading. Number recorded is the number of grain contacts
per mm made by grains encountered in traverses across a thin section. In the case of
Gasbuggy, discrimination between quartz and feldspar was not made since their
strength properties are similar.

** By visual comparison with grain size measured in Wagon Wheel.
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Grain Size**

"m 180yi
%V 70yi
'V 180g
'v 70g
"s 70p1
'v 70pi

220yi
155/1
215/1
1801
lO0p
195/1
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PART II

LABORATORY DEFORMED WAGON WHEEL ROCKS

A series of one-dimensional strain tests and triaxial de-
formation were carried out by R. Schock and H. Heard of
LRL on selected specimens from Wagon Wheel No. 1 core.
The nature (grain size and mineralogy) of the samples de-
formed are given in Table 2 and 3. They consist of a silt-
stone (8999 feet), and coarser grained calcic wackes (8945,
10,236 and 10,237 feet).

Tables 5 - 8 are a resume of the deformational behavior
of these rocks. Information on the experiments themselves
and the interpretation of the present observations are in-
cluded in summaries presented by Schock and Heard.

In almost all cases two thin sections were prepared from
the deformed cylinders. (one longitudinal and one parallel to
the central, circular section). Each was examined micro-
scopically, in polarized light. In addition, macroscopic fea-
tures of the deformed cylinders before cutting are noted.

RESULTS OF EXAMINATION

ONE DIMENSIONAL STRAIN TESTS

Within the resolving capability of the microscope, there
is no evidence of brittle failure in any sample or in any
mineral component listed above. Whatever strain (longitu-
dinal) was measured must reflect changes in porosity which
initially ranged from about 8% in the siltstones to 11l% in
the wackes (Core Lab Inc. data). Plates il~a and b are photo-
micrographs of central, circular sections cut through
S0B3(T =3.55 kb, Pm = 5.87 kb).

TRIAXIAL TESTS (SCHOCK)

The condition of the deformed cylinders is noted in
Table 5 under the heading Gross Failure. Macro-fractures par-
allel to circular sections of cylinders (normal to Ui) are re-
lated to design of the apparatus. No microfracturing in the
body of these samples, (Wagon Wheel No. 7, Wagon Wheel
No. 16, Wagon Wheel No. 10) is apparent.

Shear failure resulting in violent break-up of the samples
occurred in Wagon Wheel No. 4 and Wagon Wheel No. 11.
Failure was not accompanied by widespread fracturing
throughout the specimens nor in production of "shear zones"
surrounding the actually rupture surfaces. The only intensely
fractured area observed in any specimen was in a local, central
area of Wagon Wheel No. 4 at the intersection of two through-
going faults.

TRIAXIAL TESTS (HEARD)

Table 8 contains a resume' of the behavior in the tests

listed in Table 7. Plates IVa and b are photomicrographs of
the central, circular section through Wagon Wheel No. 2H. T

and Pm for Wagon Wheel No. 2H are comparable to those for
SOB-3, a one-dimensional test, shown in Plates iIa and b. The
degree of overall fracturing in the two specimens is conspic-
uously greater in Wagon Wheel No. 2H than in SOB-3.

On a microscopic level the triaxial specimens described in
Table 8 differ from each other primarily in the degree of in-
volvement of all grains in the deformation. As the number of
quartz and chert grains fractured increases, the overall behav-
ior of the specimens becomes increasingly "ductile". The term
as used here implies flow of component parts. From examina-
tion of the specimens it is clear that it is principally cataclastic
flow as distinct from intracrystalline slip. It has been facil-
itated by extensive fracturing and subsequent rotation of brit-
tle components (quartz and other siliceous phases). Almost
certainly other flow mechanisms have been operative as well
during the deformations. Calcite, for example, has been me-
chanically twinned (intracrystalline slip) and the fine-grained
clay minerals have slipped and rotated past one another (inter-
crystalline flow). Contribution of these effects to the strain
recorded after the deformations is difficult to access quantita-
tively. In the case of calcite (and dolomite), any experimental-
ly induced plasticity is masked by the high degree of twinning
present in the carbonates before the experiments. In the case
of the clay and micaceous minerals, their initial fine grain size
(< 1ly size particles) preclude close examination. Nonetheless,
in view of the low combined proportion of carbonates and
clays in the Wagon Wheel wackes used for the deformations,
it can be said fairly confidently that the ductility seen not
only in the u - e curves, but in the gross response of the
specimens to the triaxial deformations (barreling), is due to
the extensive fracturing and cataclastic flow of major compo-
nents of the rock (quartz, chert, siliceous cement %80% by
volume).

R EF E RENCES

1. Hill, J., Chemical Analysis for Wagon Wheel Rock,
Memorandum dated June 1, 1970. (Section M of
Technical Studies Report)

2. Braun, R. and W. Wadleigh, Modal Analysis of Core
Samples from Wagon Wheel No. 1 by Using X-Ray
Diffractometry, UOPKK 70-10, April 4, 1970.

3. Pettijohn, F., Sedimentary Rocks, Harper and Brothers,
1949.

4. Gilbert, C. M., in William H., Turner, F. J. and Gilbert,
C. M., Petrography, W. Freeman and Company, 1954.
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TABLE 5

TRIAXIAL TESTS

(R. Schock)

Strain

After
Loading

er % ____

0.16 0.9

Gross failure

After
Unloading

Er % ___

0.02 0.12

1.7 0 0.3 0.45

Failed parallel to circular section
3/8" from one end

"Exploded". Tendency toward
conical (shear) fractures about a1 ,
(36-4l to a1)

4.2 1 0.16 0.2 .01 .09 Failed parallel to circular
sections 3/8" from both ends

1.4 0 0.2

4.0 1 0.3

0.55 Failed parallel to circular section
near one end

1.2 .05 0.3 "Exploded". Failure along two
shear surfaces. One through-
going fracture parallel to circular
section 1/4" from end

TABLE 6

ONE DIMENSIONAL STRAIN TESTS
(R. Schock)

Stress
(kb)

Strain
(%)

a3

0.28

0.41

1.64

1 .6

1.63

1 .2

1.9

3.5

2.98

Er

0

0

0

0

0

0

0

0

0

EQ

0.8

0.64

0.71

0.7

0.8

0.16

0.9

.016

.028

Stress

U1

4.2 17

U3

WW-7
(10,236 )

WE-4
(10,236')

WW-16
(8945')

ww-10
(8999')

ww-11
(8999')

U 1

1.93

2.46

3.95

4.0

ww-1
(10,236')

WW-2
(10,236')

WW-3
(10,236')

ww-5
(10,236')

ww-15
(8945')

WW-9
(8999')

WW-8
(8999')

SOB-3
(10,236')

SOB-4
(10,236')

4.17

2.1

4.2

10.6

7.88
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TABLE 7

TRIAXIAL TESTS
(H. C. Heard)

Stress

U1  U2  U3

(kb)

0

1.0

2.0

5.0

0

1.0

2.0

5.0

r* Pm*

(kb)

0.80

2.65

3.68

6.92

0.53

2.78

4.45

9.61

EQ

(%)
0

2-3

10

"42

*eU1U- 3 PmU=1i+U2 +U03
2 3
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WW-12H
(10,237')

WW-1H
(10,237')

WW-2H
(10,237')

WW-5H
(10,237')

1.6

6.33

9.35

18.84



TABLE 8

SUMMARY OF BEHAVIOR

Behavior as deduced from
a - c curves (H. C. Heard)

WW-12H Brittle

WW-lH Brittle

WW-2H Transitional

WW-SH Ductile

Deformation of cylinder on macro-level

Single open fault (shear plane) across
cylinder. Discontinuous, open conju-
gate shear planes.

as above

Several broad parallel shear zones
containing open, continuous curved
breaks and well-developed local
conjugate shear planes. Cylinder
is barrelled.

Several broad shear zones; one contains
through-going open fault. Cylinder is
barrelled.

Deformation on microscopic level

Fault is surrounded by a narrow
zone of fractured grains. Micro-
fractures sub-parallel fault.
Extension fractures (11 to a1)
well developed in zone. Body of
specimen and grains unfractured.
Suggestion that conjugate shear
zone is developing.

Fault is surrounded by broad zone of
highly fractured grains. Extension
fractures very well developed in shear
zone. Very little fracturing in grain
distant from zone.

Quartz and chert grains show some
degree of fracturing throughout the
cylinder. Grains are "demolished"
in central areas. Extension fractures
(11 to a1 ) in evidence as well as
shear fractures.

All grains in cylinder are
highly fractured or demolished.
Preferred orientation of micro-
fractures difficulty recog-
nized; possibly development of
extension breaks in central
sectors.
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SOB-3 (10236') 1 mm

PLATE Ill-A Photomicrographs of Wagon Wheel Deformed Rocks

1 Dimensional Test
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SOB-3(1026') ]m

aPLATE Ill-B
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WW-2H (10237) 1 mm

PLATE IV-A Photomicrographs of Wagon Wheel Deformed Rocks

Triaxial Test
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SECTION M
MODAL ANA LYSIS OF PETROGRAPHIC STUDY

By

R. H. Butcher*

A petrographic analysis of 79 thin sections from 5,000
feet to 13,203 feet was performed, giving a general descrip-
tion, approximate mineral content and amount of fracturing
of grains for each section of Wagon Wheel core. The results
of this work are presented in the following figure.

Pertinent observations noted by the detailed work are:
1) There is no significant difference in grain orientation

between vertical and horizontal thin sections.
2) There is considerably more carbonate than is report-

ed from standard sample observation. The criterion
of acid reaction to measure carbonate content is very
subjective and cannot be expected to be as accurate
as modal analysis from thin section.

3) Generally, there is more silica cement (chalcedony)
than carbonate. This is especially true in the samples
at 13,1 10 - 13,193 feet. There appears to be no
systematic relation of carbonate and chalcedony to
each other or to other mineral groups. The two ce-
ments occupy as much as 50% of the rock volume
and commonly more than 25%.

4) Organic matter comprises about 4%, on the average,
of the rock volume. Much of the dark grains in the
"salt & pepper" sands are some mineral other than
coal, as chalcedony, magnetite or mica.

5) The micas are predominantly chlorite and biotite
with no more than a trace of muscovite. This is true

in the arkose as well as in the nonfeldspathic rocks
below 8,000 feet.

6) There is a close correlation between the percentage
of clay and of organic material and a fair correlation
between these and mica. This is probably a factor of
depositional activity, as the buoyant micas and low
density coal would naturally be associated with finer
grained sediments deposited in quiet water.

7) There are more intragranular fractures in the arkose
than in the reservoir section.

8) There is a very distinct lithologic boundary between
7,400 and 8,000 feet, as seen by the dramatic de-
crease in feldspar. Undoubtedly, this interval repre-
sents the major pulse of Wind River Range upthrust-
ing, and almost certainly marks the position of great-
est unconformity in the section. It is no coincidence
that it is also the top of the gasbearing reservoir.

9) There is some suggestion that a transition zone be-
tween the very feldspathic rocks above 7,100 feet
and the nonfeldspathic rocks below 8,000 feet exists
in the interval 7,100 - 8,000 feet. During the dep-
osition of this interval, nearly all of the intrabasin
deformation of sedimentary units must have oc-
curred. This was already known by El Paso Natural
Gas Company's study of the area prior to drilling
Wagon Wheel No. 1, but modal analysis confirms it.

*SeInior Geologist, Northwest Region, El Paso Natural Gas Company
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SECTION N
RADIOACTIVITY

By

R. Lesser* and J. Green **

Calculations of the total induced radioactivity produced
at the Wagon Wheel site for a low residual tritium Plowshare
explosive have been made considering that the explosive is
detonated in either sandstone or shale. The analyses of these
rocks are contained in Table I, and the results are given in
Table II. These results have been calculated by the ACTIVE
code which uses the flux obtained from the SORS Monte
Carlo code, and are given in curies at 180 days after detona-
tion per mole of neutrons incident on the rock. The geome-
try of the explosive, hole, and rock are set up on the SORS
code and a neutron source is transported from the explosive
to the rock to obtain the flux. The ACTIVE code then
calculates the amount of radioactivity produced by various
elements by multiplying the capture cross section for a parti-
cular reaction, times the flux for each of the energy groups.

The results of these calculations show that for tritium,
the radionuclide that could cause the greatest problem, pro-
duction in shale is about 1 .7 times as great as production in
sandstone. This tritium comes primarily from the 6U Lina3 H
reaction in the rock. Ten ppm natural lithium was assumed
in the sandstone and 35 ppm in the shale. The sandstone
composition at 10,177 feet is used while the shale composi-
tion is taken as the average of the analyses at 9003 feet and
11,031 feet.*** The boron was 15 ppm in the sandstone and
100 ppm in the shale. Although the lithium concentration in

the shale is 3 times that in the sandstone, the net increase
in the tritium produced is only a factor of 1 .7 due to the
additional boron and iron in the shale. The additional boron
and iron absorb more neutrons, thus decreasing the neutrons
available to react with the lithium.

The total tritium in the cavity after the five 100 kt
detonations should be less than 1.0 gram (10,000 curies),
which includes the tritium from both the explosives and the
rock. This represents considerable improvement over the
1 gram predicted to be produced by the single 43 kt Rulison
explosive. A lower limit of the tritium produced would be
that coming from ternary fission, which is about 1.0 mg of

3Hper kt or 50 mg (500 Ci) from five 100 kt explosives.
The neutrons entering the sandstone and shale produce
about 23 mg and 39 mg of tritium per mole of neutrons,
respectively. Additional tritium could be produced in explo-
sive components and shielding.

Table III lists the fission product activity in curies at 30,
90 and 180 days associated with the five 100 kt Wagon
Wheel explosives. It should be noted that the 11 ,000 curies
of 85K (the dominant long-lived fission product gas pro-
duced) is comparable to the upper limit of 10,000 curies of
tritium produced. Thus, both radioisotopes should be con-
sidered in the evaluation of gas quality from nuclear-
stimulated wells.

***Analytical results were furnished by John Hill of the General Chemistry Division (see Section 0 of this report).
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TABLE I

WAGON WHEEL ROCK ANALYSES

Element

H
Li
B
C
0
Fe
Al
Na
Mg
Si
K
Ca
Mn

S
Ce
La
Nd
Sc
Y

Yb

Sandstone
Weight Fraction

.0023
10 ppm
15 ppm
.0147
.527
.0065
.0158
.002
.004
.375
.0055
.042
.0039
.0004

40 ppm
15 ppm
10 ppm

3 ppm
10 ppm
1 ppm

TABLE II

EXTERNAL INDUCED ACTIVITY IN CUR IES PRODUCED BY
1 MOLE OF NEUTRONS FROM AN UNDERGROUND

ENGINEERING EXPLOSIVE 180 DAYS
AFTER DETONATION

Isotope

3sS

3 7'Ar
3 9 Ar
4sCa
4 6 5Sc
ssFe
s 4 Mn
s9Fe
4 1Ce

1 
7 Pm

Others

Total

Sandstone

230
.14

31
82

.02
2280

39
1710

38
46
11

4470

Shale

390
.07

15
76

.14
1280

58
2800

48
74
10

1.2
10

4760

Shale
Weight Fraction

.006
35 ppm

100 ppm
.0 179
.514
.03 19
.079
.0037
.015 1
.267
.0306
.0345
.0004
.0003

55 ppm
30 ppm
20 ppm
10 ppm
25 ppm

3 ppm
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TABLE III

FISSION PRODUCT ACTIVITY AT VARIOUS TIMES AFTER
DETONATION OF

FIVE 100 KT WAGON WHEEL EXPLOSIVES

Activity (Curies)

Nuclide D+-30 Days D+90 Days D+180 Days

8 5 Kr 1.1 X 104 1.1 X 1O4 1.1 X iO4
8 9 Sr 8.7 x 106 3.8 x 106 1.1 x 106
90Sr 7.6 x i04 7.6 x i04  7.5 x i04

9Oy* 7.6 x 104 7.6 x i04  7.5 x i04

9ly 1.0 x 107 5.1 x 106 1.8 x 106
95Zr 1.1 x i07  5.9 x 106 2.2 x 106
95Nb* 6.0 x 106 7.2 x 106 4.0 x 106
9 9Mo 2.0 x 1O5 -

99Tc* 2.0 x i05 --

1Ru6.9 x 106 2.4 x 106 5.1 x i05

lO3mRh* 6.9 x 106 2.4 x 106 5.1 x 105

1Ru2.5 x i05  2.2 x i05  1.9 x lO5

lO6Rh* 2.5 x i05 2.2 x 105 1.9 x 105

lllg9.5 x104  3.7 x102

15Cd6.7 x 103 2.5 x 103 5.9 x 102

115Cd3.2 x 102

ll5mln* 3.4 x 102

l23mSn 7.2 x i03  5.1 x 103 3.1 x i03

24b1.5 x 103 7.3 x 102 2.6 x 102

25n2.7 x i05  3.2 x 103 _

25b3.0 x 104 3.1 x i0 4  3.0 x 0
l25mTe* 1.6 x i03 4.1 x i03  5.5 x i03

26b1.1 x i05  4.0 x 103

127Sb 8.7 x i04 -

l2 7 mTe 9.0 x i04  6.2 x i04  3.5 x i04

l2 7 Te* 1.-9 x i05  6.2 x 104 3.5 x i04

l2 9mTe 1.8 x i05  5.2 x i04  8.3 x 3

l2 9 Te* 1.1 x i05 3.3 x i04 5.3 x i03
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TABLE lII (cont'd)

FISSION PRODUCT ACTIVITY AT VARIOUS TIMES AFTER
DETONATION OF

FIVE 100 KT WAGON WHEEL EXPLOSIVES

Activity (Curies)

Nuclide

1311

l3 lmXe

l 3 3 mXe
133Xe

l37mBa*

l4OLa*

145 Cem

'43PEu

156Eu

TOTAL

D+30 Days

5.4 x 106

8.8 x i04

1.1 x 103
3.2 x 106

9.2 x 1iO

9.2 x i04

8.7 x i04

1.4 x i07

1.7 x i07

1.5 x 107

1.4 x i07

2.6 x 106

2.6 x 106

5.1 x 106

3.1 x i05

8.8 x i03

2.6 x 103

4.2 x 102

1.8 x 1i4

6.6 x i04

1.3 x 108

D+90 Days

3.1 x i04

6.0 x i03

1.2 x i03

3.8 x 104

9.2 x i04

8.7 x i04

5.6 x i05

6.4 x i05

4.2 x 106

6.8 x i05

2.3 x 106

2.3 x 106

1.2 x 105

3.6 x 105

2.6 x 103

1.6 x i04

4.1 x i03

3.9 x i07

*Nuclides in transient or secular equilibrium with the isotope listed immediately above.
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D+180 Days

1.3 x 101

3.1 x 102
9.1 x i04

8.6 x i04

4.3 x i03

4.9 x13

6.4 x i05

7.3 x i03

1.8 x 106

1.8 x 106

4.4 x 102

3.4 x i05

2.6 x i03

1.5 x i04

1.6 x i07



SECTION 0
CHEMICAL ANALYSIS OF SAMPLES FROM WAGON WHEEL NO. I

By

John H. HiII*

This report contains results for the elemental analyses of
rock, water, drilling mud, and natural gas from Wagon Wheel
No. 1 drill hole. A sample history and a brief discussion of
the analytical techniques used are also included.

ROCK SAMPLING

Wagon Wheel No. 1 drill hole is located in Sec. 5,
T3ON, R1O8W in Sublette County, Wyoming. Rock cores
were taken from Wagon Wheel No. 1 by El Paso Natural Gas
Company using conventional drilling techniques with drilling
mud as coolant. The bare cores were then stored for several
weeks before sections were chosen for chemical analysis. The
core sections selected for chemical analysis were taken from
10 locations in the depth interval from 7345 ft. through
11063 ft.

Only the center portion of each core was used for chem-
ical analysis. The outside of the core was sawed off to elimi-
nate contamination from the drilling mud. The samples were
then crushed in a chipmunk crusher and pulverized in a
tungsten carbide mill. The chief contaminant introduced
during sample preparation is iron from the chipmunk
crusher. This iron contamination is probably small as com-
pared to the total iron in each sample.

ANALYSIS

ROCK

Results of the chemical assay for 24 constituents in 10
rock samples are shown in Table I. Conventional chemical
and spectrographic techniques were used for the determina-
tion of all constituents except water. The probable accuracy
of these techniques is 5% of the concentration or better
for major constituents (> 1%) and lithium. For minor con-
stituents (0.0 1% to 1%), the accuracy is about 50% of the
concentration.

Pulverized samples were used for the determination of
all constituents except free and bound H2 0. These pulver-
ized samples were not dried prior to analysis.

Chips from the chipmunk crusher were used for the
determination of free and bound H2 0. The free H2 0 was
determined by heating the sample to 1 100 C in a vacuum.
The H2 0 was collected and weighed. The accuracy of this
analysis is about 5% of the H2 0 concentration in the
sample. However, these free H 2 0 assays probably do not

*Chemist, Lawrence Radiation Laboratory

represent the actual free H2 0 content of the in situ rock
because the cores were stored for a considerable time with-
out adequate protection.

The bound H2 0 was determined by heating the rocks in
a vacuum and collecting the water evolved between 1 100 C
and I0000 C. The accuracy of this method is about 5% of
the bound H2 0 concentration for rocks which do not con-
tain hydrocarbons. In rocks which do contain hydrocarbons,
the following reactions can occur.

1. CHx + Fe2O 3 +>CO + FeO + H 2 0

2. CHx + CO2 +>CO +H 2 0

3. C +H 2 0 CO +CHX

4. C +H 2 O +>CO +H 2

The contribution of these reactions to the bound H2 0 anal-
ysis is not known.

The values given for H in CHx (hydrocarbons) are based
on the assumption that all H is present in the rock as H2 0
or CHz. Thus; (H in CHX) = (Total H) - (H in H2 0). These
values are not quantitative because of the uncertainty in the
bound H2 0 determination. The negative values shown for H
in CHy on samples 432, 436, and 439 could be caused by
reactions 1 and 2 above which tend to bias the bound H2 0
results high. The negative values could also be due to differ-
ences in the total H2 0 content of the pulverized samples
used for the total H determination and the chip samples
used for the H2 0 determinations.

The values for C in CHx are based on the assumption
that all C is present as either carbonate (acid C02 ) or CHz.
Thus;

(C in CHX) = (Total C) - (C in C02 ).
These values indicate that there is some hydrocarbon present
in each sample.

WATER

A sample of water together with suspended solids was
taken from the 7,000 ft. depth of Wagon Wheel No. 1. This
sample was analyzed as received. Results for 14 constituents
are shown in Table II.

DRILLING MUD

Chemical analyses for a sample of Wagon Wheel drilling
mud are given in Table III. This sample was analyzed as
received.
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GAS

The composition of two samples of natural gas from
Wagon Wheel No. 1 are shown in Table IV. These analyses
were furnished by El Paso Natural Gas Company (1).

ACKNOW LEDGMENTS
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Emerson. Chemical analyses were provided by L. Gregory, R.
Lim, W. Morris, E. Smathers, W. Sunderland, and M.
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TABLE I.

CHEMICAL ANALYSIS OF CORES

Sample Type
Sand- Sand- Sand- Sand-
stone Shale Shale stone stone Shale stone

Sample No. 431 432 433 434 435 436 437

Depth (ft.) 7345 7393 8073 8109 8980 9003 10177

Sand-
Shale Shale stone

438 439 440
10245 11031 11063

Wt. %

Wt. ppm -- __

Si 32.9 28.2
Ca 2.47 4.79
Mg 0.60 1.53
Al 6.25 6.16
K 3.20 2.54
Na 1.36 0.20
Fe 0.98 2.06
Mn 0.021 0.026
Ti 0.10 0.28
5 0.06 0.04

Li 8.30 30.5
B 10 80
Ce 50 50
La 25 25
Nd 10_ 10
Sc 23 10
Y 10 25
Yb 0.5 2

33.2
4.43
1.10
3.74
1.07
0.24
1 .5 1
0.035
0.20
0.03

23.3
40
50
20
10

3
25

2

37.5 38.9 27.0
5.21 2.82 3.62
0.29 0.44 1.50
1.44 2.10 7.78
0.38 0.68 3.00
0.14 0.26 0.45
0.62 0.54 3.12
0.032 0.026 0.034
0.06 0.07 0.29
0.04 0.06 0.02

10.5 11.2 40.0
15 15 100
40 40 50
15 10 30
ND<10 ND<10 20

<3 23 10
10 5 25

1 0.5 3

Acid CO2  2.80 6.05

Total C 0.84 2.60
Total H 0.27 0.56
Free H2 0 0.26 1.60
Bound H 2 0 1.52 3.88

N 0.06
C in CHx 0.08 0.95
H in CHx 0.07 -0.05

GrmMls I Ca 0.62 1.20
Grm-ols_ Mg 0.25 0.63

Kg Rock CO2 0.64 1.37

5.41 5.54 3.39

1.75
0.35
0.85
1.86

1.59 1.01
0.16 0.16
0.23 0.27
0.83 0.89

4.74 5.08 2.75

1.42
0.59
1.98
3.37

0.01
0.27 0.08 0.09 0.13
0.05 0.04 0.03 -0.01

1.10 1.30 0.70 0.90
0.45 0.12 0.18 0.62
1.23 1.26 0.77 1.08

1.47
0.14
0.35
0.55

2.37
0.27
0.53
1.04

0.02 0.05
0.08 1.62
0.04 0.09

1.00 0.52
0.16 0.21
1.15 0.62

4.97 3.99

2.15
0.61
2.09
4.10

1.20
0.17
0.34 **

0.69 **

0.79 0.11
-0.08 0.05

0.82 0.80
0.63 0.21
1.13 0.91

** The results given for free and bound water should be used cautiously. The samples were not
properly packaged to preserve the free water content prior to analysis. Therefore, the free water
numbers represent only the free water content of the samples as received and may have no relation
to the free water content of the in situ rock.
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37.4
4.20
0.40
1.58
0.55
0.20
0.66
0.039
0.06
0.04

10.4
15
40
15
ND<10

10

38.4
2.08
0.50
2.55
0.84
0.28
0.81
0.014
0.08
0.10

12.1
20
40
20

ND<1 0
3

10
2

26.4
3.28
1.52
8.02
3.12
0.30
3.27
0.061
0.12
0.040

30.2
100
60
30
20
10
25

3

39.0
3.20
0.52
2.05
0.60
0.12
0.62
0.029
0.06
0.014

6.80
20
40
15

ND<10
<3

10

Wt.



TABLE II.

WAGON WHEEL WATER ANALYSES

Sample From Wagon Wheel No. 1 at 7000 ft. Depth

mg/ml

Al 150
Ca 10
Cr 0.5
Fe 500
Mg 20
Mn 1
Na 150

The probable accuracy
concentration for anions.

mg/ml

Pb 0.5
Si 1000
Ti

CO 2
Cl
P

SO 4

5
140
380
<1

<10

Density 0.998 g/ml at 23*C

of these results is 50% of the concentration for metals and 10% of the

TABLE lII

CHEMICAL ANALYSIS OF WAGON WHEEL DRILLING MUD

Total Solids
CO2

S
Ba
Si
Al

Halogens as Cl-
Ti
Cr
Mn
Zr
Pb

Wt. %

61
0.96
6.4

Principal Constituent
12

1.2

ppm

100
360
300
120
30
24

pH = 8.8

The probable accuracy of these results is 50% of the concentration for
concentration for sulfur, carbon dioxide and halogens.

metals, and 5% of the

Ca
Fe
K
Na
Sr
Mg

B
Cu
Ni
Sn
V

Wt. %

1.2
0.6
0.3
0.24
0.18
0.12

ppm

12
12
6

66
66
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TABLE IV

WAGON WHEEL NO. 1 GAS ANALYSIS

Sample No. DST No. 2 DST No. 4
Formation Depth (ft) 7,972-8,143 10,978-11,070

Mole % Mole %

Carbon Dioxide 0.12 0.04
Hydrogen Sulfide nil not run
Nitrogen 0.58 0.44
Methane 94.67 94.28
Ethane 2.64 3.66
Propane 1.28 0.96
1-Butane 0.13 0.22
N-Butane 0.13 0.19
1-Pentane 0.06 0.08
N-Pentane 0.05 0.06
Hexane 0.34 0.07

Specific Gravity* 0.598 0.594

*1.696 lbs ./sq. in, 600 F, Calculated from % Composition
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SECTION P
GROUND MOTION PREDICTIONS

By

Dean V. Power*

I. SEQUENTIAL DETONATIONS OF MULTIPLE
EXPLOSIVES

1. Background

An underground nuclear explosion and the subsequent
cavity formation results in a radiation of seismic energy
through the earth. This radiation of seisniic energy results in
oscillatory motions of the earth's surface at distant points.
The amplitudes of these motions depend upon the properties
of the rock in which the explosion occurs, the explosion
energy release or yield, the length and properties of the seis-
mic transmission path, and the properties of near surface
rock and soil at the receiving station.

At short distances from surface zero the surface motions
are of high amplitude but short duration because the trans-
mission path is relatively simple and direct. At "distant"'
points the energy arrives from more than one pathway, re-
sulting in an extremely complex motion. For purposes of
this report the dividing line between "short" and "distant"'
ranges is a few depths of burial in horizontal range. At sur-
face zero, the motion is usually an initial strong pulse
followed by smaller reflections and signals generated by sur-
face spalling and collapse of the chimney. At more distant
points the signal consists of compressional waves and shear
waves refracted from deep layers followed by the direct
arrivals of compressional and shear waves and then the Love
and Rayleigh waves transmitted through the near surface lay-
ers.

We do not now possess the capability to completely
define all the intervening geology and transmission paths re-
quired to accurately predict an entire seismic record for dis-
tant points. Some simplified mehtods have been developed',
however, which are capable of predicting certain critical as-
pects of distant seismic motions. As wll be shown, the pre-
diction capability is quite good for average peak amplitudes.
The capability for predicting the frequency spectrum and
amplitude at a given site from general considerations is only
fair since these are highly modified by the local geological
properties. The capabilities for predicting motion at surface
zero have proved to be moderately good for both peak am-
plitudes and wave forms in the initial part of the motion.

2. Signal Reinforcement from Multiple Shots

Multiple reflections and dispersion in the earth result in
a spreading of the distant seismic motions as described ear-
lier. The duration of the motion increases generally with

*Senior Physicist, Nuclear Group, El Paso Natural Gas Company

increasing distance. For an event of the Wagon Wheel mag-
nitude, and distances where motion is above the threshold of
human perception for some portion of the time, the instru-
mentally measureable motion duration may be more than a
minute. Sequential firing of devices with delay times of more
than three minutes should eliminate reinforcement of signals
from succeeding events in the range of human perception.

3. Peak Amplitudes

Experience from many underground nuclear explosions
has provided a good basis for developing seismic prediction
equations for single explosions. These equations describe the
motions as functions of yield, depth, explosion media and
radius from the shot.' ,

In using these equations for predicting motions from a
particular explosion, one needs to specify the yield, the
depth of burial, the distance from the explosion and a scal-
ing constant for the explosion media. The scaling constant is
best determined by normalizing to the data from an event
detonated in a media similar to the predicted event. For Pro-
ject Wagon Wheel, Gasbuggy has been used as the normalizing
event and all motions are scaled from a fit to the Gasbuggy
data. Gasbuggy was selected as a basis for scaling because, of
all the events for which we have good motion data and yield
determinations, it appears most similar to Wagon Wheel. (The
Rulison event might also have been used but the precision in
the data used to determine the yield was better for Gasbuggy
than for Rulison.) The Gasbuggy detonation was in a shale-
sandstone sequence within a sedimentary basin similar to
Wagon Wheel. The rock densities and sonic velocities of the
explosion environments are only slightly different for the two
areas. The strength of the Wagon Wheel rock is considerably
greater than Gasbuggy rock. (See Table 2 of Section D, this
report for these properties.)

The equations used to predict peak amplitudes of accel-
eration, velocity and displacement are shown in Table 1. These
equations do not explicitly incorporate rock strength. How-
ever, the depth of burial factor, which is empirically derived,
reflects this rock strength difference since rock strengths
generally increase with depth. The depth of burial factor also
reflects the effect of additional overburden at greater depths.

Figures 1 through 3 show predicted peak acceleration,
velocity and displacement for an explosion depth of 9200 feet
and a yield of 100 kilotons using the equations from Table 1.
Also shown in these figures are the one sigma lines, represent-
ed by the dashed lines, and the amplitude of the initial pulse at
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TABLE 1

SCALING EQUATIONS FOR PEAK VECTOR GROUND
MOTIONS

ap = 0.030W 4 2 D 58 R-' 93  u =2.33

vp = 57 [P. + 0.0075 (D/Vv '/ 3) 58 ]W-6 5R-' 8 6  a =2.13

= 19W 87 D-3 3R-. 75su =2.29

Where

ap
up

W
D
R
a

= peak vector surface acceleration in units of g.
= peak vector surface velocity in centimeters per

second
= peak vector surface displacement in centimeters
= yield in kilotons
= depth of burial in feet
= slant range in kilometers
= standard deviation of data.

surface zero, represented by the solid circles. These will be
discussed later.

The equations and sigma factors in Table I were deter-
mined in consultation with AEC ground motion contractors
and give nearly identical results to those presented by these
contractors in the preliminary evaluation.2 ' The constants in
the equations were calculated by normalizing the equations to
the Gasbuggy data4 as shown in Figure 4 through 6. In Fig-
ures 4 through 6 the equations match the regression curves for
the data. However, in Figure 5 it is evident that the narrow
range of available data results in a regression curve with an
attenuation slope different from that which would normally
be expected. Had there been more data points at distances
closer to the event, it is expected that the fit would have a
slope closer to 2.0 than the 2.3 which is calculated. Therefore,
an adjustment was made to obtain a curve with an attenuation
factor similar to that of other events (R' 8 6 ). Normalization
was done at 45 kilometers because this is in the middle of the
data spread. The results of these calculations are reflected in
the equations in Table I.

To illustrate the applicability of these equations, they
have been scaled and compared to four widely different
events. The results of these comparisons are shown in Fig-
ures 7 through 9 for Projects Benham (1100 kt)5 , Boxcar
(1200 kt)5 , Rulison (40 kt)6 and Salmon (5.3 kt)7 . The agree-
ment is even better for Projects Benham and Boxcar than the
figures might indicate because some of the data taken on these
events was recorded at stations that are underlain by hundreds
of feet of alluvium, whereas the equations are for hard rock
conditions. Thick alluvial sediments can amplify surface mo-
tions by factors of three to ten.

The greatest uncertainty in the equations in Table I is the
depth of burial factor and its relation to yield scaling. Until
more data is obtained it would be best not to extrapolate more
than one order of magnitude beyond Gasbuggy and Rulison.
Extrapolation to Wagon Wheel conditions is justifiable.

4. Local Geologic Effects

The sigma factor in Table I and shown by the dashed
curves in Figures 1 through 3 and Figures 7 through 9, is an
estimate of the expected statistical deviation of recorded
data points from the mean average. This statistical variation
is due to several factors including variations in physical prop-
erties of transmission path, local foundation soils and instru-
ment error. Soil properties may result in an amplification of
incoming seismic motions which can be greater or less than
unity when compared to the average.

A one-sigma factor (a) equal to 2.0 is defined as
meaning 67% of a large number of randomly selected sites
will have motions ranging between one half the mean average
and twice the mean average. In its usage on underground
nuclear explosions, the sigma curves are assumed parallel
even though a more correct regression analysis would result
in nonparallel curves which diverge from the regression curve
outside of the range of data.

Sometimes where local geologies vary widely it is advis-
able to separate the ground motion stations into two cat-
egories: hardrock and alluvium. Alluvium stations generally
include those which overlie hundreds of feet of soft, uncon-
solidated alluvial deposits. It has been generally accepted
that motions on such alluvium stations will average about
two to three times the amplitude of motions at hardrock
stations, where only thin layers of weathered surface mate-
rials exist. Separate predictions for hardrock and alluvium
stations were made for Rulison even though there were few
stations which could be truly categorized as alluvium sta-
tions.8 In the Benham and Boxcar events some sites were
located on deep alluvial valleys where thicknesses of "soft"
sediments were thousands of feet and the water table was
hundreds of feet below the surface. In such cases, amplifica-
tions of motion are very large and it is advisable to divide
the data into the two categories for Benham and Boxcar.

In Rulison and Gasbuggy and predictably in Wagon
Wheel, the ground motions may be characterized by a single
equation for hardrock motion. Data from the Wagon Wheel
geophysical exploration work9 indicates that the thickness of
the weathered surface layer in the basin is only 50 to 100
feet. The thickness of weathering is widely uniform and does
not appear to have any correlation of variation with topog-
raphy. The thickness is essentially the same in the river bot-
toms as it is in the desert areas. This is not surprising since
the Green River Basin is erosional in character at the present
time. The sonic velocity in the surface layer is calculated at
3000 ft/sec and the sonic velocity below 100 feet is calcu-
lated at 8000 ft/sec. Thus, it can be concluded that, execpt
for the morainal deposits at the base of the Wind River
Mountains, the ground motions within 30 or 40 miles from
Project Location will be characterized by the hardrock
equations.

The sigmas shown in Table I are derived from Nevada
Test Site Data.

5. Surface Zero Motions

The curves in Figures 1 through 3 are derived from the
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intermediate range motion data from Gasbuggy, which in-
cludes surface zero data at a slant range of 1 .6 kilometers.
Considerable attention has been given to the surface zero ini-
tial motion. A prediction of surface zero initial motions may
also be made using the free field motion data. Free field mo-
tion is the motion of a particle of earth that is buried within
the earth and is due to the radiating signal without the effects
of any free or reflecting surface signals. Because of the reflec-
tion of the seismic signal at the earth's surface, a doubling of
the free field accelerations and velocities occurs at the surface.
Therefore, the surface acceleration and velocity will be about
twice the free field values.

Salmon and Gasbuggy results are used in this method of
predicting the Wagon Wheel surface zero motions. William
Perret obtained equations for the free field motion on the
Salmon Event.' 0 The surface zero acceleration and velocity
at Gasbuggy match the Salmon curves given by Perret. The
depth-velocity profile for Wagon Wheel is not grossly differ-
ent from either Salmon or Gasbuggy which is the basis for
the use of the constants and equations from reference 10 for
Wagon Wheel predictions.

Displacements and the later accelerations and velocities
at surface zero sometimes follow a peculiar pattern because
of spalling. Spalling occurs when the tensile stress in the
shocked rock near the surface exceeds the tensile strength of
the rock. This can result in larger than normal displacements
because of the long free fall time. It can also result in higher
accelerations at re-impact time than occurred in the initial
pulse.

If the material near the surface spalls, the peak displace-
ment can be estimated using the predicted peak velocity and
the expected rise time in the initial velocity pulse in con-
junction with the ballistic equation. Figure 10 shows the mo-
tions at surface zero for Project Gasbuggy.'' It is apparent
that peak velocity is attained very rapidly. However, some
displacement does occur during the rise time and may be
approximated by using an estimate of the average velocity
equal to one half the peak velocity and multiplying by the
rise time, At:

d= v At/2

The latter portion of the velocity and acceleration curves
indicate that the surface material is in ballistic trajectory and
will rise until the upward velocity decreases to zero. The
acceleration during this time is minus one g. Therefore, the
ballistic equation can be used to calculate the displacement
during this period as follows:

a = -g
v =-t+vp

d - gt 2 + v1pt+ do

where t is measured from the time that peak velocity occur-
red. When the upward velocity is zero, then:

t = v p/g

and by substitution:

d = vip2 /2g + vip At/2

The rise time in the initial portion of the pulse is rough-
ly estimated by scaling from the Gasbuggy rise time and
using a cube root of the yield relationship.' 2 The rise time
at Gasbuggy surface zero was about 50 milliseconds. A rise
time of 75 milliseconds is estimated for Project Wagon
Wheel.

Table 2 shows the equations derived above and taken
from Perret and the results of these equations for Project
Wagon Wheel. These results are also shown by the large solid
circles in Figures 1 through 3 to show the comparison be-
tween the initial motion calculated by this method and the
expected peak motions derived from distant motion data.
The agreement between these methods is quite good when
one considers the uncertainties and differences involved.

TABLE. 2

PEAK INITIAL SURFACE ZERO MOTIONS

100 kt. Wagon Wheel

aip W' /3/2 = 1.23 x 109 (R/W' 1 3 )-2 .~

ip2= 7.20 x 104 (R/W/ 3 )' 88

d vip 2 /2g + v pAt/2

aip =3.5 g

v = 0.80 in/sec

d = 0.063 m.

where

aip = maximum acceleration in the initial positive
motion

vip = maximum velocity in the initial positive motion

dp= maximum displacement in the initial positive
motion

W = yield in kilotons

R = range in meters

Spalling occurred in Salmon and Gasbuggy, and the
close-in initial positive accelerations exceeded 1 g in both
Gasbuggy and Rulison. In these events no significant prob-
lems resulted in connection with the emplacement wells and
reentry operations near the surface which might be related
to surface spalling.

6. Spectral R esponse

Response spectra (pseudo relative velocity) curves were
generated by the Environmental Research Corporation and
presented to the AEC-NVOO as a part of the Preliminary
Site Evaluation. 2 Figure I I is a reproduction of the perti-
nent curves from that effort, and presents the average pre-
dicted response spectra for a 100 kiloton detonation at var-
ious distances. The amplitudes shown represent the expected
response of simple, harmonic 5% damped oscillators to the
ground motion emanating from the explosion.
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II. SIMULTANEOUS DETONATION OF MULTIPLE
EXPLOSIVES

1. Background

The Wagon Wheel concept requires multiple explosives
in a single hole, arrayed vertically. If these explosives are
detonated sequentially (singly and separately) and with suffi-
cient time delay, the seismic signals will be separate and
independent. If they are fired simultaneously, the sources
will interact to some degree and the seismic signals will be
combined in some complex fashion.

As of this date there have been no events sufficiently
similar to Wagon Wheel (multiple-linear-contained array) on
which to base a highly confident prediction of ground mo-
tion for simultaneous detonation. A meager quantity of data
from row charge cratering events of relatively low yield
(mostly high explosive in the few tons to 100 tons range) is
available. There are serious doubts about the credibility of
predictions when extrapolating from cratering to contained
arrays because of; (1) differences in charge separation dis-
tances, (2) loss of driving force in cratering events at early
times due to venting, (3) frequency shifts in seismic energy
spectrum resulting from smaller cavities at deeper depths and
(4) differences in physical properties of near surface and
subsurface materials. Furthermore, the only times data were
taken which allow one to directly compare a row charge to a
single event at the same location were in chemical explosions
such as Pre-Gondola II and Trinidad. This means that extra-
polations must be made to nearly four orders of magnitude
in yield; i.e.: 20 tons versus 100 kilotons. In spite of these
uncertainties, it is possible to do the calculations and extra-
polations and obtain a prediction technique that appears
reasonably good.

It is readily conceded that when several explosives are
placed immediately adjacent to each other such that there is
complete mixing of the "fireball" regions, the results will be
the same as for a single charge of the same total explosive
yield. As the individual charges are separated, with rock-like
material occupying the intervening space, the degree of mixing
decreases. For small separations the fireballs may interact only
at late times. As the separations increases still more, the inter-
action will be limited to a plastic zone and finally, at the
extreme, interaction is limited to the linear elastic zone. For
an experiment such as Wagon Wheel, the inelastic fracture re-
gions from adjacent explosions will interact to some degree
but the cavities or fireballs will not. Thus, a Wagon Wheel
configuration is somewhere between the two extremes.

2. Elastic Theory

The first step in understanding Wagon Wheel will be to
calculate the two extremes to define the maximum and mini-
mum limits for seismic signals. For the case of complete fire-
ball interaction we use the results of Section 1, but for a yield
equal to the sum of the yields of the separate explosives. This
will prove to result in minimum ground motions. Calculation
of the motions for the maximum extreme requires some theo-
retical development.

In an elastic system the general equation of motion for a
sinusoidal forcing function and a mechanically responding
system may be expressed as:

--D 2 F
X+ X+co X =cos (ot) (1)

M o M

The general solution for this equation is:

X = Ce-(D/2 M) tcos (w it + B) + F cos w (t - )

where: C and B are constants of integration
co = natural frequency of the undamped system
Do
M = system damping factor

2 2 2 %
WI = (w - D/4M )

F
q5
Z

(2)

= forcing function amplitude
= phase shift between system response and driving force

= [M2 (co2 .- 2 )2 + o2 D2 ] 1/

The first term in equation (2) is the transient solution and
the second term is the steady state term. Since the system
begins at rest and it is the peak amplitudes which concern us,
we may concentrate on the steady state solutions.

Consider now what happens when a part of the earth's
surface is subjected to the seismic signals from two or more
distant explosions. If the explosions are detonated simulta-
neously, the transmitted signals (F~ cos (cot)) will be in phase
in time, but because of the difference in the length of the
travel paths to the receiver, they will act on a particular part of
the earth's surface out of phase with each other. This phase
difference may be expressed as a phase angle a . It is important
to recognize that Uj is dependent both upon the relative posi-
tions of the explosions and the particular travel path from the
explosions to the receiver site, and many paths exist, each
representing a different portion of the seismic signal. Accord-
ing to the superposition principle for elastic conditions, the
solutions for the separate driving functions may be added as
follows:

N
X F coso (t+u1g- $j)

j=l1
(3)

Actually the term F is a vector which may be either radial
or transverse to the direction of the seismic path. By imposing
the conditions that; I) the travel paths are long compared to
the difference in path length; 2) the distance between explo-
sions is small compared to the path length and; 3) we limit the
addition to vectors (Fl) which are nearly parallel; we may treat
X and F as scaler quantities for the purposes of obtaining a
simplified solution.

We may now consider the fact that F is dependent upon
the path length and is reduced in amplitude as the path
length increases because of dispersion and absorbtion. Then
F may be expressed as a function of path length by the
relationship F = ARC. A further consideration is that prop-
agation velocities vary for different frequencies expressed as
coi. Applying all these conditions plus the additional condi-
tion of equal explosive yield, equation (3) becomes:
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(5)

N

Xir Al R- oswo (t+ - b)

N

Xir = AR-& E coscu (t+ujg-95)

This is the solution for the position of a particle with
respect to its rest position. By differentiation we obtain the
velocity and acceleration of the particle:

N

i= -ARCw o sinwo(t +uo- #)
j = I

N

Xir =-AR* o 2 2 cosc . (t+aj - ) (6)
j =1i

We see from this that the motion due to multiple, simul-
taneous sources is very similar to that due to a single source
but multiplied by the summation of cosines term. The value
of this cosine term depends both upon the frequency of the
signal and the relative path lengths from the separate
sources. Figure 12 shows the value of this term as a function
of frequency for the case where all u 's are equal to mul-
tiples of 0.03 seconds. This value for Uj is an approximation
to the average for path length difference for Wagon Wheel.

From Figure 12 it is evident that a linear array of explo-
sives should generate relatively more energy in the low fre-
quency range because of the increased coherency at low fre-
quency. Except for the single resonance at 30 to 40 hertz
the amplitudes at the high frequency end of the spectrum
are considerably reduced because of the destructive interfer-
ence of the several signals.

The maximum value for a multiple array is given by the
maximum value in Figure 12, i.e.; N times the value for the
single explosion (in Figure 12, N = 5). However we may uti-
lize the results of both Figures 11l and 12 to estimate the
true scaling for multiple simultaneous explosions, Figure 11l
shows a PSRV spectrum which is roughly similar to the ac-
tual frequency spectrum for the single explosion in so far as
the peak amplitudes are centered around 2 to 3.5 hertz.
When these two curves are convolved they result in a spec-
trum for the multiple explosions which peaks at about the
same frequency as the single explosion but has amplitudes of
the spectral peaks of 3.0 to 4.5 times the single explosion or
(0.75 0.15)N.

Using the above results, equations (4), (5) and (6) be-
come, for the best approximation of theory for N explo-
sions of equal yield detonated simultaneously,

Xp= (0.75 0.15)N A1i (7)

Xp= (0.75 0.15)N A 2  (8)

X= (0.75 0.15)N A 3  (9)

Where the subscript p refers to the peak amplitude in the
entire signal from the simultaneous explosions and A1i, A2 and
A 3 are the peak amplitudes of displacement, velocity and ac-
celeration at that location from a single explosion. Thus if a

100 kt single explosion results in peak acceleration of 0.1 g at
or; a distance of 23 kin, then 5 simultaneous explosions of 100 kt

each would result in an acceleration of 0.375 0.075 g at that
same location.

(4)

3. Comparison of Data and Theory

Having calculated the two extremes and the best esti-
mate from different theoretical approaches, we can now
compare these to the results of some multiple-explosive,
cratering row charges.

(a) Pre-Gondola II

Pre-Gondola II was a high explosive, cratering program
consisting of single 20 ton charges and a row charge using
three 20 ton charges and two 40 ton charges at optimum
depths of burial.'" Direct comparisons between single 20
ton charges and the row charge are possible in terms of
velocity data recorded at a distance of 11 .65 km. The
average ratio between single charges of 20 tons and a row
charge of 2 - 40 ton and 3 - 20 ton shots at optimum
depths was:

Xr/Xs = 6.3/1.9 = 3.31

Because the charges in Pre-Gondola II were not equal in
yield or depth of burst we must combine the yield scaling
equation and the theory developed above to calculate the
maximum ratio of low frequency signals from noninteracting
row charges,

Xr l114
max. = - = 6.0

The other extreme of totally interacting cavities results in a
ratio of, x

mm -r _ 5. _ 3.0
xs 1.9

The best estimate of 0.75N results in a ratio of,

S= (0.75) (6.0) = 4.5

The actual ratio of 3.31 is in quite good agreement with the
best estimate method developed above. Unfortunately the
data provides evidence only in the velocity regime and does
not enlighten us on acceleration and displacement. Further-
more, there is no assurance that results at contained depths
will be similar. Nevertheless, it is indicative that this predic-
tion method is reasonably good for a linear array in Wagon
Wheel.

(b) Trinidad

Data from Project Trinidad give similar results to the
Pre-Gondola data with ratios of peak velocities from row
charge events (5 shots in a row of equal weights) to single
charge events varying from 2 to 4 depending on distance.' 4

This compares to the two theoretical extreme ratios of 2.50
and 5 and a best estimate method ratio of 4.90. The varia-
tion with distance is due to a different radial attenuation at
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short distances for the row charge and single charge events.
This effect is apparently related to a different spectral con-
tent of the multiple explosive signal due to cavity inter-
actions, row geometry and greater coherency at lower fre-
quencies as discussed earlier. Since attenuation of low fre-
quency signals is less in earth materials than for the higher
frequencies, this discrepancy should only be apparent at
close distances. At the greater distances, the low frequencies
will predominate for all events and the ratio of 4 is likely to
be applicable at all ranges beyond a few miles.

BUGGY I
Data from Buggy I, a row charge cratering event, con-

sisting of 5 nuclear charges of 1 .1 kt each, was compared to
data from Cabriolet, a 2.3 kt single explosive nuclear crater-
ing event.' The comparison was made on a station-by-
station basis between Buggy and Cabriolet with the latter
scaled to 1 .1 kt. Ratios of amplitudes varied widely for the
stations compared. This variation was probably due to a dif-
ference in frequency content of the signals and the peculiar
resonance characteristics of the selected stations (Tonapah',
Alamo, CP-l and SE-6). Differences in source locations prob-
ably also contributed to the variation. The reported range of
ratios was:

Acceleration,
Velocity,
Displacement ratio,

1.2 to 8.0
1.3 to 10
0.9 to 2.6

The theoretical extremes are again 2.50 to 5.0 and the best
estimate method ratio is 3.75. Thus the Buggy-Cabriolet data
is inconclusive since the ratios exceed and span both the
minimum and maximum possibilities.

4. Wagon Wheel Prediction for Simultaneous Detonation

Row charge spacing for trench ing is usually 1 to 1 .4
crater radii or 140 to 195 ft/W'/3-4 . This compares to 5
to 7 cavity radii spacing or 100 to 140 ft/W'/ 3 .4 for
Wagon Wheel. Thus the plastic zone interaction could be
similar to that for a row charge near the surface and
similar effects might result in the seismic signal. Because of
the good agreement between the results of Trinidad and Pre-
Gondola II and the theory developed above, it is felt that
the best approximation for Wagon Wheel would be to use
the empirical results of these two experiments as a scaling
constant. An empirical average ratio of 0.7N was arrived at
using the Trinidad motions at 3 miles and Pre-Gondola II
motions at 7.3 miles. This is within the range of (0.75 +
0.l5)N developed earlier from theory.

The predicted motions for 5 simultaneous explosions of
100 kt each for Wagon Wheel using the 0.7N ratio are shown

in Figures 13, 14 and 15 along with predicted motions for
single explosions of 100 kt and 500 kt.
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FIGURE 1. Predicted peak vector accelerations for a 100 kt yield and a 9200 foot
depth of burst at the Wagon Wheel location. The value of al is for the
initial pulse only which is not usually as large as later accelerations when
the spall layer falls back.
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FIGURE 2. Predicted peak vector velocities for a 100 kt yield and a 9200 foot depth
of burst at the Wagon Wheel location. In the case of spall, the velocity in
the initial pulse is the peak which occurs during the entire motion.
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FIGUR E 3. Predicted peak vector displacements for a 100 kt yield and a 9200 foot
depth of burst at the Wagon Wheel location. In the case of spall, the
displacement in the initial pulse is the peak which occurs during the
entire motion.
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sion equation, when normalized for yield and depth, becomes the
prediction equation for Wagon Wheel.
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FIGURE 5. Gasbuggy peak vector velocity data and regression curve compared to the
fit using an attenuation factor of R-1-8 6. The solid line is normalized to
the regression equation at 45 kilometers and forms the prediction equa-
tion for Wagon Wheel.

227

-L

\ where W = 29 kt.
\ D = 4240 ft.

-0

0-

-0

-0

0

0

-I II tiit

, I , , II

I0

C)
ci~

C.)

H
H
C.)
0

0
H
U

100

10-2
I0 0

.

'



-- d = 2 3R'''

- d = 19W87D-.33R-1.75 _

where W = 29 kt.
D = 4240 ft.-

o0

10 0

0 0 -

H 00

tlJ

ocP

100 I0' 102
SLANT RANGE , km

FIGURE 6. Gasbuggy peak vector displacement data and regression curve. The regres-
sion equation, when normalized for depth and yield, becomes the
prediction equation for Wagon Wheel.
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FIGUR E 7. Peak vector acceleration data from four underground nuclear events compared to the prediction equations
used for Project Wagon Wheel. Solid circles represent alluvium stations and open circles represent hardrock
stations.
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FIGUR E 8. Peak vector velocity data from four underground nuclear events compared to the prediction equation used
for Project Wagon Wheel. Solid circles represent alluvium stations and open circles represent hardrock
stations.
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FIGUR E 9. Peak vector displacement data from four underground nuclear events compared to the prediction equation
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stations.
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FIGUR E 11. Predicted horizontal 5% PSRV at six surface distances for a yield of 100 kt and depth
of burial of 10,000 feet at the Wagon Wheel location.
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FIGURE 13. Prediction of peak vector acceleration using the O.7N approxima-
tion for five explosives of 100 kt each, detonated simultaneously.
Also shown are the predictions for 100 and 500 kt single
explosions.
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FIGURE 14. Prediction of peak vector velocity using the O.7N approximation
for five explosives of 100 kt each, detonated simultaneously. Also
shown are the predictions for 100 and 500 kt single explosions.
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tion for five explosives of 100 kt each, detonated simultaneously.
Also shown are the predictions for 100 and 500 kt single
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SECTION Q
GAS QUALITY AT THE WELLHEAD: PREDICTIONS FOR PROJECT WAGON WHEEL

By

H. Tewes* and R. Taylor**

ABSTRACT

Results and inferences from the Gasbuggy and Rulison
experiments are used to predict gas quality for Project
Wagon Wheel: five l00-kt explosives at an average depth of
approximately 10,000 ft in sandstone. Calculations cover nu-
clide production, total anticipated gaseous radioactivity, dis-
tribution, and chemical composition of the chimney gas.
Data support a critical dependence on the chimney gas tem-
perature. Conclusions are based on premises about the
Wagon Wheel geometry, such as the spacing of the explo-
sives, and certain data from Gasbuggy and Rulison which are
still undergoing evaluation.

INTRODUCTION

This analysis of the gas quality expected from the
Wagon Wheel experiment is based on the concept of detonat-
ing five Plowshare Gas Stimulation explosives, each with a
nominal yield of 100 kt, at an average depth of approxi-
mately 10,000 ft in a sandstone medium. Our conclusions
rest on many assumptions about geometric parameters, such
as the spacing of the explosives, which have not yet been
fixed. Certain of the premises are from results of the single-
shot Gasbuggy and Rulison experiments, which are still being
evaluated.

RADIOACTIVITY PRODUCTION

Fission product radionuclides expected to be produced
by the five I 00-kt Wagon Wheel explosives are listed in
Table 1. Quantities are calculated for major residual fission
products at 30, 90, and 180 days after detonation. Of these
products, only 85 is expected to be produced with the
cavity gas.

Table 2 compares the total gaseous radioactivity expect-
ed from Wagon Wheel with that resulting from Gasbuggy and
Rulison. We expect the total tritium production from the
five Wagon Wheel explosives to be approximately the same
as that from the single Rulison explosive.

RADIOACTIVITY DISTRIBUTION

The distribution of tritium and carbon-14 among mole-
cular species in the cavity gas depends critically on the initial
formation characteristics (such as chemical composition and
formation gas pressure) and on the physical and thermal ef-
fects of the detonation. Table 3 summarizes parameters we

* Radiochemist, Lawrence Livermore Laboratory
* *Chemist, Lawrence Livermore Latoratory

have considered in calculating the radioactivity distribution.
Perhaps the most important and least predictable factor

in these calculations is the temperature of the rubble-filled
chimney. The chimney temperature determines the steam
pressure and amount of steam to be produced. The steam
pressure in turn governs the chimney gas composition and
alters the tritium disposition. The deeper the detonation, the
smaller the resulting cavity and chimney. Also, with increas-
ing depth, a given fraction of explosive energy deposited as
heat in the chimney produces higher temperatures.

In Gasbuggy and Rulison, some 15-25% of the explosive
energy apparently remained in the chimneys as heat. This is
based on the estimated chimney sizes and observed gas temper-
atures. For a multiple detonation, it seems likely that more
than 25% will end up as heat in the chimney. With a single
detonation, the lower hemisphere of the detonation cavity
remains largely undisturbed; the mixutre of melted rock and
rubble is relatively impermeable and probably cools slowly
after the water it contains is vaporized. By contrast we ex-
pect the multiple detonation to create a continuous zone of
high permeability through the cavity regions produced by all
explosives except the bottom one. Also, some shock-heated
rock directly below the lower hemisphere of the cavities -
normally left intact -will be broken up by the multiple
detonation.

At present, in assessing a multiple detonation, we don't
know how much increase to expect in the relative fraction
of total explosive energy in the chimney. Most of the explo-
sive energy ('v75%) is deposited as heat outside the cavity
by the inelastic response of rock to the shock wave. If the
shock heating is confined mainly to a spherical shell 5 or
10 m thick, then about half this shell will be entrained in
the rubble that falls during cavity collapse. Thus, the frac-
tion of the total explosive energy in the chimney depends
upon the ratio of the cavity radius to the thickness of the
spherical shell outside the cavity within which most of the
energy is deposited.

We estimate for Project Wagon Wheel that as much as 60%
of the total release energy from the upper four explosives
could end up as heat within the chimney: that is, half the 75%
deposited in the shell plus the 25% remaining inside the cavity.
If this proves true and 25% of the energy of the lowest explo-
sive also winds up in the chimney, the final average temper-
ature will be 4200 C (6900 K, 7800 F). This value depends crit-
ically on the spacing of the explosives, as shown in Fig. 1. The
projected 4200 C chimney temperature assumes a spacing of
6 Rc-
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CHEMICAL COMPOSITION OF
CHIMNEY GAS AT EQUILIBRIUM

Chief components of the Wagon Wheel chimney gas at
equilibrium, some weeks or months after detonation, will be
formation gas and steam, carbon dixoide, hydrogen, and car-
bon monoxide. For purposes of this study, we assume that
almost all the formation gas is methane.

Formation Gas and Steam

Figure 2 shows how the chemical composition of the
chimney gas varies with temperature. The higher the tempera-
ture, the greater is the proportion of the chimney void volume
which is filled with steam and the less is available to be filled
by the formation gas. In fact, if the chimney temperature is
significantly higher than the critical temperature of water
(3740 C), almost all the free water in the chimney rubble is
converted to steam-.

We anticipate some 3.1 x 10' 2 g of rubble in the chimney
for Project Wagon Wheel, with a void volume of 25%. Inas-
much as the rubble is assumed to contain 2.7 wt% water, this
amounts to some 8 x 1010 g of steam. The steam density in
the voids of the chimney thus is 'x0.2 g/cm3 or about half its
critical density, and its partial pressure is approximately 290
atm.

As shown in Fig. 2, the initial gas produced from the
cavity consists mostly of steam (also see Table 4 for a tab-
ulated analysis of the gas composition at 4200 C). The chimney
will always contain a little formation gas, however, because
some 4 x l09 g are released from the rubble. At 4200 C, the
formation gas exerts a partial pressure of about 35 atm.

To show the dramatic effect of temperature on the gas
chemistry, an alternate analysis is considered. In this case, 35%
of the explosive energy, on the average, is assumed to end in
the rubble as heat. Now the temperature rise above ambient is
2400 C, resulting in a final average chimney temperature of
3200 C. For comparison of these results with those of our first
analysis, see Fig. 2 and Table 4.

Most of the carbon dioxide in the post-detonation
gas is expected to be formed from thermal decomposition of
the carbonate rock in the vacinity of the explosion. In the
Gasbuggy experiment, some 1350 metric tons of rock per
kiloton were heated to decomposition temperature. In
Rulison, approximately 2700 metric tons had to be decom-
posed to yield the observed CO 2 content of the cavity gas.
For Wagon Wheel, we assume the decomposition of 1000
metric tons per kiloton of explosive yield, because the suc-
cessive chimney collapses will diffuse the available high grade
heat and minimize the "cooking" of the rock which appar-
ently took place in Gasbuggy and Rulison. Thus, for five
l00-kt detonations, we estimate the release of 2.3 x 1010 g
of CO2 into a void volume of 4 x 10'' cm3, leading to a
partial pressure of approximating 70 atm at 4200 C (about
17% of the total pressure). Carbon dioxide formed by the
oxidation of methane and carbon by steam may increase the
CO2 to about 100 atm, as discussed in the next section.

Hydrogen, Carbon Monoxide

The Wagon Wheel rock contains some 0.4 wt % "free"
(noncarbonate) solid carbon and about 0.1 wt % formation
gas (see Table 3). At temperatures above approximately
10000 C, these rock components react with steam to form
hydrogen and carbon monoxide.

All the hydrogen found in the Gasbuggy and Rulison gas
could have been produced by the reaction of steam with the
free carbon and methane from about 1000 metric tons of
rock per kiloton. The carbon monoxide content decreased
with time, in Gasbuggy. This is consistent with the well
known shift reaction of steam and CO to form CO2 and H2
at temperatures below about 8000 C. For this reason, we ex-
pect CO to be only a minor component in the Wagon Wheel
gas at time of re-entry.

The maximum amount of H2 that can be generated by
the free carbon and methane in 1000 tons of rock per kil-
oton is about 5 x 108 moles, assuming that all the CO reacts
with steam. This would produce a 65-atm partial pressure in
the chimney.

RADIOACTIVE SPECIES IN CAVITY GAS

The most significant residual radioactivities we expect in
the Wagon Wheel cavity gas are tritium, carbon-14, kryp-
ton-85, argon-37, and argon-39. In the immediate period fol-
lowing detonation, other gaseous radionuclides will be pres-
ent, mainly isotopes of krypton and xenon and perhaps
radioiodines. These should be considered if re-entry and gas
production are contemplated within 6 months of the detona-
tion.

As noted in Table 2 we expect less than 10,000 Ci of
tritium following detonation of the five Wagon Wheel explo-
sives. At the relatively high temperature predicted for the
chimney region in this experiment, we assume that the
tritium will be distributed throughout the CH4 , H2 0, and
H2 such that the tritium-to-hydrogen ratio is the same in all
molecular species. Recall, however, that tritium is concen-
trated in both steam and methane relative to hydrogen at
lower temperature, so this represents an upper limit for the
tritium concentration in hydrogen.

On this basis, the 10,000 Ci of tritium will be distri-
buted in the 8 x 10' 0 g of water (all the water in the
chimney rubble), the 4 x l09 g of formation gas (mostly
methane), and the ". l09 g of H2 present in the cavity at
4200 C. This will result in maximum tritium concentrations
of about 0.1 pCi/g in water, 0.25 pCi/g in methane, and I
pCi/g in H 2 . The estimated concentrations of tritium and
other chief radioactive residuals 6 months after the detona-
tion, based on the chemical distributions in Table 4, are
given in Table 5.

Carbon-i14

Current estimates put the amount of ' 4 C in the Wagon
Wheel gas at less than the 0.25 Ci/kt, or less than 130 Ci in
all. This is the level measured in the Gasbuggy gas. As with
tritium, we assume that the elevated temperatures in the
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Wagon Wheel chimney will induce radioactive exchange of
the ' 4 C with all the carbon-containing species present.
Recall that about 2.3 x 10' 0 g of CO 2 will be present in the
cavity gas, together with 4 x l09 g of methane. If the ratios
of carbon-14 to stable carbon in these compounds are the
same, then we may expect the initial '4C concentrations to
be 3800 pCi/g in CO2 and 10,000 pCi/g in CH4 .

Noble Gases

As observed in Gasbuggy and inferred from the Rulison
results, all the 8 Kr and argon radioisotopes will mix
uniformly with the cavity gas (including the steam).

CONCLUSIONS

In Tables 4 and 5 we have shown how the chemical
composition and radioactivity concentrations in the
produced gas vary significantly when we change our assump-
tions about chimney temperature and hence the water
content of the cavity gas. For different temperatures (water
content), we have estimated the radioactivity concentrations,
before and after the removal of water and carbon dioxide.

Our analysis indicates the presence of substantial
amounts of water vapor (steam) in the initial gas. The total
amount of steam that may be produced is 'V 8 x 1010 g. If
the chimney gas is produced rapidly relative to the flow rate
of formation gas into the chimney, the down-hole pressure
will drop and the gas composition will shift towards pure
steam. When the formation gas refills the chimney to about
formation pressure, the partial pressures of CO 2 and 1H2
decrease, as do the amounts of tritium and ' 4 C in the
methane, but the partial pressure of steam tends to remain
constant until the chimney dries.

If the Wagon Wheel chimney is as warm as 400*C,
another potential problem should be considered. Steam at
4000 C and near its critical pressure carries with it from 0.1
to I wt% SiO2 . Such silica is deposited as a solid when the
steam condenses to liquid water and cools. If the steam
migrates far enough into the zone of higher permeability
around the chimney to encounter lower temperatures than in
the chimney proper, Si02 deposition could reduce the per-
meability of this region. In a similar way, silica might tend
to clog equipment at the wellhead used to remove water
from the produced gas.
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TABLE 1

PREDICTED FISSION PRODUCT ACTIVITY 30, 90, AND 180 DAYS AFTER DETONATION
(WAGON WHEEL)

Activity (Curies)

D+90 Days

1.13 x 1O4

3.8 x 106

7.6 x 104

7.6 x 104

5.1 x 106

5.9 x 106

7.2 x 106

Nuclide

8 5 Kr
8 9 Sr
9 0 Sr
9Oy*
9 1y
9 5Zr
9 5Nb*
9 9 Mo

lO6 R1u*

I IRh*

1 '5 Cd

I2 3 m~n

l 2 5mTe*

l 2 7 mTe

I2 7 Te*

I2 9 mTe

l2 9 Te*

D+30 Days

1.14 x 14
8.7 x 106

7.6 x 104
7.6 x 104

1.0 x i0o
1.1 x i0 7

6.0 x 106

2.0 x 105

2.0 x i05

6.9 x 106

6.9 x 106

2.5 x 105

2.5 x 105

9.5 x i04

6.7 x i03

3.2 x 102
3.4 x l02

7.2 x 103
1.5 x 103

2.7 x 105

3.0 x i04

1.6 x i03

1.1 x i0

8.7 x 104
9.0 x 104
1.9 x 105

1.8 x 105

1.-1 x 105

1 03

102

1 03

1 04

I 03

I &

1 04
1 04

1 04

1 04

D+180 Days

1.11 x i04

1.1 x 106

7.5 x 104

7.5 x i04

1.8 x 106

2.2 x 106

4.0 x 106

2.4

2.4

2.2

2.2

3.7

2.5

5.1

7.3

3.2

3.1

4.1

4.0

6.2

6.2

5.2

3.3

106

106

1 05

1 0s

102

I 03

5.1

5.1

1.9

1.9

x

x

x

x

I 05

i05

i05

I 05

5.9 x 102

3.1 x 3

2.6 x 102

3.0

5.5

3.5

3.5

8.3

5.3

x

x

x

x

x

x

1 04

1 03

1 04

1 4

1 03

1 03
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TABLE 1 (cont'd)

PREDICTED FISSION PRODUCT ACTIVITY 30, 90, AND 180 DAYS AFTER DETONATION
(WAGON WHEEL)

Activity (Curies)

D+90 Days

3.1 x 104
6.0 x i0 3

1.2 x i03

3.8 x i04

9.2 x 104
8.7 x i04

5.6 x 10'

6.4 x i0'

4.2 x 106

6.7 x i0'

2.3 x 106

2.3 x 106

1.2 x i0s

3.6 x 10'

2.6 x i03

Nuclide

131i

l 3lmXe

l 3 3 mXe

l3 7 mBa*

l4OLa*

' 4 1Ce

' 4 3 Pr
14 4 Ce

l4 4 Pr*

TOTAL

D+180 Days

1.3 x 10'

3.1 x 102
9.1 x i04

8.6 x 104
4.3 x i03

4.9 x i03

6.4 x iO'

7.3 x i03

1.8 x 106

1.8 x 106

4.4 x 102
3.4 x i0s

2.6 x 103

1.5 x i04

D+30 Days

5.4 x 106

8.8 x i04

1. xI io19
3.2 x 106

9.2 x i0O

9.2 x i04

8.7 x i04

1.4 x i07

1.7 x i07
1.5 x i07

1.4 x i07

2.6 x 106

2.6 x 106

5.1 x 106

3.1 x i0'

8.8 x 103
2.6 x i03

4.2 x 102
1.8 x i04

6.6 x i04

3.9 x i07 1.6 x 107

*Nuclides in transient or secular equilibrium with the isotope listed immediately above.
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TABLE 2

RADIOACTIVE GAS 180 DAYS AFTER DETONATION

Activity (Curies)

Gasbuggya Rulisonb Wagon Whee1f
Nuclide(29 kt) (48 kt)e (5-100 kt)

3 HC 40,000 10,000 <10,000

S4~ C 1l30

4 CH4 o l1 5 d

3 7Ar.C 370 1,400 1 4,000

3 9 ArC 0.25 11 no0
8gc350 1,112 11,100

a. Values from C. F. Smith, "Behavior of Radionuclides in Nuclear Gas Stimulation Application," Symposium on
Engineering with Nuclear Explosives (January 14-16, 1970), Conf-700101 (Vol. 1), pp 8 18-830.

b. C. F. Smith, "Gas Analysis Results for Project Rulison: Calibration Flaring Results", UCR L-50986, 1-7-7 1.
c. Total production

d. Total detected in gas

e. C. F. Smith, private communication

f. '4 C, 3 7 Ar, and 39A estimates are conservatively scaled from observed production; the 14C is obtained from Gasbuggy
results and the 37rand 39A from Rulison observations.
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TABLE 3

BASIC DATA AND ASSUMPTIONS FOR ESTIMATED QUALITY OF WAGON WHEEL GAS

Parameters

Explosive yield

Depth of burst

Lithostatic pressure

Formation pressure

Gas in place

Formation gas composition

Average rock density

Carbonate in rock

Water in formation

Free carbon in rock
(non carbonate)

Nominal temperature
(at 10,000 ft)

Value

five-iGO kt

10,000 feet (3050 m)

740 atm (11,000 psi)

431 atm (6334 psi)

57.5 x l09 ft3 (STP) per section over a 520 ft interval (at about 10,000 ft).
This corresponds to 4.0 ft3 (STP) per ft3 of rock. Thus, the rock contains '\

0.1 wt % gas or about 8 x l0-5 moles of ClH4 per gram of rock.

94.3% CH4 , rv4% C2 H6 , 'vl% C 3 H8

2.5 gins/cc

4.5 wt % (as C02 ), or 1.0 x l0-3 moles of CO2 per gram of rock

2.7 wt %, or 1.5 x l0-3 moles of H2 0 per gram of rock

0.4 wt %, or 3.3 x 10 -A moles of C per gram of rock

1750 F (790 C, 35.20K)

CAVITY DIMENSIONS AND VOLUMES*

Cavity radius (av.)
Chimney height
Chimney void volume
Mass of rubble in chimney
Void volume in chimney

90 ft (27.4 m)
2350 ft (716 m)
1.5 x l07 ft3 (4.3 x 10''i cm3)
'v 3.1 x 1012g
% 25%

*For 6.0 Rc explosive spacing
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TABLE 4

PREDICTED CHEMICAL COMPOSITION OF PRODUCED WAGON WHEEL GAS
6 MONTHS AFTER DETONATION AT CAVITY TEMPERATURES OF 4200 C and 320* C,

Mole Percent
Molecular

species

CH4 b

H2 0'

CO 2

H2

320*Cd4200 C

4

76

13

7

43

22

21

14

a. Other molecular species (probably mainly CO) will be present in smaller amounts. Because some ' 4 C will
be present as 1 4 C0, its radioactivity concentrations in CH4 and CO 2 can be expected to be slightly less
than shown here.

b. Formation gas is assumed to be mostly CH4 . Presence of higher alkanes will not affect this treatment
significantly.

c. As produced, most of this water will be present as H2 0(Q).

d. Not corrected for non ideality of gasses.

TABLE 5

PREDICTED RED INACTIVITY DISTRIBUTION OF PRODUCED WAGON WHEEL GAS
7 MONTHS AFTER DETONATION AT CAVITY TEMPERATURES OF 4200 C and 3200 C,

STANDARD TEMPERATURE AND PRESSURE

Distribution - pCi/ml

4200 C

NucI idea
3 H in C H 4C
3 H in H 2 0
3 H in H2

' 4 C in CH4 C
' 4 C in CO2

8 5K

3 7 Ar
3 9 A

Wet
Gasb

<7

<70

<6

0.3

0.7

9ll0

Dry
Gas

<40

<30

2

3

530

3200 C

Dry Gas
(CO 2

Removed)

<60

<50
3

700

900

7

Wet
Gasb

<50

<12

<8

2

0.7

1 50

Dry
Gas

<60

<10

2

230

Dry Gas
(CO 2

<80

<14

3

240

300

3

a. Other molecular species (probably mainly CO) will be present in smaller amounts. Because some 14 C will be
present as 1 4 CO, its radioactivity concentrations in CH4 and CO2 can be expected to be slightly less than
shown here (see Table 4).

b. All water in the "wet gas" is assumed to be water vapor at STP. This table thus does not represent the actual
composition of the gas as produced at the wellhead.

c. Formation gas is assumed to be mostly CH4 . Presence of higher alkanes will not affect this treatment
significantly.
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FIGUR E 1. Temperature Rise versus Percent of Explosive Energy in Chimney (as
Heat) as a Function of Shot Spacing.
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FIGURE 2. Chemical Composition of Wagon Wheel Chimney Gas as a Function of

Average Chimney Temperature. At ~6500 K Steam Expands to Fill
Chimney.
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