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FIGURE CAPTIONS

Figure 1. Distribution of Texas salt domes and salt provinces in relation to
major fault zones and the Stuart City and Sligo reef trends,

Figure 2. Block diagrams of salt domes and structure on top of Cretaceous and
Tertiary units in Houston Embayment (modified from Ewing, 1in preparation).
Figure 3. Block diagram of salt domes and structure of top of Woodbine Group
in East Texas Basin (from Jackson and Seni, 1984b),

Figure 4. Structure contour map, Frio Formation around Boling, Markham, and
Damon Mound salt domes. Salt-withdrawal basin for Boling dome is closed struc-
tural depression southeast of Baling dome. Regional growth faults intercept
the northeast flank of Boling dome and the southwest flank of Markham dome.
Figure 5. Cross section, Boling dome and flanking strata. Salt-withdrawal
basin has abundant faults in Vicksburg, Jackson, Frio, and Anahuac Formations.
Top of Miocene is depressed 500 ft over salt-withdrawal basin owing to post-
Miocene (younger than 5 Ma) salt flow into Boling dome.

Figure 6. Cross section, Markham dome and flanking strata. Salt-withdrawal
basin is a structural sag north of dome. Major faults are absent in this
orientation of cross section.

Figure 7. East-west cross section, Barbers Hill dome and flanking strata.
Faulting is common through Frio and Anahuac Formations and at base of Miocene
strata. Cap rock is surrounded by Evangeline aquifer.

Figure 8. North-south cross section, Barbers Hill dome and flanking strata.
Faulting is common from base of Miocene to deepest control. Faults are typical
down-to-the-coast (south} regional growth faults. Salt-withdrawal basin is

north of dome.




Figure 9, Isopach map, Miocene and post-Miocene strata, area around Boling,
Markham, and Damon Mound domes. Miocene and post-Miocene strata are 2,000 ft
thicker in salt-withdrawal basin southeast of Boling dome owing to extensive
syndepositional salt flow into Boling dome.

Figure 10. Isopach map, Anahuac Formation, area around Boling, Markham, and
Damon Mound domes., Anahuac Formation jis approximately 100 percent (600 ft)
thicker in salt-withdrawal basin southeast of Boling dome owing to extensive
syndepositional salt flow into Boling dome,

Figure 11. Cross section showing map intervals and correlations.

Figure 12. Idealized creep curve depicting behavior of rock salt. Transient
(primary), steady-state (secondary), and accelerating (tertiary) stages of
creep are separated by inflection points in the curve. The Creep curve termi-
nates at the point of brittie (sudden) failure by creep rupture,

Figure 13. 1In sity creep shown by convergence of floor and ceiling in an
underground salt mine (after Empson and others, 1970). Heating of a nearby
mine pillar causes acceleration of the rate of convergence.

Figure 14, Creep curve for artificially prepared salt showing the effect of
temperature, confining pressure, and axial stress (after Le Comte, 1965).
Figure 15, Creep curves for Avery Island dome salt deformed at temperatures
from 24°C to 2000C and stresses from 10.3 MPa to 20.7 MPa. Confining pressures
were 3.5 MPa or above (data from Hansen and Mellegard, 1979; Hansen and Carter,
1979, 1980; after Carter and Hansen, 1983).

Figure 16. Stress-strain curve for bedded and dome salt deformed by a dif-
ferential stress rate of 0.006 MPa to 0.023 Mpa s-1 and a confining pressure of
3.45 MPa. There ig no systematic variation in Creep behavior between bedded
and domal salt, However, bedded salt from Lyons, Kansas, is the most Creep

resistant salt of those tested (after Hansen and Carter, 1980}.




Figure 17. Creep curve for artificially prepared salt showing the effect of
variations in grain size and axial stress on the creep behavior (after Le
Comte, 1965).

Figure 18. Strain rate curve for artificially Prepared salt deformed at high
temperature (1013 K). Strain rates with a constant stress show a significant
increase due to increases in grain size and subgrain size (cited by Hume and
Shakoor, 1981; after Burke, 1968).

Figure 19, Convergence in Canadian potash mine as a function of time. Long-
term convergence is nearly constant (after Baar, 1977).

Figure 20. Borehole closure of (A) Vacherie and (b) Rayburns salt domes (after
Thoms and others, 1982).

Figure 21. Strain rate curve for borehole closure at Vacherie salt dome based
on Qoreho]e closure data from Thoms and others (1982). Linear closyre data
were converted to strain data base on a nominal hole diameter of 8-3/4 inches.
Strain rates were derived using four points for time control (that is, 0, 163,
413, and 890 days after drilling; see figure 20). At a given depth, strain
rates were remarkably linear. Differential stresses were derived from the
difference between the Tithostatic Toad exerted by the salt and the load ex-
erted by the borehole filled with saturated brine. Note the exponential in-
crease in strain rate with increasing differential stress or depth.

Figure 22. Exponential creep law behavior (after Herrmann and Lauson, 1981a).
Figure 23. Logarithmic creep law behavior (after Herrmann and Lauson, 198la).
Figure 24. Power Taw Creep behavior (after Herrmann and Lauson, 1981a).

Figure 25. Predicted Tong-term closures using different Creep law forms (after
Wagner and others, 1982).

Figure 26. Deformation-mechanism map for salt, including probable repository
and storage cavern conditions in cross-hatchured area. Grain size is constant

at 3 mm. Solid lines between regimes are confirmed by experimental evidence;




boundaries shown as dashed lines are based on calculations of constitutive
equations; boundaries shown as dotted lines are based on interpolation or
extrapolation; questions marks on boundaries mean the location is based on
conjecture only (after Munson, 1979),

Figure 27. Cross section, Bryan Mound dome, showing core Tocations and folia-
tion. Angle of foliation decreases from vertical in deepest core to 20 to 30
degrees from vertical (no azimuth orientation) in shallow core. Flow direction
is inferred to change from near vertical in deep parts of stock to more lateral
flow in upper parts of stock.

Figure 28. Photographs of core, Bryan Mound dome, showing variations in grain
size and foliation. Core 1A at -1,848 ft ig well bedded with dark anhydrite
layers and unfoliated; core 110C at -4,173 ft shows no bedding and vertical
foliation.

Figure 29, Photographs of core from cap rock, A, Long Point dome, showing
mineralogical variations and fractures, B. Long Point dome showing sulfur and
fractures, C. BoTing dome showing sulfur and vugs.

Figure 30. Map of cap-rock injection zones, Barbers Hill dome. Injection into
shallow cap rock is over central part of dome, whereas injection into basal
anhydrite sand is aroungd periphery of dome,

Figure 31. Cross section, Barbers Hill dome, and cap rock showing lost-circu-
lation zones and stylized cavern geometries. Appendix 1IC Tists cavern and

injection well names,
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Tabie 2.

Table 3.
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Growth rates for Boling salt dome.
Strain rates for deformation of rock salt (modified from
Jackson, 1984),

Analysis of salt core--Bryan Mound salt dome.




Appendix 1A.

Appendix 18.

Appendix 1C.

Appendix 2.
Appendix 3.

APPENDICES

List of well information for wells on maps in figures 4, 9,

and 10.

List of well information for wells on cross sections in figures
5, 6, 7, and 8.

List of well information for wells on ¢ross section in figure 31.
Conversion tables (modified from Paterson, 1978),

List of information on cap-rock disposal wells.




INTRODUCTION

This report is Phase I] of a one-year contract to analyze technical issues
associated with the proposed isolation of toxic-chemical waste in solution-
mined caverns in Texas salt domes, A major goal of Phase ] research was

characterizing properties of salt domes which could affect this type of waste

disposal.
Organization

This report is organized along two parallel themes: (1) investigations
of dome-related strata--theijr stratigraphy, structure, and geohydrology and
(2) investigations of dome material--salt, cap rock, and mechanical properties
of salt. Each theme begins with a regional focus and continues with increas-
ingly narrow investigations,

In Phase Il we have (1) block diagrammed regional structure around domes
in the Houston diapir province and the East Texas diapir province; (2) mapped
and sectioned the structure and stratigraphy Tocally around four Texas domes;
(3) reviewed published data on mechanical properties of salt, concentrating on
creep properties; and (4) analyzed site-specific data on cap rocks and salt in
20 cores from six salt domes.

During Phase I, a statewide dome data base was established (Seni and
others, 1984b) and natural resources associated with Texas salt domes were

detailed with emphasis on brine and storage-cavern industries (Seni and others,

1984a).

Recommendations

It is not possible to fully evaluate in one year all possible technical

issues associated with waste disposal in domes. We have concentrated on those




issues with the greatest importance and those which could be completed in the
allotted time. A complete characterization of a salt dome for the purposes of
waste isolation requires detailed site-specific data on relevant properties of
salt, cap rock, and surrounding strata and quantitative data on the hydrogeo-
Togic system within the cap rock and the associated strata.

A strong and expanding storage industry is one indication that waste
storage in solution-mined caverns in salt is technically feasible. However,
Tong-term (greater than 50 years) containment has not been demonstrated. Crit-
ical weak points in a waste-containment system are at the intersection of the
cement-casing string and the cap-rock lost-circulation zones. The security of
a waste-containment scheme is enhanced by (1) maximizing the number of cemented
casing strings, (2) maximizing the safety zone of {(a) undisturbed salt around
the storage cavern and (b) undisturbed strata around the salt dome, (3) maxi-
mizing the viscosity of waste by solidification, (4) minimizing the pressure
differential within and outside the cavern, (5) minimizing the contact between
the waste-containment system and lost-circuiation zones, (6) minimizing contact
between the host salt dome and circulating ground water, and (7) choosing a
host dome with minimum dome growth rates over the recent geologic span of

history.

STRUCTURE, STRATIGRAPHY, AND GROWTH HISTORY

The growth of salt domes typically has a profound influence on the struc-
ture, stratigraphy, and depositional systems of surrounding strata. Critical
data on the timing of dome growth, rates and volumes of salt flow, and poten-
tial for future growth or stability are available through careful analysis of
the influence that dome growth has on surrounding strata. Structural, strati-

graphic, and depositional systems analysis each provides a part of this




information. However, this technique represents only one approach to reliably
predicting the future stability of salt domes or interior caverns. Clearly,
aspects of hydrologic stability and geomechanical stability must be integrated

to reliably predict future stability.
Structure

Dome growth usually distorts both the local and regional structure around
a dome., However, the structura] distortion can be very minimal during periods
of nongrowth, relatively slow growth, or when the salt source lTayer has been
exhausted. Structurally high areas form over the dome crest and flanks owing
to relative upward flow of salt and shear-zone drag. Salt-withdrawal basins
are structurally depressed areas that form above zones from which salt is
flowing to feed rising diapirs.

A single dome may cause both upTift and subsidence of supradomal strata in
different areas of the dome crest, Jackson and Seni (1984a) note that the
structural attitude of strata on dome flanks is in part a function of the stage
of dome growth and the slope of the sides of the salt stock. The dip of strata
around domes commonly varies systematically with increasing depth from dip up
toward the dome at the shallow horizons, through horizontal dip, to dip down
toward the dome for the deeper strata. The plane where strata near the dome
are horizontal or at regional dip is inferred to mark the termination of the
stage of active diapiric growth owing to exhaustion of the salt source layer,
Apart from shear-zone drag, there is no longer a mechanism to cause the dip of
surrounding strata to deviate from regional norms when the salt-source layer is
exhausted.

Regional structural patterns around salt domes in the Houston diapir
province are illustrated in map view and in a block diagram in figures 1 and 2.

Figure 3 is a similar block diagram for domes in the Fast Texas salt diapir

3
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Figure 1. Distribution of Texas salt domes and salt provinces in relation to
major fault zones and the Stuart City and Sligo reef trends.
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province. Most of the Targer faults in the Houston salt diapir province are
down-to-the-coast, normal, growth faults. The smaller faults around domes are
radial-tear or trap-door faults. The relationship between regional growth
faults and salt domes is enigmatic (Ewing, 1983). Whether there is a cause-
effect relationship between growth faults and salt diapirism is disputed.
Several aspects of salt domes in the Houston diapir province argue against a
cause-effect relationship. The regional, parallel, growth-fault trends are
highly developed and regularly spaced in the Coastal Bend area, an area without
salt domes. But, in the Houston diapir province the fault patterns become more
random and fault segments are shorter. There is no strong linear parallel
orientation of groups of domes that might be attributed to control of dome
distribution by faults or vice versa. The strongest linear arrangement of
domes is displayed by the Brenham, Clay Creek, Mullican, Ferguson Crossing, and
Day salt domes. These domes are oriented about 30 degrees North of the orien-
tation of regional strike and of the strike of local faults. Note also that
these domes have the least effect on the structure of surrounding strata (Aus-
tin Chalk). These domes may have terminated the active stage of diapir growth
by exhausting their salt source layer in the late Cretaceous.

Major growth faults appear to randomly intercept some domes and to avoid
others. Major growth faults intercept Boling, Markham, Hockliey, Barbers Hill,
Fannett, and Big Hill salt domes. On the other hand, major growth faults are
isolated from Damon Mound, Gulf, Allen, Clemens, Big Creek, South Houston, Moss
Bluff, Lost Lake, Saratoga, North Dayton, Davis Hill and Arriola salt domes.

The local structure around Boling, Markham, and Damon Mound domes is
mapped at the top of the Frig in figure 4. Appendix 1A lists all wells in
figures 4, 9, and 10. Major regional faults clearly intercept both Boling and
Markham domes but only small radial faults intercept Damon Mound dome. The

large oval depression southeast of Boling dome is a salt-withdrawal basin.
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Figure 4., Structure contour map, Frio Formation around Boling, Markham, and
Damon Mound salt domes. Salt-withdrawal basin for Boling dome is closed struc-
tural depression southeast of Boling dome. Regional growth faults intercept
the northeast flank of Boling dome and the southwest flank of Markham dome.
Map shows extent of coverage in Fort Bend, Wharton, Matagorda, and Brazoria
Counties.
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Because this structure affects the top of the Frio, the structure must be post-
Fric in age.

Radial faults are probably associated with all domes. Only with dense
subsurface well or seismic control can the orientation and distribution of
these minor faults be determined. Local structure around Boling, Markham, and
Barbers Hill domes is also shown in cross section in figures 5, 6, 7, and 8.
Appendix 1B 1lists all wells on cross sections in figures 5, 6, 7, and 8. Salt-
withdrawal basins are ciearly visible north of Markham, and Barbers Hill domes
and southeast of Boling dome. Together with isopach maps, stratigraphic data

can be used to help deduce the timing of dome growth.
Stratigraphy

Miocene and post-Miocene strata (fig. 9) and the Anahuac Formation (fig.
10) were mapped around Boling, Markham, and Damon Mound domes. The map inter-
val and correlations are shown in figure 11. Isopach maps are particularly
powerful tools for determining the timing of dome growth because syndeposi-
tionaly growth directly influences isopach patterns and these thickness pat-
terns are preserved in the stratigraphic record with a minimum of complications
(Seni and Jackson, 1983a; 1984). Figures 9 and 10 illustrate a large salt-
withdrawal basin covering approximately 130 km? (50 miz) southeast of Boling
dome. The isopachous thickening was active during deposition of Anahuac,
Miocene, and post-Miocene strata. In contrast, Markham dome has only minor
thickening in an ill-defined salt withdrawal basin north and northeast of the
dome. The well-formed basin by Boling dome indicates more vigorous growth of

8oling dome than for Markham dome during the same time interval.
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basin is a structural sag north of dome.
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Salt-withdrawal
Major faults are absent in this
orientation of cross section. See figure 5 for map showing location of wells.
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Faulting is common through Frio and Anahuac Formations and at base of Miocene

Cap rock is surrounded by Evangeline aquifer.

Figure 7.
strata.
wells.
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Faults are typical

and flanking strata.
Salt-withdrawal basin is

6

» Barbers Hill dome
1

ne to deepest control,

regional growth faults.
See figure 7 for map showing location of wells.

North-south cross section

Faulting is common from base of Micce

down-to-the-coast (south)

north of dome.

Figure 8.
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Figure 9. [Isopach map, Miocene and post-Miocene strata, area around Boling,
Markham, and Damon Mound domes. Miocene and post-Miocene strata are 2,000 ft
thicker in salt-withdrawal basin southeast of Boling dome owing to extensive
syndepositional salt flow into Boling dome. See figure 4 for mapped area.
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Figure 10. Isopach map, Anahuac Formation, area around Boling, Markham, and
Damon Mound domes. Anahuac Formation is approximately 100 percent {600 ft)
thicker in salt-withdrawal basin southeast of Boling dome owing to extensive
syndepositional salt flow into Boling dome. See figure 4 for mapped area.
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Growth Rates For Boling Salt Dome

Net and gross rates of growth for Boling dome were calculated following
the techniques of Seni and Jackson (1983b; 1984}, The growth rates are aver-
aged over the entire Miocene and post-Miocene time interval--22.5 miltions of
years (Ma). This is a relatively Tong time interval for measuring rates of
dome growth. Actual rates of dome growth over shorter time spans will probably
be much greater. Long-term growth rates mask the short-term fluctuations of
non-steady-state dome growth,

Gross rates of dome growth measure the rate of movement of salt within the
salt stock. The gross rates are calculated by equating the volume of sediment
in the salt-withdrawal basin with the volume of salt that migrated into the
salt stock during that interval of deposition. The vertical rate of movement
within the salt stock is determined by dividing the volume of salt mobilized by
the cross sectional area of the neck of the salt stock for the duration of
deposition (Table 1). During the past 22.5 Ma, 11.9 km3 (2.6 mi3) of salt
migrated into Boling salt dome. This yields a gross rate of growth for Boling
dome of 16 m/Ma (52 ft/Ma). The gross rates of growth for Boling dome are
approximately equal to the gross rates for East Texas salt domes in the East
Texas salt diapir province during their growth in the Late Cretaceous and
Eocene.

Regional rates of sediment-accumulation were 84 m/Ma (276 ft/Ma) in the
vicinity of Boling dome during the Miocene to Present. Net rates of sediment
accumulation were 94 m/Ma (309 ft/Ma) in the Boling dome salt-withdrawal basin.
If Boling dome kept Pace with the rate of sediment accumulation and stayed at
the same relative position with respect to the depositional interface, then net
rates of dome growth averaged 94 m/Ma (309 ft/Ma) for Boling dome from the
Miocene to the present. The net rate of growth for Boling is comparable to the

net rates of growth for the fastest growing domes in the Fast Texas diapir
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Table 1. Growth Rates for Boling Salt Dome

Gross Rate

volume of salt-withdrawal basin

contour Interval (ft) Area {mi?) Thickness {ft) volume (mi?)
6200 40.95 200 1.55
6400 200
22.73 0.86
6600 200
9.00 0.34
6800 360 200 011
£960 ) 1.60 -
Sum 2.86 mi® (11.91 km?)

Area column is average area of
two contour interval.

Area of Boling dome neck 12.83 mi? (32.84 km?)

Gross growth of _ Salt-withdrawal volume _ 2.86 mi® .
Boling dome Talt-neck area R N I 0.223 mi = 25;;7m§t
Growth rate Post- . Gross growth 1,177 ft .
Oligocene to Present Duration 27.5 Ma 52 ft/Ma (16 m/Ma)
Net Rate
_ Domal-sediment accumulation _ 6960 ft
Net rate of growth = Soration < 309 ft/Ma (94 m/Ma)

Domal-sediment accumulation - Regional-sediment accumulation
Duration

Residual rate of growth

6960 ft - 6200 ft _ 760 ft
72.5 Ma

22.5 Ma 34 ft/Ma (10 m/Ma)
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province during the peak periods of diapiric activity in the Early and Late
Cretaceous. The discrepancy between net and gross rates of diapirism for
Boling dome may be due to incorrect assumptions of the size of the diapir neck
during the Miocene and post-Miocene interval and/or to the crest of Boling dome
not keeping pace with deposition in this time interval or to incorrect assump-

tions of the size and volume of the salt-withdrawal basin,
Discussion

Domes grow and are emplaced under a variety of conditions, thus effecting
a diversity of structural and stratigraphic styles in the sediments that sur-
round them. These structural and stratigraphic relationships provide data that
can be used to assess the suitability of domes for toxic-waste disposal.

This report and Seni and others (1984a,b) describe some of the structural
aspects that affect dome and cavern stability. Domes with structural features
indicating diapiric movement in the most recent geologic span of time are less
suitable for isolating toxic chemical waste than domes that were quiescent.
Recent structural distortion from dome growth causes a range of mappable fea-
tures that are expressed in near-surface strata. Two important features are
(1) structurally and topographically elevated areas over dome crests and (2)
faults in strata over the domes, on dome flanks, and in cap rocks. These
structural discontinuities are expressed in strata that are deeply buried
around domes with an older history of growth. The stability problems asso-
ciated with domes having a recent growth history are not confined to fear that
continued domal uplift might expose a waste repository. Calculations on the
rate of dome uplift for East Texas domes and for Boling dome show that the
amount of uplift required to expose a repository has a low probability of
occurring in the foreseeable future. Nor is there a great likelihood that
natural faulting will breach a repository. Rather, the concerns are centered
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on how these structural discontinuities will affect near-dome hydrogeology.
Ground water plays a primary role in salt dome stability. If wastes were to‘
leak from an underground repository, ground water is the likely agent to trans-
port the waste to the biosphere.

The areas over some of the coastal plain domes are topographically ele-
vated 10 to 75 ft (3 to 23 m) above the surrounding plain. These elevated
areas are local ground-water recharge zones centered directly over the crest of
the dome. Supradomal radial faults, cap-rock faults, and regional growth
faults all may act as conduits funnelling meteoric waters toward the upper
parts of salt stocks. The geometry and orientation of these faults and their
potential for accentuating or inhibiting fluid flow must be analyzed before
properly assessing the suitability of a dome for waste isolation. See the CAP
ROCK Discussion section for further information on cap-rock faults and hydro-
geology.

Stratigraphic relationships around salt domes provide additional means of
discriminating among candidate domes. Again, the hydrogeologic aspects are
critical. Dome growth strongly influences lithostratigraphy and depositional
facies around a dome. This lithostratigraphic framework in turn influences the
directions, rates, and flux of ground water around a dome. A diapir encased in
a framework of mudstone of low permeability will retard ground-water flow and
be a more appropriate candidate for waste isolation than a diapir surrounded by
a sandstone characterized by high rates of ground-water flow. These patterns
of lithostratigraphy and their influence on ground-water flow are documented

around Oakwood dome in East Texas.
MECHANICAL BEHAVIOR OF SALT

Laboratory research on artifical halite and core samples of bedded and

domal salt have resulted in substantial strides in our understanding of the
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mechanical behavior of salt. Sandia National Laboratories (Herrmann, Wawersik,
and Lauson), ReSpec (Senseny, Hansen, and Wagner, under contract to Sandia
National Laboratories) and Texas A & M (Carter) are the leaders in this re-
search effort. Despite these advances and advances in computer modeling of
salt behavior, as yet there is wide discrepancy between results obtained in the
laboratory scale experiments and in situ behavior of rock salt. Baar (1977)
asserts much of the technical literature includes erroneous and misleading
hypotheses based on laboratory data that cannot be reconciled with the actual
behavior of salt rocks around underground evacuations. In fact, many laborato-
ry experiments are plagued by small sample size, inadequate test durations, and
an absence of many natural geologic variables such as bedding, impurities, and
grain size. Herrmann and others (1982) state it is possible that the restrict-
ed information obtainable from triaxial tests is not only insufficient but may
not dominate behavior involved in mine closing.

In this section we will focus on a review of the creep behavior of salt.
Laboratory experiments, results, and in situ observations and experiments will
be discussed. Various laws describing creep behavior and possible creep mecha-

nisms will be compared.
Experimental Procedures

Whether testing artifically prepared halite or natural rock salt, the
usual test procedure in designing an experiment is to control all variables but
one and observe the effects that changing the variable will have on the behav-
jor of the specimen. According to Paterson (1978), the most frequent types of
rock mechanical experiments are:

1. A creep test--An axial differential stress is built up rapidiy on the

specimen and held constant as the specimen deforms. Strain (change

in unit length) is then measured as a function of time.
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5. A stress-strain test--The differential stress fis applied in such a

way that the rate of strain is constant and changes in the applied
stress are plotted against strain.

3. A strain rate (E) test--A constant differential stress is applied and

the rate of strain is measured. The results are plotted as
differential stress versus strain rate.

Triaxial tests are commonly run on salt samples. The specimen is usually
subjected to both confining pressure and axial load. The difference between
the axial load and the confining pressure is the differential stress. The
axial load is transmitted through a hydraulic jack and confining pressure is
supplied by a surrounding fluid, whose temperature can be controlled. Thus,

confining pressure, directed stress, and temperature can all be varied.
Creep Behavior of Salt

Salt will undergo deformation by slow creep over long periods of time when
subjected to constant load or to differential stress. At low temperatures and
low stresses salt will exhibit much less creep deformation than at high temper-
atures and high differential stress (Hume and Shakoor, 1981). Generally when
modeling creep behavior of salt in the laboratory, the following variables are
considered: gggggé--d--(force per unit area measured in megapascals [MPa,
pounds per square inch [psi], or bars), strain--E--(ratio of change in length
of specimen to its original length), time, and temperature. Appendix 2 is a
conversion table for the various units. Most of the units in this section will
be Standard International units (SI), because most of the original research and
figures use those units. Where non-SI units are used in a cited figure or
text, they will be given preference. Creep data are usually presented as some

type of time representation. Natural variations in rock salt such as bedding,




impurities, mineral content, moisture content, porosity, permeability, mineral
fabric, and grain size are rarely considered. Generally, temperature and
stress difference have the greatest effect on creep rate. An increase in
either temperature or stress difference increases the creep rate considerably
(Le Comte, 1965).

Survey of Creep Properties

Major review articles on creep properties of salt include Le Comte (1965),
0dé (1968), Baar (1977), Hume and Shakoor (1981), Herrmann and others (1982),
and Carter and Hansen (1983). Government sponsored research for nuclear-waste
isolation studies and the Strategic Petroleum Reserve program has produced a
wealth of new information often termed "gray literature" because it comes from
government laboratories and their contractors. Much of the research on creep
modeling is based on laboratory tests and computer modeling of artifically
prepared halite and rock salt cores from bedded salts at the Waste Isolation
Pilot Project site and domal salt principally from Strategic Petroleum Reserve
domes in Louisiana and Texas.

Creep is the basis of salt's ability to flow and heal fractures., Simul-
taneously, creep causes problems related to closure of mined openings, and
surficial and subsurface subsidence. Such plastic behavior is demonstrated by
salt glaciers, by flowage patterns within salt domes, and by closure of under-
ground openings in salt.

The idealized creep curve for salt (fig. 12) exhibits four parts:

1. Elastic deformation--An instantaneous deformation which is

elastic, thus not time dependent.

2. Transient (or primary) creep--A component of creep deformation

that decreases with time.

3. Steady-state creep--A component of creep with a constant rate

of deformation.
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Figure 12. Idealized creep curve depicting behavior of rock salt. Transient
(primary), steady-state {secondary), and accelerating (tertiary) stages of
creep are separated by inflection points in the curve. The creep curve termi-
nates at the point of brittle (sudden) failure by creep rupture.




4. Tertiary (or accelerating) creep--A component of creep with an

increasing rate of deformation leading to brittie failure by creep
rupture.

Elastic Properties

Elastic properties of salt include density, compression, Young's modulus,
bulk modulus, Poisson's ratio, and wave properties (Hume and Shakoor, 1981).
When considering salt properties, from a design viewpoint, elastic properties
are of secondary importance because of the extremely low limits bf elastic
behavior (yield Timit) of salt (0de, 1968). However, shear modulus--the ratio
of stress to its corresponding strain under given conditions of Toad, for
materials that deform elastically, according to Hook's Law--is incorporated in
various creep laws.

Salt will deform plastically, that is, flow, when the stress difference
(01-03) exceeds the limits of elasticity. According to 0de (1968), if salt
does have a yield limit, this 1imit must be Tow. The reported values for the
true elastic limit of salt vary widely and they are the subject of much acri-
monious debate (Baar, 1977). Baar (1977) reports a yield limit of approximate-
Ty 0.99 MPa whereas other researchers give values ranging from 3.94 to 49.25
MPa (Baar, 1977). With advances in test instrumentation the reported values
for the limits of elastic behavior have declined. Some calculations of strain
rates for Iranian salt glaciers indicate plastic behavior of salt at very low
stresses of 0.03-0.25 MPa (Wenkert, 1979; Talbot and Rogers, 1980).

Creep Experiments

Creep experiments are designed to quantify the effect that changes in
stress, confining pressure, temperature, and time will have on creep magnitude

{strain) or strain rate. At present the literature on salt rock behavior
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contains results that are conflicting and interpretations that are contradic-
tory (Herrmann and others, 1982; Baar, 1977). Behavioral trends that are in
general agreement will be shown as well as the contradictory results. Both
laboratory experiments and studies with in situ conditions will be reported.

Temperature has the greatest influence on creep rate (Le Comte, 1965). An
increase in temperature always increases the creep rate (fig. 13). Le Comte
(1965) experimented with artificial halite at moderately elevated temperatures
and his studies are still among the most complete. General observations of his
experiments include:

1. An increase in temperature and axial stress increases the creep rate.

2. An increase in confining pressure decreases the creep rate,

3. Increasing the grain size by a factor of six (from 0.1-0.65 mm)

decreases the creep rate by a factor of two.
4. The creep activation enerqy increased from about 12.5 kcal/mole at
29°C to about 30.0 kcal/mole at 300°C.

Le Comte (1965) showed (fig. 14) with constant axial stress (69 bars) and
confining pressure (1,000 bars) that an increase in temperature from 29-104.5°C
increases creep rate by a factor of four to five, whereas an increase in
temperature from 20-198.29C increases creep rate by a factor of about 22. With
the same axial stress (69 bars) and much less confining pressure (1 bar), an
increase in temperature from 29-104.5°C increases the creep rate by about 10
times. Note that an increase in confining pressure lessens the effect of
temperature on the creep rate. Figure 14 also shows an increase in confining
pressure will usually cause a decrease in creep rate.

Although the direction that creep rate will change in as a result of
changing variables is often predictable, the magnitude of the change is not.

Both Herrmann and others (1982) and Verral and others {1977) note a discrepancy
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underground salt mine (after Empson and others, 1970). Heating of a nearby
mine pillar causes acceleration of the rate of convergence.




QA-2734
B.E.

STRAIN (%}

Termp.

Axiol
stress

bars

100
TIME (hrs)

Figure 14. Creep curve for artificiall

temperature, confining pressure,

y prepared salt showing the effect of
and axial stress (after Le Comte, 1965)




——

of two orders of magnitude in creep rates between the data of Heard (1972) and
Burke (1968).

Strain-rate tests (fig. 15) on natural salt samples from Avery Island salt
dome were performed by Hansen and Mellegard (1979) and Hansen and Carter (1980)
and are reproduced in Carter and Hansen (1983, their fig. 10). In these
experiments a constant differential stress of 10.3 and 20.7 MPa was applied to
rock salt at temperatures from 24-200°C. The strain rate curves in figure 15
demonstrate variations in the type of creep behavior with changes in stress and
temperature. At differential stress of 10.3 MPa and temperatures less than
1159C the creep is entirely transient, that is, creep decelerates with time,
Creep strains are low even as long as ten days (8.6 x 10% s). At higher
temperatures there is an appreciable increase 1in creep rate and steady-state
Creep behavior is attained, Thus, temperature greatly influences creep rate
and the timing of the transition from transient to steady-state creep (Carter
and Hansen, 1983),

The influence of differential stress on creep behavior is similar to that
of temperature. Higher differential stress produces higher creep rates and
causes steady-state flow to begin at a much earlier time.

Natural rock salt exhibits wide variations in fabric, crystal size, and
impurity content, These variations are especially pronounced between domal
salt (relatively nonbedded, highly foliated, and pure) and bedded salt (highly
bedded, relatively impure). Recent tests have attempted to quantify differ-
ences in creep behavior of natural rock salts including bedded Lyons salt from
Kansas, bedded Salado salt from New Mexico, and dome salt from Avery Island and
Weeks Island, Louisiana. Results of stress-strain tests on these salts are
shown in figure 16. Inijtial behavior of the salts was nearly identical, except
for Lyons salt which is appreciably stronger. The results were unexpected by

Hansen and Carter (1980). Lyons salt would have been predicted to be the
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Figure 15. Creeg curves for Avery Island dome salt deformed at temperatures
from 249 to 200°C and stresses from 10.3 MPa to 20.7 MPa. Confining pressures
were 3.5 MPa or above (data from Hansen and Mellegard, 1979; Hansen and Carter,
1979, 1980; after Carter and Hansen, 1983).
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Figure 16. Stress-strain curve for bedded and dome salt deformed by a dif-
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3.45 MPa. There is no systematic variation in creep behavior between bedded
and domal salt. However, bedded salt from Lyons, Kansas, is the most creep
resistant salt of those tested (after Hansen and Carter, 1980).




weakest on the basis of the orientation of crystal fabric in which the Lyons
salt contained the Targest number of primary slip planes oriented with the
orientation of high shearing stress.

The influence of grain size on the behavior of salt has been reported by
Le Comte (1965), Burke (1968), Reynolds and Gloyna (1961), and Serata and
Gloyna (1959). These results are especially contradictory. Le Comte (1965)
showed that with all other conditions constant, increasing the grain size by a
factor of six decreased the Creep rate by a factor of two (fig. 17). Burke
(1968) also worked on artificial salt but at higher temperature (1013 K), and
his data show the opposite behavior (fig. 18). Increasing the grain size by a
factor of 2.5-10 increased the creep rate by about an order of magnitude when
the stress is held constant at 1 MPa. The results from in situ observations of
mine openings reported by Reynolds and Gloyna (1961) and cited by 0dé (1968)
documents the exact opposite behavior to that displayed by artificial salt in
the Taboratory. Reynolds and Gloyna (1961) found that at low temperature fine-
grained salt is more creep resistant than coarse-grained salt and that at
higher temperatures this effect is reversed (0dé, 1968, p. 584). One possible
explanation for the discrepancy between laboratory and in sity results is that
under in situ conditions grain-size variations of sajt are not the cause of
differences in sajt behavior but merely a reflection of different stress states
which caused the grain-size variations.

In Situ Creep

In situ creep and Creep rates have been measured directly in salt and
potash mines (Baar, 1977; Oreyer, 1972; Qbert, 1964; Reynolds and Gloyna, 1961)
and indirectly in boreholes (Thoms and others, 1982; Fernandez and Hendron,
1984), and in solution-mined caverns (Preece and Stone, 1982). Baar (1977) is

especially critical of applying laboratory-derived Creep curves to in situ
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conditions. Baar (1977) specifically denies the applicability of the transient
part of creep curves to in situ salt behavior. He ascribes the decreasing rate
of salt creep with time in laboratory experiments to strain {or work) hardening
which he insists only occurs in laboratory scale experiments. A critical
review of Baar's data (Baar, 1971, 1977) reveals short initial periods of
declining rate of creep with time. This initial period of declining rate is
referred to by Baar as "stress-relief creep." Baar (1971, 1977) concentrated
on German and Canadian potash mines, and his observations inciude data of up to
five years duration (fig. 19). The results of Dreyer (1972) and Baar (1977)
characteristically showed that Tong-term creep rates are constant. Obert
{1964) studied the convergence of rock-salt pillars in Kansas and described
both transient and steady-state creep behavior. Reynolds and Gloyna (1961)
cited by Ode (1968) summarized convergence measurements from domal salt mines
in Louisiana and Texas and from bedded salt in Kansas. Their observations and
those of previous workers include:

1. The rate of creep decrease with time.

2 The rate of creep is temperature dependent.

3. The rate of creep depends on the location where the
measurement was conducted,

4. The rate of creep increases with depth.

5. Fine-grained materials at Tow temperature are more creep resistant
than coarse-grained material; at higher temperatures the effect is
reversed.

6. Impurities can increase the cohesive force of salt.

Borehole closure studies are another potentially powerful means of study-

ing in situ salt behavior (Fernandez and Hendron, 1984; Thoms and others,
1982). Borehole closure at Rayburns and Vacherie salt domes, Louisiana, was

studied by simply repeating caliper surveys in a hole filled with saturated
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Figure 19. Convergence in Canadian potash mine as a function of time. Long-
term convergence is nearly constant {after Baar, 1977).




brine at 387 and 864 days and at 163, 413, and 890 days, respectively, after
drilling (figs. 20A, 20B). Note that after 864 days Rayburns borehole closure
at a depth of 4,000-5,000 ft was fairly constant, but at Vacherie dome the
borehole continued to close throughout the entire depth range. For both domes
the closure was very small (percent closure = 0.5) above depths of 2,500 ft.

Borehole closure data for Vacherie dome were recalculated in order to see
how strain rates varied with time, stress, and depth and to see how these data
compared with data derived from laboratory analysis. The strain rate was
calculated by dividing the linear closure (strain) for the borehole (using a
nominal hole diameter of 8-3/4 inches) by the duration in seconds of time since
drilling. Strain rates were nearly constant at any given depth after a trans-
ient initial period of approximately 163 days. The strain rate (Fig. 21)
clearly increases exponentially with stress and depth and ranges from 7.4 x
10711 s-1 at 1,150 ft to 3.5 x 10-9 s-1 at 4,950 ft. The range of known
environmental conditions were temperature (100 to 165°C), axial stress (4.2-
18.1 MPa), and strain (0.1 to 27 percent).

Fernandez and Hendron (1984) studied borehole closure over a moderately
long term (three test segments of approximately 100 days duration each) in
bedded salt at a depth of 6,000 ft. They analyzed wellbore closure of a bedded
salt section by daily observation of the volume of saturated brine (stage 1) or
0il (stage 2) expulsed from an uncased salt section. The expulsion was in-
ferred to have been due solely to hole closure. Three different levels of
constant pressure (9.0, 15.2, and 20.7 MPa) were induced by the weight of
fluids in the borehole to evaluate the response to various stress levels. The
authors concluded:

1. Creep rates continued to decline for the duration of the test

segments.
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Figure 21. Strain rate curve for borehole closure at Vacherie salt dome based
on borehole closure data from Thoms and others (1982). Linear closure data
were converted to strain data base on a nominal hole diameter of 8-3/4 inches.
Strain rates were derived using four points for time control (that is, 0, 163,
413, and 890 days after drilling; see figure 20). At a given depth, strain
rates were remarkably linear. Differential stresses were derived from the
difference between the lithostatic load exerted by the salt and the Toad ex-
erted by the borehole filled with saturated brine.” Note the exponential in-
crease in strain rate with increasing differential stress or depth.




2. The magnitude of well closure was greater for higher shear stress
(differential stress).
3. The rate of well closure was greatest for higher shear levels

(differential stress).

Comparison of Strain Rates

Strain rates () of domal-rock salt are compared in Table 2 for three
fields of data--salt domes and salt glaciers, boreholes and mine openings, and
Taboratory experiments on rock salt. Only steady-state strain rates were used
from laboratory tests (Mellegard and others, 1983; Carter and Hansen, 1983;
Spiers and others, 1984). Strain rates for rock salt vary through 11-12 orders
of magnitude. Among the fastest strain rates (1.25 x 109 s'l) were those from
laboratory runs on Avery Island dome salt with differential stress of 10.3 MPa
and a temperature of 200°C. Mean Tong-term strain rates for fastest growing
salt domes in the East Texas salt diapir province were 2.3 x 10-15.6.7 X
10-16 s-1 (Seni and Jackson, 1984). Natural stress difference within salt
domes is very low, on the order of 0.03-0.25 MPa, thus natural strain rates
are expected to be much lower than laboratory rates.

Strain rates for domal salt in laboratory experiments are three orders of
magnitude faster than the strain rates calculated from borehole closure and
mine closure observations. There is a general equivalence in temperature and
stress conditions between these two fields of data. Both sets of data are
Principally on dome salt. The discrepancy in strain rates is thought to be
partially related to differences between in situ and test conditions or obser-
vation duration, The duration of laboratory tests usually ranges up to three
months. Maximum in situ observations of boreholes and mine openings range from

three to thirty years, respectively. Therefore, in situ tests are over a time




Table 2. Strain Rates for Def
(Modified from Jackson 1984)

TEST DATA

ormation of Rock Salt

STRAIN RATE?® (per second)

Natural Conditions of Dome Salt
Diapiric Salt
Measurement of topographic moundb
Comparison of dome profi1esc
Estimates from thickness variations
d

in strata around domes

Average growth of Zechstein domes®

Glacial Salt
Direct measure of f]owf
Comparison of glacial profﬂeC

Estimates from glacial morphologyg

x 10°*

.4 x 10713

7 x 1075 t0 1.1 x 107 1s

x 10715

.9 x10°% to 1.1 x 10”12
.7 x 10712 to0 9.0 x 10713

x 1078 to 2 x 10°13

In Situ Conditions of Dome and Bedded Salt
Direct measure of mine-opening c]osureh
Direct measure of peak-borehale closure’

Direct measure of long-term borehole

c]osureJ

x 107% to 9 x 10712

x 1078

5 x107° to 7.4 x 10”11

Laboratory Strain Rate Tests

Strain-rate testk

Strain-rate test]

Strain-rate testm

Strain-rate testn
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1
4

.25 x 107% to 9.5 x 107®

04 x 107° to 3.61 x 10°°

.35 x 107° to 3.45 x 10°°

x 107% to 1 x 1079




Table 2. ({cont.)

Conventional strain rate E = E/t, where elongation E = change in
length/original length at t = duration in seconds (s).

Ewing and Ewing (1962), Sigsbee Knolls Gulf of Mexico abyssal plain.
Calculation based on salt stock height of 1,300 m; duration of strain
3.5 x 10*'s (11,000 years),

Talbot and Jarvis (in press) comparison of observed profile of
Kuh-e-Namak stock and glacier to profile of numerical model of
viscous fluid extruding from a narrow orifice,

Seni and Jackson (1984) based on dome growth rates over 9.5 x 10'% s
to 1.8 x 10'% s (30 Ma to 50 Ma}.

Sannemann (1960) based on stratigraphic-thickness data and salt stock
height of 4 km; duration of strain 1.14 x 10'% s to 4.1 x 105
(35 Ma to 130 Ma).

Talbot and Rogers (1980) based on displaced markers on salt
duration of strain 2.5 x 107 s (292 days); calculated stress (o) <
0.25 MPa. Maximum flow after 5 mm rainfall.

Wenkert (1979) for five Iranian glaciers, assumed steady-state
equilibrium between extrusion and wasting; with erosion rates of
0.08 cm/yr to 0.25 cm/yr; calculated stress (o) = 0.03 Mpa.

Serata and Gloyna (1959), Reynolds and Gloyna (1960), and Bradshaw and
McClain (1971) based on observations in Grand Saline dome in Texas and
Lyons bedded salt in Kansas; upper Timit corresponds to wall temperature
1000C; estimated stress difference 10 MPa; duration of strain 3.2 x 10% s
to 9.5 x 10% s (10 to 30 years),

Martinez and others (1978) Vacherie dome, Louisiana; duration
7.8 x 10° s (3 months).

Thoms and others (1982), Vacherie dome, Louisiana; duration of strain
7.7 x 107 s (890 days); slowest rate at 1009C, 351 m depth, stress
difference 42 MPa; fastest rate at 1609C, 1,509 m depth, stress dif-
ference 18.1 MPa.

Carter and Hansen (1983), from data of Hansen and Carter (1982), Avery
Island dome, Louisiana; temperature 240¢ to 200°C; differential stress
10.3 MPa and 20.7 MPa; duration 4 x 10* to 30 x 10* s.

Wawersik and others (1980}, Bryan Mound dome, Texas; temperature 220(
to 60°C; differential stress 20,7 MPa; duration 9.72 x 10* to 1.44 x 10° s
(27 to 400 hrs).

Mellegard and others (1983}, Avery Island dome, Louisiana; temperature
240C to 200°C; differential stress 6.9 MPa to 20.7 MPa.

Spiers and others (1984), Asse dome, Germany; temperature 1500(; confining

pressure 2.5 MPa (SP 124) to 10 MPa (SP 125,129). SP125 brine added,
SP129 inherent brine 0.05% only,
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period from one to two orders of magnitude Tonger than laboratory tests. Naty-
ral strain rates are very low when measured over the period of dome growth
which are up to seven orders of magnitude longer than test durations in the
laboratory.

The short duration of laboratory tests may be a serious shortcoming of
this type of strain experiment, both from the rapid application of stress and
from the inadequate test duration.

Some very exciting data have Just come to light (Spiers and others, 1984)
which offer a mechanistic explanation for discrepancies observed between prev-
ious Taboratory data and Tong-term mechanical properties inferred from geologi-
cal studies. Salt core form Asse salt dome, Germany, was subjected to labora-
tory tests exceeding three years duration. Further, brine content, a previous-
ly ignored but important variable, was included in the testing. Salt cores
were compressed under triaxial load and then studied dilatometrically (under
dilation) using stress relaxation techniques. Essentially the conditions may
be visualized as a mirror reversal of borehole closyre studies, Both "dry"
samples with inherent (very small but unspecified) brine concentrations and
"wet" (>0.25-0.5 weight percent brine added under pressure of 1.0-10 MpPa)
samples were evaluated.

The salt deformation was sensitive to both brine content and to strain
rates. Above very rapid strain rates of 10~/ s‘1 (normal Taboratory rates),
both wet and dry samples exhibited dislocation creep behavior in agreement with
previous studies. Dry samples weakened (that is, less differential stress
yielded the same strain rate) when subjected to slower strain rates less than
1077 -1 and when dilatancy was suppressed (03 = 5-10 MPa). Wet samples also
displayed weakened behavior at strain rates slower than 1077 s‘l, but dilatancy

was suppressed naturally (03 = 2 MPa). The weakened behavior of wet salt was




due to fluid-film-assisted grain boundary diffusion. The brine greatly facili-
tated recrystallization. Spiers and others (1984) concluded that flow Taws
obtained from dry salt at rapid strain rates or Jow Pressures cannot be extrap-
olated to predict lTong-term behavior of wet or dry salt. Wet salt under
natural low stress conditions displays long-term creep rates much faster than
previously predicted particularly if relatively small amounts of brine (>0.25-

0.5 weight percent) are present,
Creep Laws

Creep laws are one kind of the many constitutive Taws that model the rate-
dependent deformation of materials. Creep laws are applied to the design of
underground storage caverns, radioactive waste repositories, and to salt mines
where the combination of stress, temperature, and time gives rise to signifi-
cant time-dependent deformation. A number of creep laws have been proposed to
describe the behavior of rock salt. These laws have been used in a variety of
ways in evolving creep and creep-plasticity theory, Creep mechanisms, and in
various finite element computer codes for analyzing nuclear-waste isolation
studies and in Strategic Petroleunm Reserve facilities, Reviews of various
creep laws include Dawson (1979), Herrmann and Lauson (1981a, 1981b), Wagner
and others (1982), Herrmann and others {1982), Senseny (1981), and Carter and
Hansen (1983).

The total strain in any given material is given by Carter and Hansen
(1983) as:

E=Ee+x-:p+Et+E,5+Ea (1)

where Ec 1s the elastic strain (AS/E) upon Toading,
Ep is the plastic strain during loading,

Ey Ts the transient or primary creep strain,
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Ec is the steady state or secondary creep strain, and

E, is the accelerating or tertiary creep strain.
The contributions of Et and E¢ are expected to contribute the bulk of the Ccreep
strain. For the purposes of this discussion, Ee, Ep, and Ea will be neglected,
aithough some creep laws do include terms for these varjables,

Most researchers agree that both transient and steady-state creep behavior

are likely to be encountered in rock salt at the pressure and temperature range
in a waste repository or storage cavern. Various equations used to describe

these two aspects of Creep behavior will be described and compared.
Steady-State Creep

The Weertman expression (Neertman, 1968; Weertman and Weertman, 1970) is
the equation most commonly used to describe steady-state creep behavior of rock
salt at 1/4 to 1/2 salt's homologous temperature {the ratio of temperature to
the melt temperature in degrees Kelvin). The Weertman expression for creep
rate is:

Eq = A exp (29) (oyn (2)
RT u

where T is absolute temperature, cis shear stress or principal
siress difference under triaxial load, u is shear modulus,
R is the universal gas constant, and A, Q, and n are
constants which depend on the Creep mechanism that is
operating in the given stress-temperature region,
Carter and Hansen (1983) show a somewhat simpler form of the equation
S

E. =agn exp (:Q) (3)
RT

where A is 3 slightly temperature and structure-sensitive

material parameter.




The temperature dependence of the treep rate is strong, being given by the
éxponential term in both (2) and (3). Similarly, the stress dependence is also
strong. The influence of various creep mechanisms will be described in later
sections. Both (2) and (3) tacitly imply that steady-state creep is not de-

pendent on the mean stress of hydrostatic pressure,

Transient Creep

Transient creep is not well understood and various creep laws have been
proposed to describe and predict creep rates that decrease with time (Herrmann
and Lauson, 198la). These Taws include exponential, logarithmic, power law,
and Munson and Dawson equations.

Exponential Creep Law

An exponential (on time) Creep law is of the form:

E=E,+ Egt + E, (1 - exp (£t)) (4)

where £ is strain, Ee is elastic strain, t is time, and

Egs Em, and £ are fitting parameters.
This equation first proposed by McVetty (1934) for high temperature creep of
metals is also widely used for rock salt. It is the baseline Creep law used
for numerical analysis of potential nuclear repositories in salt (Senseny,
1981).

As t approaches infinity in equation (4) the bracketed term approaches
zero. Thus, when the steady-state terms Ee and Es are ignored, the transient
Creep rate decays linearly from the initial value of EE, to zero as the

transient creep rate approaches its limiting value E {fig. 22).
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Logarithmic Creep Law

The Togarithmic (on time) law is given as:
E .t = YIn (1 + ut) (5)

where E is strain, ée is elastic strain, t is time, p is shear
modulus, Es and vy are fitting parameters.
The Togarithmic law has been used to fit low temperature creep data in both
metal and rock salt (Herrmann and Lauson, 198la). Herrmann and Lauson (1981a)
showed the creep rate decays exponentially to zero from its initial finite
value with the logarithmic creep law, but the transient creep strain becomes
unbounded as t approaches infinity (fig. 23).

Power Creep Law

A power creep law is of the form:

E = Egt + K Ju, M¢n (6)
where £ is strain, Ee is elastic strain, t is time, Jo is
the square root of the second invariant of the deviator stress,

and K, m, and n are creep fitting parameters.

According to Herrmann and Lauson (198la), the transient creep rate is infinite
initially and decays to zero with time, whereas the creep strain grows without
Timit as time goes to infinity (fig. 24).

Discussion of Creep Laws

Both Herrmann and Lauson (1981a) and Wagner and others {1982) applied
these creep laws to a single set of laboratory data and compared the resulting
fit. Herrmann and Lauson (198la) also derived the laws and examined interrela-
tions between the Taws. In both the articles, the laws were found to fit the
data base equally well, although the duration of the Taboratory data was quite

short (9 to 72 days). Major conclusions were very different. Wagner and
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others {1982) emphasized long-term extrapolation of the results (up to 25
years). They found that the amount of predicted closure was very sensitive to
the form of the creep law. They found that the exponential (on time) creep law
yielded the least closure and the power law the greatest (fig. 25). Herrmann
and Lauson (1981a) emphasized the fact that all the creep laws fit the creep
data satisfactorily for the duration of the lab tests. Herrmann and Lauson
(1981a) used a power law that did not have a steady-state term. Because
transient creep became negligible in extrapolations greater than a few months,
the three creep laws with steady-state terms essentially coincided while the
power law yielded much lower rates of creep. The power law predicted creep
strains about two orders of magnitude less than the other laws at 30 years
duration. In contrast, Wagner and others (1982) found their power law equation

yielded the greatest creep over the long term (4 months) (fig. 25).
Deformation Mechanism

Munson {1979) and Verrall and others (1977) have produced a preliminary
deformation mechanism map for salt based on theoretical and experimental re-
sults (fig. 26). According to Munson (1979), the deformation-mechanism map is
a representation in non-dimensionalized space of regimes of stress (stress/
shear modulus) and homologous temperature. Munson defined five stress and
temperature regimes where a single deformation mechanism predominates in con-
trolling the strain rate. These regimes include (1) defectless flow, (2) dis-
location glide, (3) dislocation climb creep, (4) diffusional creep, and (5) an
undefined mechanism. The two high stress regimes (defectless flow and disloca-
tion glide) are controlled by flow processes, whereas the other three regimes
(dislocation climb, diffusional creep, and the undefined mechanism) are ther-

mally activated equilibrium processes (Munson, 1979). ATthough Munson (1979)
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at 3 mm,

conjecture only (after Munson, 1979).

Grain size is constant
Solid lines between regimes are confirmed by experimental evidence;
boundaries shown as dashed Tines are based on calculations of constitutive
equations; boundaries shown as dotted lines are based on interpolation or
extrapolation; questions marks on boundaries mean the location is based on




provided constitutive equations for each regime, a complete treatment of those
equations is beyond the scope of this report and is largely repetitive with the

preceding section.

Defectless Flow--Regime 1 ~

At the theoretical shear strength (derived from calculations of atomic
bonding strengths), a crystal of salt will deform even though it is initially
without defects. Stress above the theoretical shear strength will produce
infinite strain rates and therefore deformation will occur simultaneously
throughout the crystal. This stress regime is of Tittle consequence to prob-
lems of designing salt storage space or waste repositories because of the very

high stress Tlevels in regime 1.

Dislocation Glide--Regime 2

Salt deformation by dislocation glide occurs along several slip systems
that permit deformation by dislocation motion. Slip systems listed in decreas-
ing order of importance are {110}<110>, {100}<110>;{111}<110z Dislocation
glide along these systems is hindered by particles of other mineralogical
phases, grain boundaries, and by forest dislocations (Munson, 1979). As glide
continues, dislocations stack up at locations where flow is hindered; this

results in work {(or strain) hardening and an increase in flow stress.

Dislocation Climb Creep--Regime 3

Dislocation climb creep is controiled by the equilibrium processes of
dislocation climb and polygonization that leads to steady-state creep. Munson
(1979) further defined two subregimes of higher and Tower temperatures--volume
diffusion and pipe diffusion, respectively. At higher temperatures, the creep
processes are controlled by volume diffusion of C1~ ions. For dislocation

climb in salt both Na* and C1- ions must be supplied to the dislocation jog,




but the slower diffusing ion C1- controls the rate of the process. This is the
reason why the Weertman expression (1) uses the gas constant R in the equation
for steady-state creep. At Jower temperatures the limiting factor of volume
diffusion of C1- ions is replaced by a more rapid pipe diffusion of C1- jons

along dislocations as the controliing process.

Diffusional Creep--Regime 4

Diffusional creep is grain shape changes--strain--by selective transporta-
tion of material (Munson, 1979). According to Munson (1979) diffusional creep
includes two mechanisms: (1) Nabarro-Herring creep (stress-induced bulk vacan-
cy diffusion of Carter and Hansen, 1983) if transport is by volume diffusion
and (2) Coble creep (grain-boundary diffusion of Carter and Hansen, 1983) if
transport is by grain-boundary diffusion. Carter and Hansen {1983) note that
fine-grained metals and ceramics underéo these processes at low stresses when
near melting. However, they say these processes have not been observed in
rocks. The boundary between subregimes is a function of grain size. The
Nabarro-Herring regime of creep vanishes in favor of Coble creep for grains

with a diameter less than 0.33 mm (Munson, 1979).

Undefined Mechanism--Regime 5

The undefined mechanism(s) falls into the Tow stress, Tow temperature
region of greatest interest to designing storage facilities and waste reposi-
tories. The mechanism is difficult to analyze and its boundaries are poorly
constrained, There is a clear and pressing need for additional laboratory and
in situ studies to understand the nature of the mechanism and the stress/tem-
perature conditions of its activity, especially at the low temperature and

stress field of repository or storage cavern conditions.




Discussion

The preceeding section of the behavior of rock salt points out how poorly
understood are the mechanical properties of salt and creep mechanisms under in
situ conditions. Predictions of cavern closure that were based on empirical
caiculations are not universally applicable. There is no consensus on how salt
grain size, salt-stock permeability, and foliation within the stock influence
Creep properties. Recently recognized is the critical role that small amounts
of intercrystalline water play in weakening salt (that is, accelerating salt
creep) by recrystallization through f]uid-fi]m-assisted-grain boundary diffu-
sion.

Even the best laboratory experiments are seriously flawed by inadequacies
in experiment duration, sample size, and in the ability of the experiment to
mimic in situ conditions. There is an obvious need for refined experiments
based on in situ and site-specific data. Such data are available from core
studies, from analysis of structures and textures within core, and from bore-

hole and cavern closure studies.

SALT STOCK PROPERTIES

The in situ structure, stratigraphy, and physical properties of salt in
Texas salt domes are known from a few cores and from observations at two salt
mines (Kleer Mine--Grand Saline dome, and Hockley salt mine--Hockley dome).
Internal boundary-shear zones, foliation, bedding, associated mineral phases,
moisture content, grain size, porosity, and permeability are properties that
will influence the geometry and Tong-term stability of solution-mined caverns,
In this section we discuss aspects on internal geometry of salt structures from

analysis of core from Bryan Mound salt dome.




Bryan Mound Salt Dome

Thirteen cores (with 610 ft [180 m] of recovered salt) from Bryan Mound
dome are housed at the Bureau of Economic Geology Well Sample Library. The
U.S. Department of Energy is storing crude oil in preexisting brine caverns at
Bryan Mound dome. Future plans include creating 12 additional storage caverns.
The cores were recovered for site-specific data on mechanical and physical
properties of salt at Bryan Mound dome (8i1d, 1980; Wawersik and others, 1980;
Price and others, 1981).

Bryan Mound dome is in Brazoria County 0.5 mi (1.2 km) from the Gulf of
Mexico. Bryan Mound dome is circular with a nearly planar salt stock--cap-rock
interface at a depth of 1,100 ft (335 m). Table 3 lists the core holes and
data on foliation, grain size, bedding, and depth.

Salt grain size varied from 0.04 inches (1 mm) to 4.0 inches (100 mm).
Bild (1980) reports average grain size is 0.33 inches (8.5 mm). Dark lamina-
tions, owing to disseminated anhydrite crystals, were common in cores 1A, 1068,
106C, 109A, 110A, but were rare to absent in cores 104A, 1088, 108C, 1098, and
110C. Bild (1980) reports the cores contain 1.9 to 6.1 weight-percent anhy-
drite.

The orientation and intensity of foliation (schistosity) of halite crys-
tals were studied to better understand flow patterns within the salt stock and
the extent of recrystallization (fig. 27). Two trends are clear: (1) in
shallow cores (above a depth of 2,500 ft; 762 m) the foliation tends to be weak
or absent, whereas in deep cores (below a depth of 3,000 ft; 914 m) the folia-
tion is strong and (2) preferred orientation of foliation changes from near
vertical below a depth of 3,500 ft (1,067 m) to an inclination of 20 to 30
degrees (measured from vertical axis of the core) above a depth of 3,000 ft

(914 m). The average dip in the seven deepest wells is 12 degrees, whereas the
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average dip of the foliation in the three shallowest cores is 25 degrees.
Photographs of the whole core illustrate some of these features (fig. 28).

Two processes are considered to be important with respect to foliation 1in
salt domes. Foliation is basically the elongation of individual crystals. The
lTong axis of foliation is oriented along the axis of least principal stress.
The direction of salt flow within the diapir controlled the orientation of the
resultant foliation. Recrystallization tends to destroy foliation by removing
the accumulated strain history.

The record of foliation at Bryan Mound salt dome can be fit into a simple
flow model based on near vertical salt flow from deeper areas of the diapir
where foliation is near vertical. Lateral spreading of salt at shallower
levels near the diapir crest causes foliation to depart from the vertical.
Jackson and Dix (1981) presented a more complex model of salt flow at Oakwood
dome which is also applicable to Bryan Mound dome. Lateral salt flow near the
diapir crest is by multiple emplacement of salt tongues. The salt tongues
progressively refold older salt tongues. True azimuth orientation of the
foliation at Bryan Mound dome could not be determined because the cores were
unoriented. The absence of any definable salt stratigraphy also made it impos-
sible to determine the nature of the folding.

Foliation is absent or weak in shallow salt samples because recrystalliza-
tion has removed the strain (E). The strong foliation of the deep samples
indicates these deep samples are at present still highly strained (elongation
may approach 20 percent). The timing of the strain application is unknown.
Recrystallization at Bryan Mound dome occurs down to a depth of 2,000 ft (610
m) to 2,500 ft (762 m). This depth is 750 ft (220 m) to 1,250 ft (381 m) below
the cap rock-salt interface. A similar recrystallization phenomenon was de-

scribed for salt core from Oakwood dome (Dix and Jackson, 1982). At Oakwood
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Figure 28. Photographs of core, Bryan Mound dome, showing variations in grain
size and foliation. Core 1A at -1,848 ft is well bedded with dark anhydrite
layers and unfoliated; core 110C at -4,173 ft shows no bedding and vertical
foliation.




dome, recrystallization occurred at depth of 1,168 ft (356 m), only about 2 ft

(0.6 m) below the cap-rock--salt-stock interface.
Discussion

The stability of a solution-mined cavern undoubtedly would be influenced
by foliation owing to the elongation of grain boundaries and cleavage planes in
the direction of foliation. These boundaries and planes are the avenues for
fluid flow. However, the magnitude of the influence is unknown. The absence
of foliation would seem to be more favorable for stability of underground open-
ings than highly foliated and strained rock salt. The absence of foljation
indicates recrystallization under relatively strain-free conditions. Minute
amounts of intercrystalline water are thought to promote halite recrystalliza-
tion by grain boundary diffusion (Spiers and others, 1984). Thus, if recrys-
tallization was facilitated by small amounts of water, then this water must
have penetrated a substantial distance through the upper part of the salt
stock. Our data indicate that at Bryan Mound dome this ingress seeped down the
750 ft to 1,250 ft from the cap-rock contact or migrated in laterally from the
dome flanks. Aufricht and Howard (1961) noted that the addition of small
amounts of water to rock salt reduced the permeability in most cases to near
zero. However, this positive aspect of moisture content in salt is also sad-
dled with a negative aspect. Water greatly increases the plasticity (creep) of
rock salt. Salt glaciers in Iran show peak strain rates of 1.9 x 109 s-1
after rainfall events (Talbot and Rogers, 1980). There has only recently been
controlled laboratory experiments on the influence of moisture in salt creep

and viscosity (Spiers and others, 1984),




CAP ROCK

Domal cap rocks have a significant effect on the stability of a salt dome
and an intradomal solution-mined cavern (Dix and Jackson, 1982). Lost-circula-
tion zones especially at the cap-rock--salt-stock interface are among the
aspects of cap rocks which could negatively affect dome and cavern stability.
In this section we will provide data on cap-rock mineralogy and lost-circulation
zones,

Cap rocks are primarily a residual accumulation of anhydrite particles
left after a portion of the crest of the salt stock was dissolved. Cap rocks
are mineralogically complex and in addition to anhydrite they contain calcite,
gypsum, sulfur, celestite, dolomite, Zn-, Pb-, and Fe-sulfides, petroleum, and
other minor constituents. This mineralogical complexity stems from a number of
cap-rock forming processes (Bodenlos, 1970) in addition to simple salt solu-
tion. These processes include (1) hydration of anhydrite to gypsum; (2) reac-
tion of anhydrite and/or gypsum with petroleum and sulfate-reducing bacteria to
produce calcite and hydrogen sulfide; (3) vertical migration of metalliferous
deep-basin brines into porous cap rock precipitating metallic sulfides (marca-
site, sphalerite, pyrite, and other minerals) in reduced zones owing to the
presence of hydrogen sulfide (Price and others, 1983); and (4) oxidization of
hydrogen sulfide to sulfur.

Examples of the complex mineralogy of domal cap rock are seen in core from
Hockley, Long Point, and Boling domes. Massive Zn- and Pb-sulfide concentra-
tions at Hockley dome triggered a significant exploration effort (Price and
others, 1983). The Bureau of Economic Geology will receive from Marathon
Minerals approximately 40,000 ft (12,000 m) of core from this exploration.
Long Point dome was cored for sulfur exploration (M and S Lease Wells 5, 14,

15). These cores show a similar mineralogical complexity with that of Hockley
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dome. Four mineralogical zones are recognized in core from Long Point dome:
(1) a calcite zone with sulfur (depth 628-644 ft; 191-196 m), (2) an anhydrite-
gypsum zone with rare sulfur (depth 644-815 ft; 196-248 m); (3) a broken
calcite zone containing sulfur and sulfides (depth 815-855 ft; 248-261 m), and
(4) an anhydrite sand and gypsum zone (depth 855-865 ft; 261-264 mm).

Banding and fractures in the anhydrite-gypsum zone {depth 719-720 ft;
219.2-219.5 m) are shown in figure 29A. Mineralogical relationships and vuggy
fractures in the broken calcite zone (depth unknown) are shown in figure 298B.
Vugs and fracture porosity are especially common in the calcite zanes. Visual
estimates of effective porosity range from 5 to 15 percent. Fractures are
0.02-0.2 inches (0.5-5 mm) wide, but weathering during outdoor storage has
enlarged fractures. Some fractures are orthogonal sets oriented 45 degrees to
the vertical axis of the core.

Sulfur is a secondary fracture- and vug-filiing mineral. Unidentified
metallic sulfide minerals are also concentrated in the calcite zones. The
paragenesis and diagenesis of cap rocks remain to be examined in detail. An
especially critical need is identification of factors controlling formation and

distribution of fractures and vugs in the cap rocks.
Cap-Rock--Lost-Circulation Zones

Cap-rock--Tlost-circulation zones are areas of enhanced porosity and perm-
eability within cap rocks. The porosity in these zones may be either fracture
controlled, cavernous, or intergranular. These zones are common in cap rocks
of salt domes in the Houston diapir province and are particularly thick in cap
rock of Barbers Hill dome. Wells are completed through lost-circulation zones
with a series of procedures designed to mitigate the problem of lost circula-
tion. However, 137 storage caverns in Barbers Hill salt dome indicate success-

ful completion through this problem area. The long-term effect of fluids




Figure 29. Photographs of core from cap rock, A. Long Point dome, showing
mineralogical variations and fractures, B. Long Point dome showing sulfur and
fractures, C. Boling dome showing sulfur and vugs.
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within lost-circulation zones on the cements of casing strings remains unknown.
The following section covers Tost-circulation zones in Barbers Hill dome cap
rock. The information is from cap rock-injection wells for brine disposal.
Appendix 3 Tlists cap-rock injection wells with injection interval and the year
the injection permit was approved by the Texas Railroad Commission. Lithology
of the actual injection interval is often unspecified. Well depth and location
are used to infer the lithology of the injection zone. Most wells clearly
inject into cap rock; however, some wells that inject into supradomal or flank
sandstones may be included.

Barbers Hill dome is in northwest Chambers County 30 mi (50 km) east of
Houston. Barbers Hill dome is nearly circular, with a very planar contact
(salt mirror) between the salt and cap rock. A thick (greater than 20 ft; 6 m)
anhydrite sand comprises the lost-circulation zone over the flat crest of the
salt-cap-rock interface.

An estimated 1.5 billion barrels of salt water have been disposed by
injection into lost-circulation zones at Barbers Hill dome. Various zones
within the cap rock have been permitted to receive this brine including (1)
upper cap-rock gypsum zone, (2) upper and lower cap rock, (3) upper cap-rock
gypsum zone and basal anhydrite sand, (4) basal anhydrite sand, and {5) deep
flank cap rock and deep flank sandstone. The distribution of these injection
intervals is shown in figure 30, The shallowest injection is into the upper
cap-rock gypsum zone in the area over the central part of the dome. Brine is
injected at a depth of 800-1,560 ft (244-475 m) into the basal anhydrite sand
around the periphery of the salt dome. The vertical extent of these lost-
circulation zones is shown with stylized cavern geometries in figure 31. Ap-

pendix 1C 1ists well information for caverns and disposal wells.
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Figure 30. Map of cap-rock injection zones, Barbers Hill dome. Injection into
shallow cap rock is over central part of dome, whereas injection into basal
anhydrite sand is around periphery of dome.
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The brine is injected either by design or by accident into the upper cap-
rock zones over the central part of the dome and is injected into progressively
deeper middle and lower cap-rock zones over the peripheral areas of the dome,
The influence of this injection scheme on cap-rock hydrogeology and salt disso-

lution is unknown and unstudied,
Discussion

Cap rocks sheath the upper parts of salt stocks and commonly project into
shallow zones where the ground water is Circulating most rapidly. Cap rocks
are mineralogically complex, and many are faulted, brecciated, highly porous,
and permeable. Cap rocks by virtue of their Tocation are the focus of a
diversity of geologic processes of which those associated with ground water are
of the greatest concern.

Research to date on Texas cap rocks has shown that many Gulf Coast salt
dome cap rocks (for example, Barbers Hill and Boling salt domes) are charac-
terized by highly porous and permeable lost-circulation zZones, whereas some
East Texas cap rocks {for example, Oakwood salt dome) do not have such zones
substantiated by a drilling record. Clearly, site-specific data on cap rocks
of candidate domes are needed to answer questions on whether cap-rock processes
could affect negatively toxic-waste disposal in salt caverns. Such questions
include (1) geometry, orientation, and activity of cap-rock fau]ts'and (2) the
nature and origin of porosity and permeability within cap rocks and within cap-
rock lost-circulation zones. Hydrogeologic aspects of Cap rocks are clearly
one of the highest concerns for toxic-waste disposal. Within cap rocks, poten-
tiometric surface levels, direction of ground-water flow, and interconnection
of porous zones are necessary concerns; such data are easily compiled and
computed from a series of water level measurements and tests which are in the

planning stage.
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Appendix 1A.

Operator

Well Information for Maps

Fee

Brazoria County

Sun Co.

Sun Co.

Exxon Co. U.S.A.

Pennzoil Prod. Cao.

Pennzoiil Prod. Co.

Pennzoil Prod. Co.
Southwest Gas Prod. Co.
Humble 011 and Refining Co.
Humble 0i1 and Refining Co.
Stanolind Qi1 and Gas Co.
Southern Prod. Co. Inc.
Gulf 011 Corp.

Rowan Drilling Co,

Pan American Prod. Co.

John F. Merrick

Delin Taylor Qi1 Do.
Caroline Hunt Trust Est.
Texas Gulf Sulphur Co.

#5 Wisch-Saint Unit
#6 Wisch-Saint Unit
#2 Pledger Gas Unit 3
#5 McFarland

#3 McFarland

#4 McFarland

#1 McDonald

#1 Pledger Gas Unit 7
#1 L. Carter

#1 W. T. Robertson
#30 Pledger Gas Field Unit Wei]
#1 Link Fee

#1 Krause

#1 N. W, Hopkins

#3 Bryan Estate

#1 L. Becker

#1 M, T, Pratt

#1 M. T. Pratt

Chambers County

M. T. Halbouty
H. S. Cole Jr. and
Harreil Drlg. Co.
The Texas Co.
The Texas Co.
General Crude 0i} Co.
British Texas 0i1 Co.
Gas Producers Enterprises Inc.
The Superior Qi1 Co.
Humble 0i1 and Refining Co.
The Texas Co.
The Texas Co.
M. 7. Halbouty
Kirby Petroleum Co.
The Texas Co.
The Texas Co.
Sunray 01l Co.
Stanolind Qi1 and Gas Co.
Stanolind 0i1 and Gas Co.
Marine Contractors Supply Co.
Mills Bennett Estate
C. L. Chambers

#1 Gilbert

#1 K. Williams

#3 Kirby 011 and Gas

#1 Whaley

#1 Nash Fee

#1 Barber

#1 P. C. Ulrich

#1 0. Z. Smith

#B-1 B. Dutton

#1 A. A. Davis

#1 Kirby Petrcleum Co. NCT
#1 £, Wilburn

#1 Kirby Pet. Co, Fee Tr. 8
#1 K. Fitzgerald

#2 Kirby 0i) and Gas

#C-2 F. W. Harper

#33 Chambers County

#19 Chambers County

#1 Collier Heirs

#17 E. E. Barrow

#1 Schilling-Lillie

Field

Pledger
Pledger
Pledger
Pledger
Pledger
Pledger

West Columbia
Pledger
Pledger

West Columbia
Pledger

Damon Mound
West Columbia
Damon Mound
Damon Mound
West Columbia
West Columbia
West Columbia

Barbers Hill

West Columbia
Barbers Hil1
Barbers Hil}l
West Columbia
Barbers Hill
West Columbia
Barbers Hi1]
West CoTumbia
Barbers Hill
West Columbia
West Columbia
West Columbia
Barbers Hill
Barbers Hill
Barbers Hill
Barbers Hill
Barbers Hill
Barbers Hill
Barbers Hil1
Barbers Hill




Appendix 1A. (cont.)

Well Name Operator Fee
- (Chambers County-continued)
24 Texas Eastern Transmission Co. #7 M. Belview Storage Well
25 Humble 0i1 and Refining Co. #5 L.P.G. Storage Well
- 26 Texas Eastern Transmission Co. #5-10 Storage Well
27 The Texas Co. #1 Kirby 011 and Gas Co.
28 Sierra #1 Trichel
29 Sunray-Mid Continent 0il] Co. #A-8 Barber
. 30 The Texas Co. #1 J. M. Fitzgerald Est.
31 Harrison and Gilger #2 A. E. Barber
32 Otis Russe] #1 Blaffer-Farrish
35 Kirby Petroleum Co. #1 Wilburn
- 37 Warren Petroleum Co. #13 M. Belvieu Storage
38 Sun Qi1 Co. #23 J. Wilburn
39 Warren Petroleum Co. #3 Caprock Disposal
40 Warren Petroleum Co. #11 Mt. Belvieu
"’ 41 Sunray-DX 0il Co. #D-5 £. W. Barber
42 Texas Gulf Prod. Co. #3-5 L. E. Fitzberald
43 Texas Butadiene Co. #1 Texas Butadiene
- 44 Humble 0i1 and Refining Co, #1 M. Belviey Storage Facility
45 Houston 011 and Minerals Corp. #12 Chambers County Agricultural
Co.
46 Sun 011 Ca. #A-1 Higgins
- 47 Humble Qi1 and Refining Co. #B-9 Kirby Petroleum Co. Fee
48 Texas Eastern Transmission Co. #11 Storage Well NT
49 Humble Qi1 and Refining Co. #11 Kirby Fee
50 Humble 0i1 and Refining Co. #B8-14 Kirby
— 51 Texas Gulf Producing Co. #15 Kirby “an
52 Texas Gulf Producing Co. #A-11 A. E. Barber
53 Pan American Petroleum Co. #37 Chambers County Agriculture
Co.
- 54 R. A. Welch #2 Barrow Fee
55 Mills Bennett Estate #16 Barrow
56 M. T. Halbouty & Hurt 0i1 Co. #1 Kirby 011 & Gas
57 Lloyd H. Smith Inc. #1 Claude Williams
- 58 Admiral Drilling Co. #1 Williams
59 John W. Mecom #3-B Mayes
- Fort Bend County
20 John B. Coffee #4 Texas Gulf Sulphur
. 21 Coastal Minerals Inc, #C-37 J. R. Farmer
22 Coastal Minerals Inc. #(-35 J. R. Farmer
23 Coastal Minerals Inc. #1 J. Byrne
24 Grover J. Geiselman #1 Richter-Warncke Gas Unit
- 25 Grover J, Geiselman #1 Leissner
26 Acoma Qi1 Corp. #1-B Farmer
27 Callery and Hurt #1 Kasparek
28 Allied Minerals #1 E. C. Farmer
— 29 Callery and Hurt #3 Kasparek

Field

Barbers Hill
Barbers Hil1l
Barbers Hill
Barbers Hill
Barbers Hill
Barbers Hill
Barbers Hill
Barbers Hill
Barbers Hill
West Columbia
M. Belvieu Term.
Barbers Hill
Barbers Hil]
Barbers Hili
Barbers Hill
Barbers Hill
Barbers Hill
Barbers Hili
Barbers Hill

Barbers Hill
Barbers Hil1
Barbers Hill
Barbers Hil1
Barbers Hill
Barbers Hill
Barbers Hill
Barbers Hil)

Barbers Hill
Barrows Fee
Barbers Hil]
Barbers Hill
West Columbia
West Columbia

Boling
Boling
Boling
Boling
Needville
Needville
Boling
Boling
Boaling
Baling
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Appendix 1A.

Operator

Callery and Hurt
Callery and Hurt
Caddo Qi1 Co.
Grover J. Geiselman
Grover J. Geiselman
Grover J. Geiselman
H. M. Amsler

Exxon Co. U.S.A.
Grover J. Geiselman

& General Crude Qi1 Co.
Powers Prod. Co. &

T. T. Drlg. Co.

Fort Bend 011 Co.
Scurlock 011 Co. &

M. T. Halbouty
Bilbo-Redding Drlg. Co.
General Crude 0i] Co.
Grover J. Geiselman
Slade 0il and Gas Inc.
Houston 011 and Minerals
The 0i1 and Gas Company

The Texas Co.

Pan American Petroleum Corp.

M. T. Halbouty
General Crude 041 Co.
General Crude 0i1 Co.

Rowan Drlg. Co. & Texas
Gulf Prod. Co.
50 Belle and So Belle
J. M. Huber Corp. &
M. S. Cole, Jr. & Son
M. T. Williams
Placid
Bright and Schiff
Texas Gulf Sulphur Co. and
Goodell Pet. Co.
Shannon 011 and Gas, Inc.

(cont.)

Fee
(Fort Bend County-continued)

#2 Kasparek

#2 Texas Gulf Sulphur

#1 Gaidosik

#1 Steffek Gas Unit

#1 Schwettmann

#1 Hardin-Roesler Gas Unit
#1 Dance

#87 Lockwood and Sharp "an

#1 P. Kueck

#1 J. R. Farmer
#1 J. M. Moore Est.

#1 D. Krause

#1 G. B, Leaman et al.
#1 Stavinoma

#1 Schendel Gas Unit
#1 S. B. Kennelly

#1 J. M, Moore

#1 Byrne

Harris County

#1 Mrs. E. K. Busch Est.
#1 A. Schoeps 011 Unit 1

Liberty County

#E-1 Kirby Petroleum Co.
#8-3 Colby
#D-1 Moores Bluff

Matagorda County

#1 C. Mason
#1 Le Tulle

#1 S. V. Le Tulle

#1 C. B. Fisher et al.
#1 Le Tulle

#1 Camp

#1 W. D. Cornelieus Est.
#1 Kountze-Couch

Field

Boling

West Calumbia
West Columbia
Needville
West Columbia
Needville
Needviile
Thompsaon

West Columbia

Needville
West Columbia

Beasley

West Columbia
West Columbia
Needville
West Columbia
West Columbia
West Columbia

West Columbia
West Columbia

West Columbia
West Columbia
West Columbia

West Columbia
West Columbia

West Columbia
West Columbia
West Columbia
West Columbia

Markham
Markham



Well Number

Appendix 1A.

Operator

Seadrift Pipeline Corp.
Petroleum Ventures of Texas
Hamill and Hamil1l

Shannon 011 and Gas, Inc.
Holly Energy, Inc.

The Texas Co.

Kennedy and Mitchell, Inc.
G. P. Johnson and Co.
Woodward and Co.

The Texas Co.

Robinson 011 and Gas Co.
Continental 011 Co.
Michael T. Halbouty
Bradco 0i1 and Gas Co.
Geier-Jackson et al.
Stanolind 011 and Gas Co.
Falcon Seaboard Drlg. Co.
Lenoir M. Josey Inc,

& J. B. Coffee

Sun 0i1 Co.

Lario 0i1 and Gas Co. and
Felmont 0il Corp.
Natomas North America, Inc.
Union 011

Barron Kidd

J. M. Huber Corp.

Julian Evans

Davis 0i1 Co.

W. M. Harrison

La Gorce 041 Co.
Rowan Drlg. Co. and

Texas Gulf Co.

Goodale, Bertman and Co., Inc.

Mid-Century 0i1 and Gas Co,
Z, W. Falcone and

Bay City Drlg. Co.

Phillips Petroleum Co.

Ada 011 Co.

J. Ray McDermott

Sun 041 Co.

Superior 0i1 Co.

Sun 011 Co.

Coastal States Gas Prod. Co.
Monsanto Chemical Co.
Monsanto Chemical Co.

Roy R, Gardner

Coastal States Gas Prod. (o.
Coastal States Gas Prod. Co.
Humble 011 and Refining Co.

(cont.)

Fee
(Matagorda County-continued)

#2 Fee

#2 Sun Fee

#1 Sisk and Trull

#1 Sun Fee

#1 Hurlbutt

#1 E. M, Hurlbutt NCT
#4-207 Buckeye

#1 M. Doman et al.

#1 Pierce Ranch

#1 Hiltpold

#1 Anderson

#1 W. W. Fondren, Jr. et al.
#1 M. E. Crouch

#1 E. Burkhart et aj.
#1 C. C. Sherill

#1 Hawes-Vineyard

#1 F. C. Cornelius

#1 G. S. Reifslager
#2 St. Louis

#1 Lewis

#1 Cornelius

#1 Grady

#1 E. Krenek

#1 A, Copecet

#1 Stasta

#1 Hick] Gas Unit

#1 S. Le Tulle Rugeley
#1 H. D. Madsen

#1 Stovall
#1 Northern Ranch
#1 F. W. Howard "A"

#1 Kountze and Couch
#1 Matagorda

#1 G. F. Stovali

#1 H. L. Brown

#4 First National Bank
#1 D. K. Poole

#1 C. Jumek

#1 H. R. Ferguson

#1 Newmont

#2 Fae

#1 B. W. Trull

#1 Cornelius

#2 Cornelius

#B-1 J. C. Lewis

Field

Markham

Markham

Markham

Markham

West Columbia
West Coiumbia
West Columbia
West Columbia
West Columbia
West Columbia
West Columbia
West Columbia
West Columbia
West Columbia
West Columbia
West Columbia
West Columbia

West Columbia
West Columbia

West Columbia
West Columbia
West Columbia
West Columbia
West Columbia
West Columbia
West Columbia
West Columbia
West Columbia

West Columbia
West Columbia
West Columbia

Arch

West Columbia
West Columbia
West Columbia
Midfield

E1 Maton

West Columbia
West Columbia
E1 Maton

E1 Maton

West Columbia
Tidehaven
Tidehaven
Duncan Slough



Well Number

54
56

57
58

LN AWM -

Operator

The Texas Co.
Hamill and Hamill
Claude B. Hamill and
C. B. Hamill Truyst

Lenoir M. Josey Inc,

Jack W. Frazier and
J. B. Ferguson

Texas Gulf Sulphur Co.
Texas Gulf Sulphur Co.
Texas Gulf Sulphur Co.
Texas Gulf Sulphur Co.
Texas Gulf Sulphur Co.
Texas Gulf Sulphur Co.
Texas Gulf Sulphur Co.
Texas Gulf Sulphur Co.
Texas Gulf Sulphur Co.
Danciger 0il Co.

Texas Gulf, Inc.
Claude Knight

0tis Russell

Texas Gulif, Inc.

Texas Gulf, Inc.

Texas Gulf, Inc.

Texas Gulf Sulphur Co.
Texas Gulf Sulphur Co.
Boling Prod. Co., Inc.
Cockburn Qi1 Corp.
Smith and Smith
Goldking Petroleum
Prarie Prod. Co.

Moore and Ahem

The Atlantic Refg. Co.
Smith and Smith

Smith and Smith
Sue-Ann Operating Co.

Century Petroleum, Ltd,

Chapman 0i1 Co.
TexasGulf, Inc.
Wellco 031 Co.
Boling Prod. Co.
Sparta 0i1 Co. and
Mikton 0i1 Co.
Lyle Cashion Co.
Lyle Cashion (o,

Appendix 1A. (cont.)

Fee

(Matagorda County-continued)

#1 Denman-Kountze NCT-1
#20 C. M. Hudson

#27 Howard Smith
#1 Piarce Ranch

#1 Pierce Est.

Wharton County

#41 Abendroth

#32 0. W. Abendroth
#33 0. W. Abendroth
#30 0. W. Abendroth

#39 Abendroth

#23 Banker Jr.

#17-0.W. W. Banker, Jr.
#18-0.W. W. Banker, Jr.
#19-0.W. W. Banker, Jr.
#3 Mullins

#18 W. Banker, Jr. "A"
#2 Fojtik

#1 M. B. Cloud

#17-0.W. Chase Trust
#18 Chase Trust

#20 Chase Truyst
#16-0.W. Banker Jr., "A"
#15 0.W. McCarson

#18 A. A. Mullins

#8 Cockburn 011 Corp.
#7 Cockburn 0i1 Corp.
#1 M. J. Dupuy

#5 Blue Creek Ranch

#1 Johnson

#1 Pendergrass

#1 J. Ziober et ux.

#1 J. Ziober et ux.

#1 Vineyard "C"

#1 Vineyard

#1 A. M. Brockman

#20 W. Banker Jr.

#3-W F. Sitta

#4 M. D. Taylor Est.

#3 M. D. Taylor
#10 A. A. Mullins
#12 A. A. Mullins

Field

Markham
Markham

Markham
West Columbia

West Codlumbia

Boling

Boling Dome
Boling Dome
Boling Dome
Boling

Baling Dome
Boling Dome
Boling Dome
Boling Dome
Boling

Boling

Boling

Boling

Boling

Boling

Boling

Boling Dome
Baling Dome
Boling

West Columbia
Lane City
Lane City
West Columbia
West Columbia
Prasifka
Prasifka
Prasifka

West Columbia
West Columbia
Arrington
Boling

Boling

Boling

Boling
BoTling
Boling




—

Well Name

Appendix 1A.

Operator

Lyle Cashion Co.

Boling Prod. Co.

Texacao Inc.

Danciger Qi1 and Refining
Texas 0i1 and Gas Corp.
Texaco Inc.

Danciger 0il and Refining Co.
Danciger 0il and Refining Co.
Danciger 0i1 and Refining Co,
Danciger 0il and Refining Co.
Sparta 0i1 Co. and

Mikton 0i1 Co.

Texas Gulf Sulphur Co.

Texas Gulf Sulphur Co.
The Greenbriar Corp.

The Greenbriar Corp.

Texas Gulf Sulphur Co.

The Greenbriar Corp.
The Greenbriar Corp.

Sisco 011 Co.
Humble 0i1 and Refining Co.
W. M, Keck, Jr.
Brazos Qi1 and Gas Co.

& M. T. Halbouty
John B. Coffee

Smith and Smith

Soloco
Floyd L. Karsten
Anadarko Prod. Co.
Humble 0i1 and Refining Co.
Kilroy Co. of Texas, Inc.
M. Thompson
McKenzie Bros. 0il and Gas Co.
Guif Coast Leaseholds, Inc.
Layne-Texas Co., Inc.

Corley and Rice
Mac Orilling Co. and John Mayo
Smith and Smith

Claude Knight

Neaves Pet. Development Co.
Union Qi1 Co. of California
Kirby Petroleum Co.
Kirby Petroleum Co.
Roy R. Gardner

J. E. Bishop

Texas Gulf Sulphur Ce.
The Texas Co.

Davidor and Davidor, Inc.
Standard 017 of Texas

(cont.)

Fee
(Wharton County-continued)

#11 A. A. Mullins
#8 A. A. Mullins
#3 G. W. Duffy "g»
#1 Mullins

#1 A. Hlavinka “g"
#4 C. Barton, Jr.
#5 A. A. Mullins
#7 A. A, Mullins
#4 A, A. Mullinsg
#2 A. A. Mullins

#2 Taylor

#11 G. McCarson

#10 G. McCarson

#4-B J. B. Gary Est.
#5-8 J. B, Gary Est.
#A-7 Keller

#3-B J. B. Gary Est.
#1 J. B. Gary Est.
#1 E. Hawes

#8-3 J. B. Gary

#1 Leissner

#2 Blue Creek Ranch
#1 G. M. Rauscher
#D-1 Cockburn Miocene Gas Unit
#5 Hortman

#1-B Myatt

#1 Mangum “A"

#77 K. C. Cockburn
#1 W. H. Banker

#1 J. F. Turner

#1 C. Riggs

#3 Taylor

#1 Trull and Herlin
#1 Gary

#1 Gary Est.

#2 Duncan

#1 Fojtik

#10 B. M. Floyd

#8 C. Riggs

#1 Dagley

#2 Dagley

#2 R. G. Hawes

#1 E. P. Hawes

#1 Bassett

#1 J. F, D. Moore
#1 Moore

#1 W. M. Meriwether

87

Field

Boling
Boling

Blue Basin
Boling
Quffy

Duffy, South
Boling
Boling
Boling
Boling

Boling

Boling

Boling

South Boling
South Boling
Boling

Boling Dome
Boling

West Columbia
Boling

West Columbia

West Columbia
West Columbia
Magnet-Withers
E1 Campo North
Blue Basin
West Columbia
Magnet-Withers
West Columbia
Boling Dome
Boling

Tago

Water Well
West Columbia
West Columbia
West Columbia
Boling

Boling

Boling

West Columbia
West Columbia
Boling

Boling

Boling

West Columbia
West Columbia
West Columbia



Well Name

84
85
86
87
88
89
90
91
92
93
94
95
96
97

Appendix 1A.

Operator

Getty 011 Co.

Curtis Hankamer

The Superior 0i1 Cao.
Sinclair Prairie Qi1 Co.
Texas Gulf Sulphur Co.

Cerro De Pasco

Miller and Ritter

F. S. Pratt

Texaco, Inc.

Texaco, Inc.

Humble 0i] and Refining Co.
Texas Republic Petroleum Co.
R. B. Mitchell

Mac Drilling Co. and John Mayo

(cont.)

Fee
(Wharton County-continued)

#1 Esther Beard

#1 Hobbs and Le Fort
#1 E. Hawes

#1 Hawes Fst,

#2 W, T. Taylor

#1 Gary Est.

#1 C. M. Allen

#1 Fleer

#(-143 Pierce Est.
#C-129 Pierce Est.
#1 Rogers

#1 G. R. Hawes

#1 H, C. Cockburn
#1 Gary Est,

Field

West Columbia
West Columbia
West Columbia
West Columbia
Boling

West Columbia
Boling

West Columbia
Magnet-Withers
Magnet-Withers
Lane City
West Columbia
West Columbia
West Columbia
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Well No.

OO oy —

Appendix 1C. Well Information for Caverns and

Operator

Enterprise Products
Enterprise Products
Enterprise Products
Houston 071 and Minerals
Enterprise Products
Enterprise Products

Texas Eastern Transmission
Texas Eastern Transmission
Conoco

Arco

Arco

Arco

Arco

Arco

Arco

Texas Eastern Transmission
Texas Eastern Transmission
Texas Eastern Transmission
Warren

Texas Eastern Transmission
Texas Eastern Transmission
Warren

Warren

Warren

Warren

Warren

Diamond Shamrock

Diamond Shamrock

Warren

Warren

Diamond Shamrock

Salt-Water Disposal Wells at Barbers Hill Salt Dome

Well Name

Salt-water disposal Well No.
Salt-water disposal Well No.

Cavern Well No. 9

Salt-water disposal Wel] No.

Cavern Well No. 7
Cavern Well No. 4
Cavern Well No. NT-10 LPG

Salt-water disposal Well No.

Cavern Well No. 1 UGSW
Cavern Well No. 8 LPG

Salt-water disposal Well No.

Cavern Well No. 3 LPG
Cavern Well No. 4 LPG
Cavern Well No. 6 LPG
Cavern Well No. 11 LPG
Cavern Well No. S-8 LPG

Salt-water disposal Well No.

Cavern Well No. S-4 LPG
Cavern Well No. 25 LP§
Cavern Well No. S-3 LPG
Cavern Well No. $-2 LPG
Cavern Well No. 17 LPG
Cavern Well No. 2 LPG
Cavern Well No. 1 LPG
Cavern Well No. 5 LPG
Cavern Well No. 7 LPG

Salt-water disposal Well No.

Cavern Well No. 2

Salt-water disposal Well No.

Cavern Well No. 22 LPG
Cavern Well No. 12

—

1B

1

D-1
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Dome

Day

Fannett

Hull

Markham

Moss Bluff

Nash

North Dayton

Pierce Junction

Orchard

Damon Mound may have cap rock injection, but wells,

Appendix 3. Cap-rock injection data for domes in Texas,

Operator/Well No./Lease

International Underground Storage, 3
International Underground Storage, 1

Warren, 15 I.R. Bordages, et al. “A"
Gulf, 3 SWD I.R. Bordages, et al. "A"

TX Gulf Sulphur, 1 SWD I.R. Bordages, et al. "a"
TX Gulf Sulphur, 2 SWD I.R. Bordages, et al. "a"

Magnolia, 2 SWD Hull Underground Storage
Magnolia, 3 SWD Hull Underground Storage

Sinclair, 5-A SWD Dolbear Fee
J.W. Mecom, 1 Eisie Taylor
Texaco, 2-F H.G. Camp Fee
R.V. Ratts, 1 Jim Best

T. True, 1 Fueil 0i1 Manufacturing Plant

Gulf, 2 SWD J.W. Canter "A" Fee

Texas, 7 SWD H. Smith Fee
Texaco, 9 N.N. Meyers "E"
Texaco, 24 SWD N.R. Meyers "C"
Texaco, 9 SWD N.R. Meyers "B"
Seadrift, 2 Fee

Seadrift, A-3 Fee

Seadrift, A-3 Fee

Seadrift, A-3 Fee

Seadrift, 1 SWD Fee

Moss Bluff Storage Venture, 1 SWD Fee
Moss Bluff Storage Venture, 2 SWD Fee
Moss Bluff Storage Venture, 4 SWD Fee

Humble, 2 Mary Svocek
Humble, 1 SWD P. Meijer
(2 post-1975 permits, unknown)

Texaco, 12 J.A. Deering, Jr. "N®
Texaco, 3 J.A. Deering, Jr. "N¥
{1 post-1975 permit, unknown )

J.S. Abercrombie, II J. Ritter
Wanda, 2-B Settegast

Sparta, 1 J.C. Calvert

Martin, 6 White Head

Coastal States, 1 Almeda Underground Storage

Gulf, 2 J.M. Moore, et al.
(2 post-1975 permits, unknown)

LPG Pure Qi1

2450 - 2550
2400 - 2500
2115 - 2145
unknown
unknown
unknown
700 unknown
702 unknown
700 - 800
1150 - 1181
700 - 860
800 - 820
400 700
700 - 7710
1594 - 1736
2209 - 2334
1950 - 3060
1500 - 2070
1400 - 1510
2874 - 31190
1590 - 1930
1580 - 2575
1280 - 3300
1320 - 3040
1320 - 3040
1320 - 3040
1470 - 1505
1900 - 3850
2590 - 2970
2300 - 2735
1376 - 1378
860 - 1000
1020 - 1060
2850 - 3300
801 1000
478 - 510

Tocations, intervals unknown.

Injection Interval RRC Permit Date

1964
1964

1971

1956
1956
1962
1967
1968
1974
1974
1975

1959
1959
1960
1960
1961
1962
1976
1979
1877

1980
1980
1980
1953
1955

1962
1963

1851

1971 -

1972
1975
1983

1959



o

Dome

Barbers Hil1

Big Hill

Blue Ridge

Boling

Appendix 3. (cont.)

Operator/Well No./Lease

Texas Butadiene (Arco), 1-A Fee

Texas Butadiene (Arco), 1-A Fee

Tenneco, 1 SWD Mt. Belvieu Storage Terminal
Tenneco, 1 SWD Mt. Belvieu Storage Termina)
Houston 0 & M, 1 SWD Kirby Pet, "p"

Pyndus, 4 Kirby

Sinclair, 4 J.F. Wilburn

Sinclair, 13 Kirby Pet. "A"

Sinclair, 10 Kirby Pet, "g"

Sunray DX, 1 E, W. Barber “"

Mills Bennett Est., 1 SWp Kirby Pet.

TX Ntnl. Bank of Comm. Houston, 17 J.F. Wilburn

Sun, 1 SWD Higgins

Mills Bennett Est., 1 SWD Gulf Fee Fisher
Universal Pet., 1 Gulf Fee Lee Brothers
Arco, 10 J. F. Wilburn

sun, 15 SWD Higgins

Sun, 15 SWD Higgins

TX Eastern Transmission, 1 SWD L.p.g. Storage

TX Eastern Transmission, 1 SWD Fee
Exxon Pipeline, 1 SWD Fee

Warren, 3-A SWD Fee

Conoco, 1 SWD Fee

XRAL, 1 SWD Fee

TX Eastern Transmission, 2 SWD Fee
Warren, 4 SWD Fee

Arco, 1-B Fee

Warren, 5 SWD Fee

XRAL, 2 SWD Fee

Enterprise Products, 1 SWD Mt. Belviey
Enterprise Products, 2 SWD Mt. Belvieu
Conoco, 2 SWD Fee

Mills Bennett Est., 1 SWD J.F. Wilburn "c"
Diamond Shamrock, D-1 Fee

Amoco, 50 Chambers County Ag.

Pure, 1 Fee

Goodale, Bertman, & Co., 7 TX Exploraticn
Pan Am, 19 TX Exploration

(2 post-1975 permits, unknown)

L.D. French, II Robinson-Bashare
Ramca, I Wist & Schenck

Cecil Hagen, 6 A.C. Mich
(4 post-1975 permits, unlocated & unknown)

Injection Interval

( feet)
750 ~ 752
775 - 779
745 - 820
820 - 823
1348 - 3776
700 - 740
935 - 1326
1900 - 2120
995 - 1396
1379 - 1389
850 - 1370
800 - 1379
1190 - 1367
1100 - 1520
1344 - 1375
1300 - 1370
1270 - 1320
912 - 1270
500 - 1200
650 - 810
1125 - 1300
830 - 1550
600 - 1300
1020 - 1300
720 - 950
800 - 1550
750 - 1185
800 - 1500
1350 - 1380
1120 - 1400
1120 - 1400
575 - 1150
900 - 1300
1000 - 1200
1400 - 1900
830 - 845
1070 - 1475
1460 - 3300
2435 - 2700
1980 - 2090
2052 - 2085

RRC Permit Date

1956
1956
1956
1962
1964
1964
1967
1967
1967
1867
1967
1967
1967
1968
1969
1971
1972
1972
1973,1975
1972
1674,1975
1974
1975
1975
1976
1976
1977
1977
1978
1978
1978
1978
1979
1979
1979

1956

1965
1968

1969
1872

1950
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INTRODUCTION

This report reviews natural resources associated with salt domes in Texas. Sélt domes
provide a broad spectrum of the nation's industrial needs including fuel, minerals, chemical
feedstock, and efficient storage space. This report focuses on the development, technology,
uses, and problemns associated with solution—min'ed caverns in salt domes. One proposed new use
for salt domes is the permanent isolation of toxic chemical waste in solution-mined caverns. As
the Texas Department of Water Resources (TDWR) is the State authority responsible for issuing
permits for waste disposal in Texas, TDWR funded this report to judge better the technical
merits of toxic waste disposal in domes and to gain a review of the state of the art of
applicable technology. |

Salt domes are among the most interesting and intensively studied structural-stratigraphic
geologic features. Individual domes may be the largest autochthonous structures on earth. Yet
many aspects of salt-dome genesis and evolution, geometry, internal structure, and stratigraphy
are problematic. Details of both external and internal geometry of salt stocks and their cap
rocks are vague, and information is restricted to the shallow parts of the structure. These facts
are all the more surprising considering that salt diapirs dominate the fabric of the Guif Coastal
Province, which is one of the most explored and best known geologic regions on earth,

This report includes information on present and past uses of Texas salt domes, their
production histories, and extractive technologies (see also Halbouty, 1979; Hawkins and Jirik,
1966; and Jirik and Weaver, 1976). Natural resources associated with salt domes are dominated
by petroleum that is trapped in cap rocks and in strata flanking and overlying salt structures,
Sulfur occurs in the cap rock of many domes. Some cap rocks also host potentially valuable
Mississippi Valley-type sulfide and siiver deposits. Salt is produced both by underground mining

of rock salt and by solution brining,




The caverns created in salt by solution mining also represent a natural resource. The
relative stability, economics, location, and size of these caverns makes them valuable storage

vessels for various petroleum products and chemical feedstocks.
TEXAS SALT DOMES

Texas salt structures are clustered in the Gulf Coast, Rio Grande, and East Texas Salt
Basins. Shallow piercement salt domes form diapir provinces within the larger salt basins
(fig. 1). A regional map shows the distribution of salt domes in the three salt basins (fig. 2).
Structure-contour maps (sea-level datum) of individual domes were prepared and plotted on a
map with surface topographic contours (appendix 1).

Physically, salt domes are composed of three elements--the salt stock, the cap rock, and
the host strata. The central core of the salt dome is a subcylindrical to elongate salt stock.
Typically, the cap rock immediately overlies the crest of the salt stock and normally drapes
down the uppermost flanks of the stock. An aureole of sediments surrounds the salt stock.
Drag zones, gouge zones, and diapiric material transported with the salt stock are included in
the aureole.

Salt diapirs are the mature end members of an evolutionary continuum of salt structures.
Diapirs begin as low-relief salt pillows that are concordant with surrounding strata. The flanks
of the salt pillow steepen with continued growth, and overlying strata are stretched and faulted.
Salt becomes diapiric when the relation of 3alt and surrounding strata becomes discordant., At
that point, the salt structure rnay be intrusive with respect to surrounding strata or it may be
extruding at the surface. The phase of active diapirism is typically accompanied by rapid rates

of sedimentation. Subsequent to active diapirisin, dome evolution enters a slower phase of

- growth characterized by slow rates of upward movement or by crest attrition owing to salt

dissolution in excess of growth.
Dome-growth history is an important aspect in understanding the many problems

associated with dome stability {Jackson and Seni, 1983). A complete understanding of dome
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Figure 2. Location map for Texas salt domes.
(continued)




Code Dome Name

AL Allen

AR  Arriola

BB  Barbers Hiil
BA  Batson

BE  Bethel

BC Big Creek
=] Big Hill

BL  Blue Ridge

8G Boggy Creek

BCO Baling
BR Brenham
BK  Brooks

BH Brushy Creek
BM  Bryan Mound

84  Bullard

BT Butler

CP  Cedar Point
CL Clam lLake

CC Clay Creek

CM Clemens

CO Concord

DM Damen Mound
DN Danbury

DH  Davis Hill

DA Day

DR DBilworth Ranch

ET  East Tyler

EL  Elkbhart
ES Esperson
FN  Fannett

FC  Ferguson Crossing
GC Girlie Caidwell
GS Grand Saline

GU  Guif

GP  Gyp Hill

HA  Hainssville
HR  Hankamer
HK  Hawkinsviile
Hi High Island
HO  Hockley

HM Hoskins Mound

HU  Hull

Figure 2 (cont.).

County

Brazoria
Hardin
Chambers
Hardin
Anderson
Fort Bend
Jeflerson
Fort Bend

Anderson/Cherokee
Wharton/Fort Bend
Austin/Washington

Smith
Anderson
Brazoria
Smith
Freestone
Chambaers
Jefterson
Washington
Brazoria
Anderson
Brazoria
Brazoria
Liberty
Madison
McMullen
Smith
Anderson
Harris/Liberty
Jetferson
Brazos/Grimes
Smith

Van Zandt
Matagorda
Brooks
Wood
Chambers/Liberty
Matagorda
Galveston
Harris
Brazoria
Liberty

Humbie
Keechi

Kittrelt

La Rue

Long Point
Lost Lake
Manvel
Markham
Marquez
Mcfaddin Beach
Millican

Moca

Moss Bluff
Mount Sylvan
Mykawa

Nash

North Dayton
Oakwood
Crange
Qrchard
Palangana
Pzlestine
Pescadito
Pledras Pintas
Pierce Junction
Port Neches
Raccoon Bend
Red Fish Reef
San Felips
San Luis Pass
Saratoga
Sour Lake
South Houston
South Liberty
Spindletop
Steen

Stratton Ridge
Sugarland
Thompson
Webster

Waest Columbia
Whitehouss

Harris

Anderson
Houston/Walker
Hendarson

Fort Bend
Chambers
Brazoria
Matagorda

Leon

State waters
Brazos

Webb
Chambers/Liberty
Smith

Harris

Brazoria/Fort Band

Liberty
Freestone/Leon
Orange
Fort Bend
Duvai
Anderson
Webb

Duval
Harris
Orange
Austin

State waters
Austin

State waters
Hardin
Hardin
Harris
Liberty
Jetterson
Smith
Brazoria
Fort Bend
Fort Bend
Harris
Brazoria
Smith




growtn requires detailed knowledge of dome geometry, stratigraphy, and structure and
stratigraphy of surrounding strata, geohydrology (both past and present), and surficial strata.
Such detailed studies have been completed for salt domes in the East Texas Basin (Jackson and
Seni, 1984; Seni and Jackson, 1983a, b). Currently, the required data base for understanding
growth history of the domes in the Houston Salt Basin is only partly assembled. Public data on
the geometry of the salt stock have been collected. Much work remains to understand the
geology of cap rocks and surrounding strata.

The influence of dome growth on the topography of the modern surface over the crests of
salt structures is one aspect of dome-growth history that is available for domes in both the
Houston and the East Texas Salt Basins. The topography of the modern surface over the crests
of diapirs is readily influenced by diapir growth or dissolution. Positive topographic relief (in
excess of regional trends) over the dome crest is linked to uplift or to active diapir growth. In
contrast, §ubsidence of the topographic surface over the dome crest is linked to attrition or
dissclution of the dome crest. Comparison of the topographic relief over domes in the salt
basins indicates the relative importance of growth or dissolution processes. For salt domes in
the Houston Salt Basin with crests shallower than 4,000 ft, 63 percent of the domes show
evidence of positive topographic relief over their crests, whereas only 8 percent of these domes
show evidence of subsidence at the depositional surface. In contrast, in the East Texas Salt
Basin, 81 percent of the shallow domes (those with crests shallower than 4,000 ft) show
evidence of subsidence over the crest, whereas no domes in the East Texas Salt Basin express
evidence of uplift. Clearly, strata over the crests of domes in the East Texas Salt Basin have
responded differently to processes at the diapir crest than have domes in the Houston Salt
Basin. Supradomal topography over domes in the East Texas Basin reflects the dominance of
dissolution and crest attrition processes, whereas the dominance of uplift is shown over domes

in the Houston Salt Basin.




SOLUTION-MINED CAVERNS

Salt caverns were originally an unrecognized resource formed when salt was removed by
dissoiution to produce brine principally as a chemical feedstock. Along the Texas coast, a large
petrochemical industry evolved because abundant petroleum reserves were associated with
Texas coastal salt domes, This close association between salt domes and the petroleum industry
in turn promoted both brine and storage industries near the domes. Texas domes are now being
considered as chemical waste repositories. The petroleum-refining industry would be the source
of much of that chemical waste.

Natural resources from Texas salt domes have been etficiently exploited witn a multiple-
use philosophy. Permanent disposal of toxic-chemical waste in solution-mined caverns may
remove a given region of the dome from resource development forever. Multiple use of domes
in the future would then be restricted.

Brining and solution mining are two different operations that form two types of caverns,
Brining is used here to describe operations in which the primary economic product is the Na+*
and CI” in the brine. Caverns that form around brine wells are incidental to the production of
brine. The cavern is just the space from which salt was dissolved during brine production.
Solution mining is used here to describe the process of forming an underground cavern
specifically for product storage. In this case the brine is typically discarded either into the cap
rock or the saline aquifers.

Both brining and solution mining operate on a large scale in Texas. Of 13 domes with a
history of brining operations, 7 are active, Similarly, of 18 domes with a history of storage., i6
are active. Two additional domes have proposed storage operations approved by the Texas
Railroad Commission (RRC). According to Griswold (1981), approximately 900 cavities have
been solutioned in the United States (circa 1981). Statistics from the Gas Processors
Association (GPA) reveal that in 1983, 47 percent of the national storage capacity of light

hydrocarbons was in Texas salt domes (GPA, 1983).




The primary objectives differ for brine operations and solution mining for storage.
Currently, many former brine caverns serve as storage caverns. Simultaneous product storage
and brining began in Texas at Pierce Junction salt dome (Minihan and Querio, 1973). The

difference between salt dissolutioning to produce brine and creating space for storage may be

subtle but variations in operating parameters often produce vastly different salt-cavern -

geometries. The primary objective in brining is lessening pumping costs and increasing brine
production. Solution mining for storage is primarily directed toward a controlled cavern shape
ylelding maximum cavern stability. The mechanisms by which differences in operating
parameters affect cavern shape and stability will be described in sections titled Cavern
Geometry, Cavern Failures, and Mechanisms of Cavern Failure.

As with many fledgling industries, initial solution-mining operations were originally seat-
of-the-pants. Experience was gained from the early operations, and many new techniques were
employed to complete successfully and set casing in problem holes, to control and monitor
cavern development, and to predict eventual cavern shapes and stabilities. Some predicted
conditions later proved wrong, however. Despite industry safeguards, a total of 10 brine and
storage caverns have failed in Texas.

Both long-term and short-term cavern stability is a critical issue for the storage industry
and especially for the permanent disposal of chemical waste, Despite concerted research effort
in this area, even industry leaders admit "no universally accepted technique to predict cavern

closure (or stability) has been developed” (Fenix and Scisson, Inc., 1976a).
Public Information

At this point a caveat is warranted. The total number and capacities of solution-mined
caverns in Texas is unknown. Most individual com panies treat information on cavern capacities
as classified data. Much research time and effort were spent at the RRC examining original
documents requesting storage permits. Railroad Commission of Texas authority numbers are

included in appendix 2 to aid future research efforts. Early regulatory practices of the RRC




were laissez-faire. The original permit specifically allowed any and all improvements including
the creation of additional storage caverns and space as desired, Other caverns that received
permit approval were never completed. Some caverns nhave been abandoned as a result of
technological or economic problems. Thus although a comprehensive list of caverns approved
by the RRC was obtained, its exact equivalence with currently active caverns and their present
use is not assured, Capacities of storage for Texas salt domes are from the Gas Processors
Association (1983), which lists present storage capacities for light hydrocarbons. Storage of
natural gas and crude oil was not listed by the Gas Processors Association. Much additional
storage capacity primarily resulting from brining is undocumented.

The RRC created the Underground Injection Control Section and strengthened application
procedures and reporting requirements for constructing underground hydrocarbon storage
facilities after a storage cavern failed at Barbers Hill salt dome, Beginning April 1, 1982, all
storage wells must be tested for mechanical integrity at least once every 5 years. Rule 74 is

the document that details State requirements for underground hydrocarbon storage. It is

reproduced in appendix 3.
CAVERN CONSTRUCTION

A salt cavern is solution mined by drilling a nole to expose salt, circulating fresh or low-
salinity water to dissolve salt, and then displacing the resulting brine. Wwith time, the hole
enlarges and becomes the cavern, Constructing a solution-mined cavern in salt requires thick
salt, a supply of fresh or low-salinity water, and a means of disposing or using the brine (Fenix
and Scisson, 1976a). With some exceptions, solution-mined wells are drilled and cemented with
what is generally the same tecnnology as that is used in completing oil-, water-, and brine-
disposal wells, The unique set of conditions generated during cavern dissolution requires some
specialized procedures. Hole straightness is critical because this affects cavern geometry and

location. Massive drill collars are used to reduce the "walk-of-the-bit," or the tendency of the




bit to trace a helicoidal path during drilling. Drilling in salt also requires special salt-saturated
drilling muds for preventing hole enlargement by unwanted salt dissolution.

The casing program is the single most important aspect for successfully drilling and
completing a well for solution mining. Industry experts agree that most cavern failures and all
reported instances of catastrophic product loss resulted from some form of casing failure (Fenix

and Scisson, 1976a; Van Fossan, 1979).
Casing Program

Casing programs for solution-mined wells are designed to (1) prevent contamination of
surrounding formations by drilling fluids, (2) prevent sloughing of surrounding formations into
the drillhole, (3) anchor the casing, tubing, and braden-head assembly firmly into the salt, and
(4) prevent loss of storage products. Casing programs have become more complex with time. A
typical casing program is shown in figure 3. Early casing programs in brine wells used two or
three casing strings and one production tubing. Modern casing programs use up to seven casing
strings and up to three production tubing strings.

Conductor pipe is the first and largest diameter (30 to 42 inch) casing. Conductor pipe is

commonly used in the Guif Coast area where it is simply driven 50 to 300 ft into the ground

until rejection. After drilling through fresh-water aquifers in the upper section, surface casing

is set and cement is circulated to the surface up the annulus between the surface casing on one
side and exposed formations and conductor casing on the otner, Typically the surface Casing is

set at the top or slightly into the caprock. Intermediate casing is set through the cap rock and

from 100 to 500 ft into the top of the salt. Intermediate casing is used to isolate lost-
circulation zones that commonly occur in the cap rock. Two intermediate casing strings may be
cemented through the cap rock where lost-circulation 20nes cause severe problems. The
intermediate casing is set at a depth in salt sufficient to ensure a good cement-formation bond.

Salt-saturated muds are used when drilling into salt. Similarly, intermediate casing is cemented

10
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with specialized salt-saturated and nonshrinking cements, Clearly, a secure cement-formation
bond is critical for cavern integrity. Cement is circulated to the surface.

Inner or Product casing is set if the depth of the top of the cavern is significantly deeper

than the bottom of the intermediate casing. Again, salt-saturated, nonshrinking cements are

Circulated at least to the intermediate casing and preferably to the surface.
Salt-Dissolution Process

Two processes--diffusion and circulation--cause salt to dissolve. Diffusion is the ionic
movement of Na+ and Cl- ions away from the salt face toward regions of lower ionic pressure in
the water. This process is very slow and is not considered the primary mechanism of cavern
formation (Bays, 1963). In contrast, circulation implies mass movement of unsaturated fluid to
the salt face. The saturation can then be increased as circulation brings additional unsaturated
fluid to the salt face, Low-pressure jetting techniques (Van Fossan and Prosser, 1949) are used
to create a predictable circulation pattern,

Temperature, gravity, and pressure all influence the circulation process, Thermal
convection of the brine within the cavern is due to temperature differences between cold, dense
injection water and hotter, stabilized cavity water. Tnermal convection is actually a gravity
phenomenon of short duration. Temperature and circulation equilibria are achieved within 24 to
72 hours in a stable cavern (Bays, 1963), Gravity is the most important factor controlling fluid
movement within a cavern. Injected fresh waters are lighter than brines that are saturated.
Thus, injected waters will rise through the brines. Fluids at the base of the cavern are nearly
saturated, and fluids at the top of a cavity are rarely more than [0 to IS percent saturated and
may be essentially fresh. Pressure gradients imposed by brine-]ift pumps also cause circulation
within a cavern, However, as cavern size increases, the circulation effects of pressure

differentials become insignificant (Bays, 1963).

12




Blanket Material and Function

The blanket is inert material at the top of the cavern. The main function of the blanket is
preventing unwanted salt dissolution at the top of the cavern around the casing seat. The
blanket also prevents corrosion of the product casing. Many materials have been used as
blankets including air, diesel oil, crude oil, butane, propane, and natural gas. The blanket must
be lighter than water and must not dissolve salt, The blanket material is injected in the annulus
between the last or innermost casing string and the outermost wash or blanket tubing. Thus
brine is prevented from contacting the casing seat.

Raising or lowering the blanket tubing controls the position of the blanket. The location
of the blanket can locally produce a desired cavern shape by dictating where dissolution is
allowed to take place. This technique is typically used at the beginning and end of cavern
construction, first to wash the sump and finally to dome the cavern roof. A sump is produced at
the bottom of the borehole by using a long blanket tubing to depress leaching to the base of the
hole. Once the cavern has been leached, blanket control can shape the cavern roof into a dome
or arch for added stability. By periodically withdrawing the blanket tubing and raising the level
of the blanket during a wash cycle, a flat roof is progressively shaped into a domed or arched

roof.
Sump

A sump or local depression is mined at the bottom of solution caverns to collect the
relatively insoluble constituents of salt domes that remain after the salt is dissolved and
remnoved (fig. #). A typical Gulf Coast salt dome contains from 1 to 10 percent anhydrite,
which is the chief insoluble mineral. Country rock, sandstone, and shale are insoluble
constituents that may be encountered in the salt stock. These insoluble materials generally

become more abundant as the periphery of the salt stock is approached. The volume of the
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sump is dictated by the volume of the cavern and by the insoluble percentage. A core of the

salt mass is normally used to determine percentage of insoluble constituents.
CAVERN GEOMETRY

The two basic techniques to contro] the shape of the caverns are direct circulation and
reverse circulation, The techniques are differentjated by the location of the fresh-water
injection and brine-return tubing within the cavern. Additionally the thickness and location of
the blanket controls cavern shape during the initial and final stages of cavern mining. Final
cavern shape is also influenced by variables that cannot be controlled. Such variables include
salt-stock innhomogeneities, percentage and distribution of insoluble constituents, salt solubility,
and space limitations with respect to the edge of the salt stock, property lines, or adjacent
caverns.

Caverns that were solution mined for storage are typically leached with direct circula-
tion, whereas brining operations typically use reverse circulation., The leaching technique for a
single cavern may vary with time to adjust to changing uses or to modify original cavern shapes,
The leaching technique is an important factor in cavern stability because each technique
produces a "typical" shape. Clearly cavern stability is, in part, a function of cavern shape

(Fossum, 1976).
Direct Circulation

A cavern is leached by direct circulation when fresh or low-salinity water is injected down

the wash tubing and exits near the base of the cavern (fig. 4). Brine is returned up the annulus
between the wash tubing and blanket casing located near the top of the cavern. The freshest
water enters the systern near the base of the cavern; thus, most of the dissolution is
concentrated there. A pressure differential between the injection and brine return helps drive

the progressively more saline water upward toward the brine return point, Characteristically
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with direct circulation, the discharged brine is less saturated with Na+ and Cl- than is the brine

discharged during reverse circulation,

A cavern formed by direct circulation is typically tear- -drop shaped because fresh water js
injected at the base of the cavern and the brine is returned at the top. Cavern geometnes after

phased expansion using direct circulation are shown in figure 5,
Reverse Circulation

A cavern is leached by reverse circulation when fresh water is injected down the annulus

between the blanket casing and the wash tubing. The fresh-water injection point is at the top
of the cavern. The brine returns Up the wash tubing for which the opening is located near the
base of the cavern (fig. 6). The typical geometry of a cavern leached by reverse circulation is
"flower pot" with a characteristically broad and flat roof, Density differences between fresh
water at the top and brine at the base allow brine to sink toward the base of the cavern. The
lighter fresh injection water is forced to circulate near the top of the cavern, thus forming the
broad cavern roof. with increasing dissolution, the fresh water becomes denser and sinks
toward the base of the cavern,

Brining operations favor leaching by reverse circulation because operating costs are
lessened as only the densest brines are produced at the base of the cavern, Less wash water is
required per volume of produced brine than for direct circulation, which typically produces
brines that are less dense. Careful blanket control is often used to shape the flat roof into the

arch. This process adds stability and lessens the probability of roof caving.
Modified Circulation

Caverns may also be mined with modified circulation in which leach conditions are

modified during the formation of the cavern. For instance, a SuUmp may be formed by direct
circulation; then the rest of the cavern is formed by reverse circulation by raising the wash

casing and reversing the position of the fresh-water injection and brine return.  Similarly,

16
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changes in the use of a cavern may dictate modifications in the leach technique. Figure 7
shows a cavern that initially was a brine cavern and then was used simultaneously for brine
production and product storage (Minihan and Querio, 1973). Clearly, by varying the positions of
the blanket strings and wash tubing and switching injection and return points, new cavern

geometries were created that facilitated new uses of the dome.

CAVERN FAILURES

At least |0 solution caverns in Texas salt domes have failed. Failure is here defined as
the loss of integrity of an individual cavern. Storage caverns (in contrast to brine caverns) have
also failed in salt domes in Louisiana and Mississippi (Science Applications, Inc., 1977). The
consequences of failure of a storage cavern are much greater than failure of a brine production
cavern because of the value of the product that is lost and the cost of abatement procedures,
Brine caverns show a much greater failure rate than do storage caverns. However, many brine
caverns have been converted to storage caverns. Thus, any consideration of the stability of
storage caverns must include brine caverns as well,

Three types of known cavern failures in Texas include (1) loss of stored products,
(2) surface collapse, and (3) cavern coalescence, Table | lists cavern failures, possible mecha-
nisms, and consequences.

There are approximately 254 caverns in Texas salt domes. On the basis of failure of
10 modern caverns (post-1948), the probability (p) of failure of a given cavern-is approximately
4 percent (p=0.039). Statistics based on the years of cavern operation also yield indications of
the useful life of a cavern., Railroad Commission of Texas permits indicate that the 254 Texas
caverns have a cumulative operational history of 4,717 cavern-years. With 10 failures, the
average operational life of an individual cavern is 472 years.

Two cavern failures in Texas salt domes resulted in catastrophic loss of liquid petroleum
gas (LPG) at Barbers Hill salt dome in 1980 and at Blue Ridge salt dome in 1974, The failure of

a storage cavern at Barbers Hill salt dome released LPG into subsurface formations below the
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city of Mount Belviey (Underground Resource Management, 1982), causing evacuation of the
residents. The Warren Petroleum Co. assumed financial responsibility for the abatement and
monitoring program. Over 400 shallow relief wells were drilled to vent the escaped LPG
(Underground R esource Management, [982). Although the Warren Petroleum Co. has not made

public the cause of the leak, a failure in the Casing seat is suspected. The defective cavern nas

03-34,658). That cavern is now abandoned, Figure 8 is a cross section of the upper part of Blue
Ridge salt dome showing dome shape and the location and geometry of the salt mine and
cavern.

Failure of brine caverns at Grand Saline, Blue Ridge, and Palestine salt domes have
caused localized surface collapse. Sixteen collapse structures mar the surface above Palestine

salt dome and are attributed to historic brine production (Fogg and Kreitler, 1980). The brine

failures because those caverns were constructed with no regard for their stability, and
construction techniques pre-date modern practices beginning in the late ]940's and [950's.

From 1904 to 1937, Palestine Salt and Coal Company used brine wells to produce salt
from Palestine salt dome, The collapse structures form circular water-filled depressions with
diameters of 27 to 105 ft and depths of 2 to |5 ft (Fogg and Kreitler, 1980). Each collapse
structure is assumed to mark the location of a former brine well. Powers (1926) described the
brine operation as follows: Wells were drilled 100 to 250 ft into salt, Water from the "water

sand" between the cap rock and the sait stock flowed into the well, dissolved the salt, and brine
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was then displaced by compressed air. The cap rock was undermined by the large brine cavern
below it. The cap rock eventually collapsed forming a large sinkhole (Hopkins, 1917). A new
brine well was simply offset a safe distance. Although brining operations ceased in 1937, three
collapsed structures have formed since 19738 (Fogg and Kreitler, 1980).

In 1975, a circular collapse structure formed at Grand Saline, Texas. Although the exact
origin in unknown, the collapse structure is inferred to overlie an old brine production well
(Martinez and others, 1976; Science Applications, Inc., 1977). In 1949, a spectacular collapse
occurred at Blue Ridge salt dome (Science Applications, Inc., 1977). An old rock-salt mine
operated by Gulf Salt Co. had been converted into a brine production well. Without warning,
the main building and well assembly collapsed around the original mine shaft and well bore. The
brine cavern is inferred to have dissolved to the Cap rock. A "water sand" composed of loose
anhydrite grains at the cap-rock - salt-stock interface may have contributed water to help
undermine the cap rock. The cap rock and overlying strata then collapsed into the brine cavity
after removal of too much underlying support.

Railroad Commission of Texas records (Authority Number 03-60,093) indicate that five
former brine caverns at Pierce Junction salt dome have coalesced to form two independent
caverns. These caverns currently are used as storage caverns, When the caverns coalesced is
unknown. Although five individual caverns have coalesced, integrity within each of the two
multicavern systems has been maintained,

Conspicuous examples of cavern failures and surface collapses have been reported in
Louisiana and Mississippi {Science Applications, Inc., 1977; Griswold, 1981; Fenix and Scisson,
1976b). One brine cavern has collapsed and formed a water-filled sinkhole at the surface over
Bayou Choctaw salt dome (Science Applications, Inc., 1977). Two other caverns at Bayou
Choctaw are abandoned because the caverns have dissolved to the cap rock. Three additional
caverns, separated by at least 200 ft of pillar salt in plan, are now hydraulically connected
(Griswold, 1981; Fenix and Scisson, 1976b). Rock-salt mines have also failed by flooding at

Winnfield, Avery Island, and Jefferson Island salt domes. A jet of water issuing from a mine
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wall caused the flooding and abandonment of Winnfield mine in [965 (Martinez and others,
1976).

The Jetferson Island disaster of 1980 is an instructive example of the consequences of
possible inadvertent breach into a mined opening in sait (Autin, 1984). Diamond Salt Company
was operating a rock salt mine at Jetferson Island salt dome when a Texaco oil exploration rig
(spudded from a barge in Lake Peigneur) was searching for flank oil production in sandstone
pinch-outs near the salt stock., The chain of events that led to the draining of Lake Peigneur
into the salt mine is paraphrased here on the basis of 3 description of the event by Autin (1984).

During the morning of the disaster, the Texaco drill bit became stuck in the hole at

a depth of 1,245 tt, and mud circulation was lost. Efforts to free the bit and

reestablish mud circulation failed. The drill rig began to tilt and rapidly over turned.

Within 3 hours the drill rig, the support barge, and Lake Peigneur all disappeared

down into a rapidly developing sinkhole, At approximately the saine time, the
1,300-ft-level of the mine was flooded. All mine personnel were evacuated safely,

Mechanisms of Cavern Failure

Most cavern failures result from integrity loss at the casing seat. Cavern coalescence is
another common mode of cavern failure, especially with brine caverns. The casing system is
vulnerable at zones of lost circulation during cavern construction and during product cycling,
Clearly, the cemented z0ne, production tubing, and casing strings are the weak link in any
cavern system because many problems that begin there can quickly evolve into severe problems,
including eventual cavern collapse,

Blanket control protects salt from being dissolved behind the casing seat, This
dissolution, if left unchecked, can lead to loss of the casing seat, loss of tubing, and eventyal

cavern collapse.

cap rocks of many salt domes are Characterized by lost-circulation zones. These zones compose
vuggy areas with open caverns up to tens of feet in vertical extent. The VUBEY zones are

concentrated in the transition and anhydrite zones of the caprock. Many cap rocks also contain
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& zone of loose anhydrite sand at the cap-rock - salt-stock interface, Presence of this zone at
the cap-rock - salt-stock interface is critical because it indicates active salt dissolution with
the accumulation of loose annhydrite sand as a residuum and the presence of an active brine-
circulation system.

Lost-circulation zones weaken the integrity of any cavern system in two ways. During
drilling, the difficuity of maintaining mud circulation forces the use of many circulation-control
Mmeasures. Drilling may continue "blind," that is without mud returns, until salt is encountered,
Then a temporary liner is set through the lost-circulation zone. Alternatively, cement may be
pumped down the tubing to plug the lost-circulation zone. The cement is then drilled out, and if
Circulation is lost again the process is repeated until circulation is reestablished.

Even with modern drilling techniques, lost-circulation Z0Nes can cause problems severe
enough to force hole abandonment. [n 1974, a hole was lost while drilling a gas-storage well at
Bethel salt dome (RRC Authority Number 06-05,840). Circulation was lost within the cap rock
and was not reestablished even though 1,300 sacks and 80 yd3 of cement were added. Ground
subsidence then caused the rig to tilt, and the hole was abandoned.

Vuggy zones in cap rock are areas of natural cap-rock and salt dissolution. Therefore
cement-formation bonds are vulnerable to attack by natural dissolution. The natural brine-
circulation system also may attack the cement itself and reduce its useful life. The brine is
very corrosive, and its long-term effects on cements and casings are inadequately known.

Van Fossan (1979) has listed various mechanisms whereby product loss may occur through

loss of cavern integrity.

SALT-DOME RESOURCES

Valuable natural resources are associated with the salt stock, cap rock, and favorable
geological structures and reservoirs associated with the growth and emplacement of the dome.
Dome salt is an important chemical feedstock. Salt is extracted both by underground mines and

by solution-brine wells. Storage space, available in Cavities formed by brining operations, was
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initially an unrecognized resource, but now many cavities in domes are created exclusively for
storage space and the brine is discarded. The cap rock is quarried as a source of road metal,
and cap-rock sulfur is mined by the Frasch process, Petroleum in salt-dome-related traps is by
far the most valuable salt~dome—felated resource.

The long-term trends for petroleum and sulfur production are in decline owing to depleted
reserves and few new discoveries. Salt production is stable to sligntly growing, but production
is constrained by demand. Demand for storage space is growing rapidly especially with the
requirements of the Strategic Petroleum Reserve (Fenix and Scisson, 1976b, ¢, d; U.S. Federal
Energy Administration, 1977a, b, ¢; Hart and others, 1981). Conceivably, the storage space

within a dome may be the most valuable salt-dome-related resource.
Salt-Dome Storage

Texas is the national leader in storage capacity for hydrocarbons in salt domes. In 1983,
Texas salt domes housed 47 percent of the nation's total stored light nydrocarbons (liquified
petroleum gas, or LPG). Texas salt domes are also becoming a major repository for the
Strategic Petroleum Reserve (SPR) (fig. 9). Crude oil for the SPR is currently being stored at
Bryan Mound salt dome, and additional storage capacity is under construction at Big Hill salt
dome (Hart and others, 198]). Storage of toxic-chemical waste in solution-mined caverns is
also being considered at Boling salt dome (United Resource Recovery, 1983).

The most common hydrocarbons stored in Texas salt domes are light hydrocarbons, natural
gas, and crude oil. Rarely fuel oil may be stored near a plant to generate power during a gas
curtailment., Light hydrocarbons, such as ethane, propane, butane, and isobutane, comprise the
bulk of stored products. They are gases under atmospheric pressure and room temperature, but
are liquids under the slignt confining pressure. Light hydrocarbons were the first products
stored in salt-dome caverns because the demand for the products was strongly cyclical with the

seasons. In 1983, approximately 219,464,000 barrels of light hydrocarbons were stored in Texas
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salt domes (Gas Processors Association, 1983), Of
hydrocarbons, 77 percent is in salt domes, and the r
Whether a dome is a good candidate for st
near industrial suppliers and pipelines, Geologic ¢
primarily to obtain site information for casing
dome size and cap-rock-lost-circulation zones wer
dealt with and not as site selection criteria. F
and pending storage facilities. Table 2 is a list
history of hydrocarbon storage.
Barbers Hill salt dome houses the greatest concentration of storage facilities in the world.
Nine separate companies store light hydrocarbons in the dome, The 1983 capacity for light
hydrocarbons Storage at Barbers Hill salt dome was 155,522,000 barrels (Gas Processors

Association, 1983). There are approximately 137 caverns in Barbers Hill salt dome.

Present capacity at Bryan Mound salt dome js 56.8 million barrels in four caverns
originally mined for brine. Figures || and 12 are Cross sections of the dome showing the
geometries and locations of the caverns. Their irregular shape is typical of caverns originally
mined for brine, Projections include construction of an additional 120 million barrels of storage
Space at Bryan Mound salt dome, Cavern construction for the SPR is underway at Big Hill salt
dome. Fourteen caverns will be constructed, each with a capacity of 10 million barrels,
Figures 13 and 14 are cross sections showing the Proposed geometries and locations of the SPR
caverns at Big Hill salt dome and the location and geometry of a storage cavern used by Union

Oil Co. to store light hydrocarbons,
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Figure 10 (cont.),

Code Dome Name
BB Barbers Hill

BE  Bethel

Bl Big Hil

BL  Blue Rldge
BO Boaiing

BA  8renham
BM  Bryan Mound
BT  Butler

CM  Clemens
DA Day

ET  East Tyler
FN  Fannett
HA  Hainesviile
HU  Hull

MK  Markham

MB  Moss Bluff
ND  North Dayton

PJ  Plercs Junction

SO Sour Lake
SR Stratton Ridge
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Figure 13. Cross section of Big Hill salt dome (north-south) showing geometry of proposed

Strategic Petroleum Reserve caverns and Union Oil Co. storage cavern
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Table 2.

NAME OF SALT DOME CLRRENT OFERATOR OF

H+

¥ RARBERS HILL
# BARRERS HILL
¥ RARBERS HILL
# DARBERS HILL
+ BARRERS HILL
¥ BARBERS HILL
* BAREERS HILL
* SAABERS HILL
* BARPERS HILL
# RETHEL DOME

* BIG HILL

¥ BIG HILL

+ BLUE RIDGE

* B0 ING

¥ BRENHAM

+ BRYEM MOIRD
* BRYAN MOUND
# SUTLER QOME

¥ FANMETT
# HAINESVILLE
+ HUALL

+ MARKHAH

t MARKHAM

* FOSS RLUFF

# MORTH DAYTCM

+ PIERCE JUNCTION

¥ PIERCE JANCTION
+ J0R LAKE

¥ STRATTCM RIDGE
+ STRATTON RINGE
# STRATTOM RIDGE

ORIGINAL APPLICANT NUMBER - STORAGE
STCRAGE FACILITIES 0F  CAPACITY
CAVERNS [N B/RRELS
TEXAS EASTERN TEXAS NATURAL GNSOLINE 27 30973000
DIAMOMD SHAMROCK DIAMOND SHAMROCK [0 34700000
HARREN WARRFN 27 45032000
180 -AnL ) {6 22045000
TENKECT TENNESSEE. GAS TRANSHISSION 18 7322000
EXA0H HUMBLE QIL AMD REFINIMG 7 5710000
ENTERPRISE ENTERPRISE 13 13300000
CoH0Co COMOCD 3 1200000
ARCD TEXAS BUTADIENE AHD CHEMICAL CORP. 14 4914000
BI-STONE FUEL BI-STOME FUEL. 3 9000000
URTON PURE OIL (O, 2 40000
DEPARTHENT OF ENERGY DEPARTMENT UF EMERGY 14 Q
ABANTGHED TULOR~MOCD 3 0
VALEROD LO-Y4CA GATERIMA CO. 4 10006000
SEMINCLE PIPELINE (0. SEMINOLE PIPELIMNE (1. 1 43000
DEPARTHENT OF EMERGY [0 CHEMICAL. 4 56300009
DEPARTHENT OF ENERGY DEPARTMENT OF ENERGY 12 0
U.p.G, FREESTONE UMDERGROUMD STCR. 3 4900
FHILLIPS PETROLELN PRILLIPS PETROLETM 17 3340000
ABANDONED PURE OIL ! 0
TEXAS EASTMAN HARREN PETROLETR 10 4900000
RARREN PETROLELM GILF OIL 3 2428000
BUTINE SUPFLIES ENTERPRISE PETROLEUM GAS CURP. 3 1782000
MOBIL MAGHOLIA PETROLEUM ORP. 1L 3430000
TEXAS BRINE _ TEXAS BRINE g 1800000
SEALAIFT PIPELINE SEADRIFT PIFELINE & 7433000
MOSS BLUFF STCRAGE VENTLRE KOSS BLUFF STARAGE VENTURE , 3 )
EMERGY STORAGE TERMIMAL IMC.  SHERGY STORAGE TERMIMAL [FC. 2 0
ENTERPRISE WD PETROLEUM ANDY ELLIS TRANSPORT [0 4060000
COASTAL STATES CRUDE GATHERING CUASTAL STATES CRUDE GATRERIMG 7 12734000
TEXACO THE TEXAS (0. 3 1196000
SEAIMOLE PIPELINE SEMIMOLE PIPELINE 3 132000
AMOCD FERIX AMD SCISSON 7 3237000
Doy (oW 2 7000000
LIST/TITLE L{IBINAME OF SALT DOME,B([},R(20JCURRENT OPERATOR oF *
LIST/TITLE L{IBINAME OF SALT DOME, B(!},R(30ICIRRENT OPERATIR OF +
STORAGE FACILITIES vB{11.RI25)ORIGINAL APPLICANT B(1),
STORAGE FACILITIES »BU1)>RI36) ORIGINAL /PPLICANT 186114

RO7INGEER +F +CAVERMNS, B(1).RT10)STORNGE +CAPACITY +IN BARRELS.B(3).
RI7IMMBER +iF +CAVERNS, B(1))RUI0)STORAGE iCAPACITY +IN BAREELS.B(3),

R(18}PRODUCT STORED
R{{QJPRODUCT STCRED
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/01,0226, C227, 228, 0229, 205, 08 LOW G WH C226 EXISTS:
7011 Ca08, 0227, 02, €09, (236, 0B LON C1 WH (225 EXISTS:

List of salt domes with storage, operating company, Railroad Commission of Texas
applicant, number of caverns, capacity, and product stored.

PRODUCT STORED

LIGHT

LIGHT HYDROCARBOMS
LIGHT HYDROCARRONS
LIGHT HYDROCARBONS
LIGHT HYTROCARBONS.
LIGHT HYBROCARBOMS

LIGHT HYDROCARRIWS
HATIRAL GAS
LIGHT

CRUBE OIL
CRUDE 0IL

LIGHT HYDROCARBOMS



Two domes in Texas--Bethel and Boling salt domes--store natural gas. Natural gas is
significantly different from other products stored in salt domes because of its high pressures
during storage and rapid pressure declines during production. At Bethel salt dome, natural gas
is stored in caverns under a cavern-storage pressure of 3,500 pounds per square inch gauged
(psig). The depth of the cavern is between 4,300 and 4,300 ft.

Boling salt dome is a good example of a sait dome with multiple use of the available
resources (fig. 15). Oil is produced from oil fields over the cap rock, within the cap rock, and
from flank reservoirs. Boling salt dome has been the world's largest single source of sulfur.
Valero Gas Co. has recently expanded its natural-gas storage facility at Boling to four caverns,

A cross section of Boling salt dome shows the geometry of the upper part of the salt dome
illustrating cap rock, sulfur production, the location and size of two Valero storage caverns, and
the proposed locations of a field of toxic-chemical waste caverns by United Resource Recovery,
Inc. (fig. 16). Several aspects are important. The Valero caverns are located about 10,000 ft
from the Texas Gulf Sulfur producing zone. Despite the 10,000 ft of separation, however,
during construction of the Valero storage cavern no. 3, problems occurred that apparently are
directly related to sulfur production. The well encountered, within the cap rock, a zone bearing
high-pressure "mine waters" that caused the well to "kick." Texas Guif Sulfur personnel were
needed to cap the well. Although there is a large separation between the sulfur-mining
operations and the active and proposed storage operations, the impact of the sulfur-mining
operation extends far across the salt dome. Additionally, the proposed toxic-waste caverns are
located near the periphery of the dome. Characteristically the internal constituents of salt

domes--anhydrite and other country rock--increase toward the margins of salt stocks.
Salt Resources

Texas salt domes constitute an immense reservoir of sait that has risen through gravity
deformation from great depths to lie within man's reach. Salt is a major industrial commodity

that is used as a chemical feedstock, for road deicing, and for human and animal consumption.
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Salt is produced from Texas salt domes by conventional underground mining and by solution-
brine wells. Estimates indicate that salt reserves will be adequate for 381 years (Griswold,
1981) to 26,000 (Hawkins and Jirik, 1966). The smaller figure is more reasonable on the basis of
less recoverable salt at shallower depth, growth in salt demand, and preemption of some domes
by storage requirements. Figure 17 shows those domes with active rock-salt mines and brine

operations. Table 3 lists pertinent information on the operations at those domes.

Rock-Salt Mine

Currently, two active underground salt mines éxist in Texas salt domes, the Kleer mine at
Grand Saline salt dome and the United Salt mine at Hockley salt dome. According to Science
Applications, Inc. (1977), Blue Ridge salt dome also housed a rock-salt mine that was later
converted to a solution-brine mine. The well and mine opening collapsed in 1949, Both the
Hockley and the Grand Saline salt mines are relatively small, and the operations are constrained
by demand. Production is from one level in each of the mines. The primary use for the mined

granulated and compressed rock salt is as a dietary supplement for animals (that is, salt lick).

Selution-Brine Well

Solution-brine wells for the production of chemical feedstock are active at seven salt
domes in Texas including Barbers Hill, Blue Ridge, Markham, Palangana, Plerce Junction,
Spindletop, and Stratton Ridge salt domes. Historically, the Indians first used natural brines
from East Texas salt domes as a source of salt and brine for tanning hides. In the past, salt
caverns, which were created as the brine was produced, constituted an unrecognized resource,
Many brine caverns have been converted to store light hydrocarbons. Currently, the DOE is
using four large storage caverns in Bryan Mound salt dome, created by Dow Chemical Co.
during past brining operations, for crude-oil storage in the SPR. The present capacity of the

former brine caverns at Bryan Mound is 56.8 million barrels.
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SALT RESOURCES FROM SALT DOMES OF TEXAS

- Figure 17. Map of salt domes showing active rock-salt mines and soiution-brine wells.
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Table 3.

NAME OF SALT DOME

H¥

¥ BARBERS HILL
+ BUE RIDGE

+ BLUE RIDGE
+ BROKS COME
+ BRYAN MOLWD

+ GRAND SALIMNE DOHE

£ GRAND SALINE OGME
# HOCKLEY

* MARKHAR

# PALAMGANA. DOVES

+ PALESTINE OME

¥ PIERCE ANCTICH

+ SPINDLETOP

# STEEM [OME

# STRATTON RIDGE

+ WHITEHOUSE DOME

S AR e S R T ST TE DD

MINERAL

BRINE
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ROCK SALT
BRINE
RINE
AOCK SALT
BRINE
RGCK SALT
BRINE
BRINE
BRINE
BRIME
BRINE
BRIME
RINE
BRIME.

STATUS OF °
PRODUCTTON

ACTIVE
ACTIVE
ABPNDONCD
ABRMDCHED
ABANDONED
ACTIVE
ARANDONEY
ACTIVE
ACTIVE
ACTIVE
NBANDOKRED
ACTIVE
ACTIVE
ABANDOMED

ACTIVE
ABANDOMED

REPORTING ORGAMAZATION

OR MIMING METHOD

BRINE WELLS
BRIME RELLS
SALT MINE

L.5,U.-1975
BRINE WELLS
SALT RIME

BRINE MELLS
SALT MIME

BRINE WELLS
BRIME HELLS
L.S.U,-1975
BRINE WEILS
BRINE WELLS
L.S. U -1975
BRINE WELLS
L.5.U.-1975

STATUS OF +PRODUCTION, B(4),R(22)REPORTING CRGAHAINTION+
STATUS OF +PRODUCTION, B(4),R(22)REPORTING (RGMNZATION®

(B(4),RUISINGME OF COMPANY ,B(4),R(14)MINING HISTORY/

OR NINING METHOD
OR MINIMG METHOD

NAVE OF COMPANY

DINMOND SHAMRICK
UNITED 3ALT
UNITED SALT
LNKMOIR

(09 CHEMICAL
MCRTOM SLT
HORTON SALT
UMITED 3ALT
TEXAS BRINE CORP,
P.P.G. IND. INC.
(BAGHOWN

TEXAS BRINE CORP.
TEXAS BRIME CORP.
UNKHOHM

DOH CHEMICAL
RO

+B(4),RIISIMAME OF COMPANY ,B(4)-REI4IMIMING HISTORY/
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List of salt domes with salt production, method, status, company, and history.
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Petroleum Resources

Oil discovered in 1901 at Spindletop salt dome gave birth to the modern petrochemical
industry., The petroleum production of many Gulf Coast salt domes is truly staggering.
Cumulative production from the salt-dome-related oil reservoirs (those greater than 10 million
barrels cumulative production) is 3.46 billion barrels (Galloway and others, 1983). Qil is not
found in the salt stock but in surrounding strata. Intrusion of the salt diapir can form a wide
range of structural and stratigraphic traps for petroleum. Highly productive zones arcund salt
domes include cap rocks, dome flanks, and supradomal crests.

An oil play is an assemblage of geologically similar reservoirs exhibiting similar trapping
mechanisms, reservoir rocks, and source rocks (Galloway and others, 1983). Four major oil
plays are associated with Gulf Coast salt domes. They include cap rock, Yegua salt-dome
flanks, Y egua deep-salt-dome crests, and Frio deep-salt-dome crests.

This discussion of petroleum resources associated with salt domes centers on diapirs in the
highly productive Guif Coast (Houston Salt Basin) of Texas. Shallow piercement oil fields will
be discussed generally, and then specific examples of the major oil plays associated with salt
domes will be discussed in turn. Much of this discussion is based on two sources: a recent
publication by Galloway and others (1983), which has proved to be a valuable guide to oil in

Texas, and a book by Halbouty {1979), which is the standard oil-related salt-dome text.

Shallow Salt-Dome Qil Fields

Shallow salt-dome fields were the first oil fields discovered in the Gulf Coast area. Many
fields discovered 70 and 80 years ago are still producing. This productive longevity stems in
part from diapirism and faulting, which segmented reservoirs thus creating a diverse range of
traps at many different stratigraphic levels. The yearly oil producticn of Spindletop salt dome
illustrates that production has been prolonged and periodically increased dramatically by

discovery of new types of salt dome traps (fig. 18).
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Figure 18. Yearly oil production from Spindletop salt-dome oil field (data

1973).
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Shallow-piercement-salt domes with cumulative oil production greater than 10 million
barrels are located on figure 19. These domal fields are listed in table 4 with discovery dates,
depth to cap rock and salt, productive area, and production figures (Galloway and others, [983).
Most oil has been produced from traps in cap rock, in strata truncated or pinched out against
dome flanks, and in strata arched over dome crests. Altnough some very shallow diapirs are
highly productive, there is a correlation between greater depth of burial of the dome and
greater oil production (fig. 20). According to statistics from Halbouty (1979), known salt domes
with crests greater than 4,000 ft deep have approximately twice the cumulative production of
domes with crests buried less than 4,000 £t (80 million barrels vs. 38 million barrels).

Strata of Eocene through Pliocene age host most of the production associated with Guif
Coast salt domes. The Wilcox Group and the Yegua, Frio, and Fleming Formations compose the
host strata. Major reservoirs and trap types discussed below are cap rock, dome flank (Yegua),
and deep-salt-dome crest (Yegua and Frio). Boling salt dome is a good example of a shallow
piercement dome with a large number of oil fields (fig. 21). Production is from supradomal

sands, cap rock, and flank traps in Miocene, Heterostegina Limestone, and Frio reservoirs,

Cumulative production through 1981 is 35.7 million barrels.

Cap-Rock Reservoirs

Four of the oldest fields in the Guif Coast area--Spindletop, Sour Lake, Batson, and
Humble--produce oi! from calcite cap rock overlying shallow piercement salt domes. A total of
eight shallow Guif Coast diapirs had significant oil production from their cap rock. Most cap
rocks have been exploited and their oil exhausted. Minor cap-rock production from Day salt
dome in Madison County, however, was initiated in 1981. The location of some cap-rock fields
over Boling salt dome is shown in figure 21.

Cap-rock fields typically showed prolific initial production and then rapid production
decline {fig. 17). Production is from microscopic to cavernous porosity. Porosity values up to

40 percent are reported (Galloway and others, 1983).
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The genesis of cap rock is complex. Cap rock typically occurs at the crest of shallow
piercement salt domes and may extend for some distance down the dome flanks. Mineral-
ogically, most cap rocks are composed of a basal anhydrite zoneg, a middle gypsum or transition
zone, and an upper calcite zone, The anhydrite is a dissolution residuum that accumulated as
ground water dissolved annhydrite-bearing salt at the dome crest and flank. Gypsum then
formed by hydration of anhydrite. Calcite is formed by sulfate reduction of gypsum with
bacterial reaction with oil. The calcite zone is the typical oil reservoir in the cap rock.

Cap rocks are complex karstic features. They accumulated as a dissolution residuum and
may themselves he undergoing dissolution. To this day, cap rocks are exceptionally difficult
zones to complete and case a well through. Lost-circulation zones cause major problems
involving mud circulation and complete cementation of casing strings. Active circulation of
brine in cap-rock pores also provides a geochemical environment that is corrosive to casing and
cements,

Some Gulf Coast cap rocks record evidence of erosion over the dome (Hanna, 1939). The
cap rock of Orchard salt dome is thin over the dome crest but is up to 1,000 ft thick
(stratigraphically) on the dome flanks (fig. 19). Pleistocene sands and gravels truncate Miocene
strata around the dome periphery and apparently have stripped calcite cap rock from the dome

crest.

Salt-Dome Flank Reservoirs

Important oil production from sandstones flanking salt domes was initiated at Spindletop
dome in 1925 (Halbouty, 1979) (fig. 18). These flank reservoirs typically are thin sandstones
steeply incline;tl upward toward the diapir flank. The sandstones may be truncated by the dome
or pinch out toward the dome (fig. 22). Commonly, radial faults segment the sand bodies into
discrete fault blocks.

Delta-front sheet sandstones of the Yegua Formation constitute the most important dome

flank reservoir {(Galloway and others, 1983). Major Yegua flank sands are reservoirs at Hull,
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Esperson, and Saratoga salt domes, An example of the geometry of these flank sands and
reservoirs is illustrated by Orchard (Moores Orchard) salt dome (fig. 22). The steep inclination
of the flank sands makes them elusive targets, but this Inclination also yields thick oil columns,

efficient gravity segregation, and efficient water drives for impressive single-well production

statistics.

Deep-Seated Dome Crest Reservoirs

Yegua and Frio sandstones arched over the crest of deep-seated salt domes preoduce the
greatest cumulative amount of salt-dome-related oil in the Texas Gulf Coast (Galloway and
others, 1983) (fig. 23). Most fields overlje known deep-seated salt domes such as Raccoon Bend
(Yegua production) and Thompson, Manvel, Webster, and Cedar Point (Frio production). Other
tields such as Katy may overlie non-piercing salt structures (Halbouty, 1979) or turtle-structure
sediment-cored anticlines {Winker.and others, 1983; Galloway and others, 1983).

Faults play a variable role in oi] trapping and compartmentalization of reservoirs. For
example, the Frio deep-seated dome crest trend is along the Vicksburg and Frio growth-fault
trends. In contrast to the ubiquitous radial faults associated with shallow piercement salt
domes, deeply buried salt domes normally have fewer associated faults as at Sugarland salt
dome.

The average depth of reservoir rocks in the Yegua trend is approximately 5,000 ft. The
reservoir sandstones are a complex of deltaic sand bodies including distal fluvial, distributary-
channel-fill, and crevasse-splay facies (Galloway and others, 1983), The average depth of
reservoir rocks in the deep Frio trend is approximately 6,000 ft. Reservoir rocks include a wide
range of deltaic facies including delta-front, delta-margin, distributary—cnannel-ﬂll, and
destructional barrier facies (Galloway and others, 1983). The reservoir-drive mechanism is an
efficient water drive commonly assisted by gas-cap expansion. Most of the larger fields are

unitized with reservoir-wide secondary gas injection.
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Figure 23. Map of Yegua and Frio reservoirs over the crest of deep-seated salt domes.
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Petroleum Resources of Salt Domes in the East Texas and Rio Grande Basins

Oil production from East Texas and Rio Grande salt diapirs is much less than production
from diapirs in the Houston Salt Basin (fig. 20). No fields around diapirs in the East Texas or
the Rio Grande Basins have produced greater than 10 million barrels of oil. Shallow salt domes
(less than 6,000 ft) have produced less than | percent of the oil from the central part of the
East Texas Basin (Wood and Giles, 1982).

The East Texas Basin on the whole is an extraordinarily oil-rich basin. The East Texas oil
field alone has produced 4.68 billion barrels of oil. Deeply buried non-piercing salt structures
are highly productive in the East Texas Basin. Hawkins and Van salt structures have produced
734 million and 485 million barrels of oil, respectively., The question remains, why are diapirs in
the interior basins so barren in comparison with coastal diapirs?

Several factors have acted to minimize the entrapment of oil in interior salt diapirs.
Diapirs in interior basins have greater structural maturity than do coastal diapirs. This
structural maturity is characterized by steep flanks of the diapir and a surrounding rim
syncline. Most diapirs in the East Texas Basin are surrounded by strata that dip toward the
diapir or are flat lying. In contrast, the flanks of many coastal diapirs are less steep, and strata
typically are inclined upward toward the dome. The increased maturity of East Texas diapirs
results in the structural closure being minimized around the domes.

The domes of the Fast Texas Basin are also much older than coastal diapirs. Most coastal
domes probably became diapirs in the Oligocene or Miocene, 10 to 35 million years ago. In
contrast, East Texas domes became diapirs from 80 to more than 112 million years ago (Seni
and Jackson, 1983b). Thus, if large amounts of oil had accumulated over the crests of early
pillows that later evolved into East Texas diapirs, the hydrocarbons would have had a long
period of time to leak during dome uplift, during erosion of previously deposited strata over the

dome crest, or both.
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Sulfur Resources

Historically, a major proportion of the world supply of sulfur came from Texas salt domes.
Sulfur production began in Texas at Bryan Mound salt dome, Sulfur has been produced
commercially from the cap rocks of 15 Texas salt domes. Currently, Boling salt dome contains
the only active cap-rock-sulfur mine in Texas (tig. 15). Texas cap-rock sulfur mining has
declined owing to exhaustion of reserves, lack of new cap-rock discoveries, and price
competition from sulfur produced by secondary recovery of sulfur from sour gas and petroleum
refining,

This section will present the history and technology of sulfur mining and the geology of

cap-rock sulfur deposits.

History and Technology

Sulfur was first discovered in 1867 in cap rock of coastal salt domes at Sulfur Mines salt
dome in Louisiana. Louisiana Petroleum and Coal Oil Co. was searching for oil and instead
discovered a thick deposit of native (free elemental) sulfur in cap rock at a depth of 650 ft. For
20 years, a number of ventures designed to mine the sulfur by underground methods failed.
H. Frasch patented in 1890 a revolutionary sulfur-mining technology that is still used today with
minor modifications. Basically the Frasch process uses hot water to melt the sulfur and
compressed air to help lift the sulfur to the surface. Standard oil-field technologies are used to
drill a hole to the base of the sulfur-bearing zone. Three stands of pipe are then set
concentrically into the hole--the outer casing, the middle sulfur-production string, and the inner
compressed-air line (fig. 24).

Casing (usually with diameter of & to 8 inches) is cemented into the hole. Two separate
sets of perforations are made through the casing at the top and near the bottom of the sulfyr-
bearing zone. According to Ellison (1971), the upper set of perforations is 8 to 10 ft above the
base of the productive zone, and the lower set is | to 5 ft above the base. A ring-shaped seal is

placed in the annulus between the sulfur-production string and the casing string between the
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Figure 24, Casing string detail for cap-rock sulfur-production well (after Myers, 1968).

58




upper and lower sets of perforations, The sea] prevents communication between the upper and
the lower perforations within the annular space.

Superheated (300° to 325°F) and pressurized (125 to 100 psi) water is injected down the
annulus between the casing and the sulfur-production string. The hot water exits through the
upper set of perforations. The sulfur melts as the superheated water enters the sulfur-bearing
zone. Molten sulfur is heavier than water and therefore sinks to the lower part of the sulfur-
bearing zone. Pressure differentials drive the molten sulfur through the lower set of
perforations into the casing. The seal forces the sulfur into the sulfur-production string.
Compressed air at 500 to 600 psi is injected into the innermost cornpressed-air string. This
helps force the sulfur to the surface by lowering the bulk density of the molten sulfur-air
mixture,

Sulfur, having a purity of 99.5 percent, solidifies at the surface in large vats. Some
operations directly ship the moliten sulfur in insulated vessels.

Two ancillary operations during sulfur production involve recycling of the injected water
and mitigating surface subsidence owing to sdfur removal. "Bleed-water" wells are drilled to
produce and recycle excess water that was injected to melt the sulfur. Once the water has
cooled below the melting point of sulfur, it must be recycled. By drilling "bleed-water" wells
beyond the productive area, costs can be lowered and water flow is improved (Hawkins and
Jirik, 1966).

Surface subsidence over areas of suifur production is a problem common to many sulfur-
mining areas. The removal of sulfur opens a series of void spaces in the cap rock. The collapse
of these voids causes the subsidence over the mining operations. The closing of voids is
beneficial in that less water is needed to mine the remaining sulfur. Many sulfur operations
NOw pump special muds into the zone where sulfur has been produced to fill the voids and
prevent surface subsidence. A 2 mi2 area over Boling salt dome has subsided up to 20 ft. An
extensive system of levees protects the area from flooding. In addition to tlooding, subsidence

may cause damage to well bores, casing, and surface facilities.
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Characteristics of Cap-Rock Sulfur Deposits

Native (free) sulfur has been reported in cap rock of 25 Texas salt domes. Fifteen of
these domes have undergone commercial sulfur production (figs. 25 and 26), Only Boling salt
dome has active sulfur produ?:tion. Boling salt dome has been continuously active since 1929
(fig. 24) and is the world's largest single sulfur source. A cross section of Boling salt dome, its
cap rock, and sulfur zone is shown in figure 27,

Cap rock is a particularly complex area of a salt dome, Cap-rock thickness ranges from a
feather edge to more than 1,000 ft. Cap-rock depth ranges from above sea level to depths
greater than 4,000 ft. Sulfur typically occupies vugular poresity at the base of the calcite zone.
The thickness of the sulfur-bearing zone may exceed 300 ft. Sulfur is typically found on the
outer periphery, or shoulder, of shallow piercement salt domes (fig. 28) (Myers, 1968). Some
small domes have sulfur deposits across the entire crestal area. Even though the larger domes,
such as Boling salt dome, have sulfur over only a portion of their crests, the larger domes have
mineralization over a much larger area and generally of greater thicknesses. In the Gulf Coast
area, the depth of sulfur mining is typically from 900 to 1,700 ft. Orchard salt dome exhibits

the greatest depth of sulfur production at 3,200 1t.
Cap-Rock Resources

The cap rock hosts and also comprises most of the other resources associated with salt
domes. The cap rock is an exceedingly complex environment as demonstrated by its variable
stratigraphy including calcite, gypsum (transition), and anhydrite zones. In addition to the cap-
rock petroleum and sulfur resources already discussed, some cap rocks of Texas domes contain
uranium (Palangana salt dome), Mississippi Valley-type sulfide deposits (Hockley salt dome), and
silver minerals (Hockley salt dome). The cap rock is a valuable commodity as crushed stone in
the rock-poor coastal regions. Just as the caverns in salt domes were an unrecognized resource
for a long time, lost-circulation zones have been converted into convenient disposal zones for

brine leached from storage cavern projects.
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Figure 26 (cont.),

Code Dome Name

BC Big Creek

BO Boling

8M  Bryan Mound
CM  Clemens

CM  Damon Mound
FN  Fannett

GU  Guif

Hl High Island
HM  Hoskins Mound
LP  Long Point

MB  Moss Bluff

NA  Nash

OC Orchard

PA  Palangana

SP  Spindletop
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County

Fort Bend
Wharton/Fort Bend
Brazoria

Brazoria

Brazeria

Jetferson
Matagorda
Gaivesion
Brazoria

Fort Bend
Chambers/Libarty
Brazoria/Fort Bend
Fort Bend

Duval

Jetferson




NW BOLING DOME CAP ROCK AND SULFUR
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Figure 27. Cross section of Boling salt dome showing Cap rock and zone of sulfur mineralization

(after Myers, 1963).
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Figure 28. Map of Texas salt domes showing area of suifur mineralization.
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Crusned Stone

Cap rock has been mined from conventional above-ground quarries at Gyp Hill and Damon
Mound salt domes. Only the quarry at Damon Mound is currently active. Cap rock has also
been exploited on a smal] scale by underground mining at Hockley salt dome, False-cap-rock,
or mineralized supracap, sandstones are now quarried at Butler salt dome, Most of the cap rock

is used as road meta] and base fill,

Other Resources

Mississippi Valley-type sulfide deposits and uranium have been reported (Smitn, 1970a, b)
and locally have been explored for in Gulf Coast cap rocks (Price and others, 1983). There has
been no commercial production, however. The recent recognition that cap rocks may host
Mississippi Valley-type sulfide deposits has generated intense interest in cap-rock genesis and
fluid flow around salt domes. Price and others (1983) reported extensive sulfide mineralization
and local silver minerals from an annular zone around the periphery of the cap rock. They
related the deposition of the sulfide minerals to reduction in the cap rock environment by
petroleum and possibly by H2S, and to periodic expulsion of deep-basin brines that were the
mineralizing fluids. Smith (1970a, b) listed 18 Texas coastal domes for which occurrence of
sulfide minerals had been reported. Table 5 lists such Texas salt domes, type of sulfide mineral,

and documentation,
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Table 5.

NAME OF SALT DOHE

Py
# BIG HILL

¥ BLUE RIDGE
* BOLING

# BOLIMNG

¥ BOLING

* BOLIMG

* BOLING

# BOLIMG

# (LEMEMS
MON MOMD

FERGUSOM CROSSING
FERGUSON CRUSSING
GLF

GLLE

G

GULF

HIGH LD

HIGH [SLWD

HIGH ISLAND
HOCKLEY

HOCKLEY

HOCKLEY

HOCKLEY

HOSKINS MOLND
HOSKINS MOUMD
HOSKING MOUND
HOSKING MOUND

HUMBLE

MOSS BLUFF
URCHARD
ORCHARD
PALANGANA [OME
PALANGIMA DUME
FIERCE JANCTION
SOUR LAKE

SR LAKE
* SPINDLETOP

NE OF SULFIDE

GALENA
PYRITE

GALEMA
GALENG
PYREHOTITE
PYRITE
PYRITE

PROGUCTION
STATUS

QCCLRRENCE
QCCURREMCE
OCCURRENCE
QCCURREMCE

U

NCCURRENCE,
QCCURRENCE
QCORFENCE
UCCURRENCE
QCLURRENCE
OCCURRENCE

QCCLRRENCE
QLCURREMCE
OCCURRENCE
QCCLRRENCE.
DCCURRENCE

QLCURREMCE
CCOURRENCE.
QUCURRERMCE
EXPLORATION
EXPLORNTION
ELPLORATION
EXPLORATION
QCCURRENCE
QULURRENCE
QCCURRENCE
OCCURREMCE
OCTURRENCE.
QCCURRENCE
QCCURRENCE
QCCURRENCE

QOCIRRENCE
CCOURRENCE
QCCURRENCE
(CCURREMCE
CCCRRENCE
UCCURRENCE

COCUMENTATION REFERENCE

SHITH-1970, 4, B~
SMITH-1270,4, 8-
S”ITI'«LI 9701 b 5"’
9:“IITH-1970, Al 8-
SHITH—i‘?TO, At ﬂ—
HITH=1970,4, 8~
SHITH-1970, A, B~
SHITH-1970,A, B~
MITH-1970, 4. B—
HITH-1770, 4, B~
SMITH-1970,4,3—
SHITH-1970.:4, 8-
SHITH-1970.4,B—
SMITH-1270, 4, 8-
SMITH-1970,4, B~
SHITH-1970,4,0—
SHITH-1970,4, 85—
SHITH-19704 A, B~
CORE-PRICE ET AL-1993
CORE-PRICE ET AL-1933
CORE-FRICE ET A -1992
CORE-PRICE £T AL-19%3
SHITH-1970, 4, B~
SHITH"{970! A. 3‘
SHITH-1970. 4,8~
MITH-1970.4,B—
SMITH-1970. 4, B~
SAITH-1970,A, 8-
SHITH-1570, 4, B—
SAITH-1970,4, B~
SHITH-1970, 4, B~
SHITH-1970, 1, 8-
SHITH_I9701AH ad
SMITH-1970, A, B~

list/title 1(18)name of sait dome,b(3),r{I5)niuse af sulfide,
LIST/TITLE L(IB)MAME OF SALT OOME,B(31.R(ISINVE OF SULFILE,

b(3):r(12)production +status
B(3),R(12)PRODUCTICN +5TATUS

B(33: (200 2ining commeany
B(31,R(Z0) MINING COpMPrary
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15(2),r(25) documentation reference,
sB(3).RIZS) DOCUFENTATION REFERENCE,

/cl:cl9‘?,1200,c201.c202,ob low ¢f
/€1, C199,£200, 201,202, 08 LOW €L

wh 200 eq exrloration or 200 o9 o

ccurrencet
Wi 200 EQ EXPLORATICH OR (200 £Q GCCURREMCE:

List of salt domes with sulfide mineral occurrences and documentation.

MINING COMPANY

SECEEELETEE %S

SEETES

NG
MA
HARATHON MINERALS
MARATHOM MIMNERALS
MARRTHON MINERALS
MIRATHOM MIMERALS
NA

MA
M
HA
NA
NA
M
M
N
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NA
N&
NA
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APPENDIX 1: Texas salt domes:

Structure-contour maps of Texas salt domes,

are surface topographic contours.

natural resources,
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storage caverns, and extraction technology.

Heavy lines are salt structure contours; light lines
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APPENDIX 2. Railroad Commission of Texas Authority Numbers for storage-well permits.

 NAE OF SALT DONE

HE
+ BARRERS HILL
=% BARRERS HILL
* BARBERS HILL
* BARBERS HILL
* RARBERS HILL
-1 BARBERS HILL
# BARRERS HILL
* BARBERS HILL
+ BARBERS HILL
¥ BETHEL DOME
BIG RILL
BIG HILL
BLUE RIOGE
BOLING
BRENHA
SRYAN MOLMD
BRYAN MOiND
BITLER DOME
CLEMENS
™

Y
EAST TYLER
FRRETT
HATRESVILLE
HRL
PARKHAM
HARKHAM
MIZS BLUFF
MORTH BAYTGH
PIERCE JINCTION
PIERCE JUMCTION
SOUR | AKE
—F STRATTOM RIDGE
* STRATTON RIDGE
¥ STRATTCN RIDGE

¥
1 4
+
4
¥
¥
£
.
¥
+
*
¥
Tk
*
F
4

**m*)i-

——

e LIST/TITLE L{17)NAME OF SALT DiME,
LIST/TITLE L{I7IMAME OF SALT DOME

STORAGE FACILITY
STORAGE FRCILITY

RUASIRATLROAD CoM]
RUSQIRATLROAD CO

- '31;3‘.—3’26,0227,3230:

L1, CT26,0227,C2;

CURRENT DPERATGR OF
STORAGE FACILITY

TEXAS EASTERN
DIRMOME SHAMROCK
HNRREN

1=RAL

TENNECD
EXX0M

ENTERPRISE
COCo
R0

f :
BI-STQHE FUEL

UNION

DEPARTMENT OF EMERGY
NBANDONED

WALERD

SEMINOLE PIPELINE (D),
DEPARTMENT OF EMNERGY
gEgﬂRTHFNT OF ERNERGY
PG,

FHILLIPS PETROLEUN
ABRANDOMED

TEXAS EASTMAN

HARREN PETROLELM

RUTANE SUPPLIES

MORIL

TEXAS BRINE

SEADRIFT PIPELIMNE

RIS BLUFF STORNGE VENTURE
EMERGY STURNGE TERMINAL INC.
ENTERPRISE

CORSTAL STATES CRUDE GATHERIMG
TEXACO

SEMINOLE PIPEL INE
AMOCD
oM

1B{1):R(

ORIGINAL APPLICANT

TEXAS NATLRAL GASOLINE
DIAMOMD SHAMROCK

HARREN

1AL

TENNESSEE GAS TRAMSHMISSION
HUMBLE OIL AMD REFINIMG

ENTERPRISE

SONOCG

TEXAS BUTADIENE AND CHEMICAL CORP,
BI-STORE FUEL

PURE 0IL (O,

DEPARTPEMT OF EMERGY
TULONA-AMICD

LO-VACA GATERIHG CO.
SEMINOLE PIFELIRE €O,

DQW CHEMICAL

DEPARTMENT (F ENERGY
FREESTOME {MDERGROUMD STOR.
PHILLIPS PETROLEUM

};URE aIL "
GALF AIL

ENTERPRISE PETROLEIM GAS CORP,
MAGMXL IR PETROLEW CORP.

TEXAS BRINE

SEADRIFT PIPELIME

MISS BLUFF STORAGE VENTLRE
HBAJ%}%:Y STCRAGE TERNIMAL INC.

RATLROAD COMMISSIOW AUTHORITY NUMBERS

03-27845, 02~40741, 03-40750
03~39299

03-42534

03-54377
D3~33873:03~77018,03-77903»03-32960
03-15457, 03-45220
03-70192,03-49531, 03-77044
03-43409, 03-76200

3-22042

04627359

03-34046, 03-32628

03-79454

03-34475, 0325458, 03-64573
03-73554

U3-74456

03-47732

03-70227

05-23215

02-31920, 03-32423

04-22995

(3-23675, 03-29708, 03-30295, 03-31943
04~23529

03-27134

02-64575

03-45454

02-72099

03-20855

AND ELLIS TRANSPORT 03-33874, 02~60072

[
COASTAL STATES CRUDE GATHERDG
THE TEXAS (O,
SEMIMILE PIPELINE
ECE.‘.‘::H AND SCISSON

R(1),RI20)CURRENT OPERATOR OF +
S0)CURRENT GPERATOR OF +

»BULDRI3S)ORIGINAL APPLICANT
»8(1),RI3TIORIGIMNAL APPLICANT

S3ION AUTHORITY NUMBERS
ISSION AUTHORITY MUMBERS

OB LOW C1 WH 0226 EXISTS:
208 LOW C1 BH C226 EXISTS:

1B(1),
Bl

15¢

03-26489, 03-44779

03-23381, 03-22803, 02-30937, 03-2247¢4

03-74304

03-62057 -
03-26779,03-45413, 03-40633, 03-60345; 03-74630
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INTRODUCTION

Many factors can be assessed to judge the technical merits of chemical waste isolation in
solution-mined caverns in salt domes. Our investigation indicates that certain factors have
primary importance, including the geohydrology, the engineering considerations, and the
stability of t.he geologic isolation system, the cavern, the cap rock, and the surrounding strata.
To a major extent, all these factors are interrelated and interdependent.

Initially, the domal system including cap rock, salt stock, and surrounding domed strata must
be mapped to a level of detail generally not available in public sources and in the geologic
literature. The most reasonable postulated release scenarios envision waste transport by ground
water. Thus, the direction and rates of ground-water flow are critical. Ground-water flow is
influenced by the rock matrix, which includes depositional systems, sand-body geometry, and
fault patterns.

The cap rock is a focal point of many domal processes and is a particularly dynamic region
of a salt dome. Studies on cap-rock properties may answer whether salt domes are undergoing
uplift or dissolution. The cap rock plays a pivotal role in either promoting or retarding dome
dissolution and cavern stability. Further domal studies must concentrate on defining (1) geome-
try and structure of cap rocks, (2) cap-rock lost-circulation zones, (3) geometry, structure, and
stratigraphy of salt stocks and salt caverns, {4) salt-cavern stability, and (5) domal geo-
hydrology. In the following sections, we discuss various issues that should be addressed to judge

the technical merits of chemical waste isolation in solution-mined caverns in salt domes.
DOMAL GEOLOGIC SYSTEM

Definition of the geologic system is without doubt the first step in assessing the
effectiveness of waste isolation in solution-mined caverns in salt. Precise mapping of the

geometry of salt structures, their internal and external structure and stratigraphy, and the




domal geohydrology is mandatory. We intend to do detailed studies of domes on the basis of
data availability and intrinsic interest. The program involves detaijled mapping of the cap rock,
salt stock, and surrounding strata. Geologic literature and data are abundant for certain domes,
but characteristically only for the shallow zones of salt structuyres. It is of.ten' difficult to judge
the quality of published literature and structural interpretations of original data for those

domes in which the original sources of data are not provided.
Salt Stock

Assessing the suitability of salt domes for long-term isolation of toxic-chemical waste
requires more than a literature search, Detailed mapping of salt structures requires
investigations of borehole geophysical logs through salt, investigations of deep boreholes near
the salt stock, and study of salt cores from individual domes,

In addition to better mapping of the whole domal geologic system, we intend to derive some
statistical methods to place confidence limits, standard deviation, or both on the contours used
10 map various aspects of domal geology. This is especially critical for domal geometry
because the accepted iﬁdustry standard is to place caverns within 300 to 500 ft of the edge of
the salt stock.

We intend to study salt cores collected by the Strategic Petroleum Reserve program from
Bryan Mound and Big Hill salt domes. With these and other available salt cores, we hope to use
salt structure and salt stratigraphy to aid in obtaining a better understanding of properties
aifecting salt-stock geometry, structure, cavern geometry, and cavern stability.

Recent model studies of salt domes and salt-stock stratigraphy have raised the possibility
that the margins of salt domes may actually be large downturned overhangs perched on a
relatively thin salt pedestal (M. P, A. Jackson, personal communication, 1984), On the basis of
studies of the stratigraphy and structure of salt cores, especially of multiple sets of core from a
single dome, we may be able to map the characteristic flow patterns within a salt stock that

give rise to the large overhangs.




of domes. A new tool, magneto-tellurics, is promising. By mapping telluric earth currents, the
‘margins of salt stocks may be more precisely defined because of the large contrast in electrical

properties between the sajt stock and the surrounding strata (Geotronics, Inc., Austin, Texas).
Cavern Stability

The three primary factors that affect the stability of salt caverns are pressure, temper-
ature, and cavern shape (Fenix and Scisson, Inc., 1976). Precise techniques for predicting
cavern stability may still be beyond the state of the art. In many respects, the problem
revolves around defining the in situ state of stress within a salt dome,

The difference between the hydrostatic pressure within and the lithostatic pressure outside
the cavern is probably the primary parameter affecting cavern stability. The depth of the
cavern determines lithostatic pressure. Lithostatic pressure increases at about twice the rate
of hydrostatic pressure exerted by a cavern filled with brine, Natura] 8as caverns are prone to
have stability problems because of their great depth (4,000 to 6,700 ft) and rapid changes in
internal cavern pressuré owing to gas Cycling by pressure release. The first natural gas cavern
in a salt dome was constructed in Eminence salt dome in Mississippi. According to SAI (1977)

and Dreyer (1982), the cavern underwent unacceptable closure of 30 to 40 percent in the first

vear.

(Carter and Heard, 1970; Dreyer, 1982; Heard, 1972). This increase in salt plasticity is
generally cited as the rationale for requiring a lower cavern depth limit of about 5,000 ft to
7,000 ft.

Empirical parameters are used as guidelines when constructing most solution-mined caverns
in salt. These parameters include the thickness of sajt above the cavern, the thickness of salt

between the cavern and the margin of the dome, the ratio of the thickness of salt (web)




between caverns and the diameter of the caverns, and the ratio of the height of the cavern to
the diameter of the cavern.

Formulas have been devised to predict the convergence of caverns; these formulas include
shape, depth, pressure, temperature, and dimensionless salt material constants (Dreyer, 1982).
When a formula was applied to the gas storage cavern at Eminence salt dome, Mississippi, the
predicted amount of closure was an order of magnitude less than the actual closure measured
after one year. This illustrates that although mathematical models to predict cavern shape and

stability exist, their usefulness is questionable.
Cap Rock

Cap rock influences dome and cavern stability in a complex fashion. A complete study of
cap-rock thickness, mineralogy, hydrogeology, disiribution and thickness of lost-circulation
zones, distribution of faults, and cap-rock resources is necessary to assess reasonably the
influence of cap rock on dome and cavern stability. Cap rocks of domes in the Houston Salt
Basin contain lost-circulation zones characterized by vuggy to cavernous porosity and by loose
accumulations of anhyarite sand, Wells are completed through these zones with difficulty.
Once completed, well casings and cements are subject to attack by corroding circulating fluids.

Lost-circulation zones probably are indicators of active salt dissolution.  Anhydrite
dissolution and volume loss during hydration to gypsum may also be important. Loose anhydrite
sand accumulates at the cap-rock - salt-stock interface where salt dissolution, if present, will
be most active. The cap rock at Barbers Hill salt dome contains a 25-ft-thick lost-circulation
zone of loose anhydrite sand at the cap-rock - salt-stock interface. Cap-rock lost-circulation
zones are one facet of cap-rock hydrology. The flow systems within lost-circulation zones must
be carefully assessed because the lost-circulation zone is a likely release point for waste
discharging from a solution-mined cavern.

Cap-rock lost-circulation zones neither occur over all domes nor do they occur everywhere

on a single cap rock. Core of cap rock at Oakwood salt dome reveals a tight cap-rock -




salt-stock interface (Kreitler and Dutton, 1983). Cap rocks without lost-circulation zones are
likely barriers to dome dissolution.

Many cap rocks are highly fractured by radial faults inferred to result from lateral extension
owing to present or past dome growth. Lost-circulation zones may develop preferentially along
these fault zones. The result of the influence of radial faults on cap-rock hydrology may be

open pathways for ground water to enter the salt stock.
Surrounding Strata

Cavern stability may be enhanced or degraded by the nature of the strata surrounding the
salt dome. Structural attitude, sand-body geometry, ground-water flow directions and flux,
ground-water chemistry, and permeability of surrounding strata are all factors that must be
assessed. Depositional systems and three-dimensional sand-body geometry will influence classic
ground-water and water chemistry parameters. The implications of ground-water data can be
understood better with a thorough knowledge of depositional systems and the rock framework.

The structure and stratigraphy of strata surrounding a salt stock provide a means of
deciphering dome-grow-th history. Domes with a younger growth history are less stable than
older domes because domes characteristically undergo an exponential decline in the rate of
growth with time. Salt domes in the Houston Salt Basin are generally thought to be much
younger than those domes in the East Texas Basin. Detailed patterns of growth history for
domes in the Houston Salt Basin are unknown. In contrast, dome-growth patterns are relatively
well known in the East Texas Basin (Seni and Jackson, 1983; Jackson and Seni, 1984). Patterns
and rates of dome growth, history of erosion over domes, and regional patterns and history of

growth faults and radial fauits all need to be considered in assessing dome stability.
DOME GEOHYDROLOGY

Geohydrologic factors are a prime influence on both dome and cavern stability. Some

geohydrologic variables that need to be quantified are three-dimensional analysis of hydraulic




head, pressure versus depth within an aquifer, aquifer permeability, aquifer heterogeneities,
shallow- and deep-aquifer chemistry, and the age of ground water. Questions that need to be
answered are (1) what is the direction of fluid flow, (2) what is the travel time of ground water
within a given aquifer, and (3) what is the flux through the aquifer?

Studies of long-term waste isolation often assume worst-case scenarios, If the outcome of
the worst-case scenario can be tolerated, then an important safety criterion is satisfied. For
disposal of chemical waste in solution-mined caverns, a likely worst-case scenario would entail
waste leakage into a cap-rock lost-circulation zone where rates of ground-water flux,
permeabilities, and possibly recharge are high. Lost-circulation zones at Barbers Hill salt dome
have accepted 1.5 billion barrels of salt water since the beginning of storage at that dome. This
water has since begun to leak from plugged and abandoned oil-field boreholes.

Ideally a three-dimensional steady-state ground-water flow model based on conservative
values for system variables should be constructed for a candidate dome. System variables
shouid include the regional and local ground-water circulation patterns, leakage coefficients,
recharge rates, and heterogeneities and anisotropies within aquifers to account for the effects

of faults and sand-body distribution.
ENGINEERING CONSIDERATIONS

Engineered barriers may be the weak link in chemical-waste disposal systems in salt domes.
The burden of stability rests largely on the cavern. Casing strings, casing cements, and cement
plugs all serve to isolate the cavern from the surrounding surface, cap rock, and salt stock.
Problems with-leakage from plugged and abandoned oil-field drillholes in salt domes indicate
that these borehole-plugging devices become ineffective with time. One problem is corrosion
by sulfate-bearing and saline fluids in cap rocks.

Borehole closure around the casing and cements is expected to improve the seal between

salt and cements. But the directions and magnitudes of salt flow within the sait mass are




unknown. Unidirectional lateral flow of salt within the salt mass could subject the plugged
drillhole to unacceptable lateral shear stresses.

As currently conceived in the United States, nuclear waste isolation relies heavily on
engineered barriers including resistant waste forms and encapsulation devices around the waste.
Such barriers generally are not envisioned for chemical waste disposal. Solidifying chemical
waste may be a desirable technique for preventing rapid ground-water transport of the waste; it
could also minimize the potential for release of lithostatically pressurized waste liquids if

drilling inadver tently breached the waste-filled cavern,
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INTRODUCTION

On the basis of our initial investigations, a computerized spread sheet has been derived
that summarizes information relevant to storing chemical wastes in salt domes in Texas. This
inventory provides a ready reference source of dome-related data including location, physical
dimensions and structure of the domes, surrounding strata, domal resources, and ground water.
The data base is especially useful for manipulating data and creating lists and tables to compare

individual domes and their potential uses and resources.

DATA BASE

The inventory is stored on System 2000 (S2K). S2K provides the user with a powerful tool
for managing the data base. With S2K the user may define new data bases, modify definitions
in existing data bases, and retrieve and update values within the data bases. S2K provides
archival copies of data bases and records an audit trail to changes in the data base.

The structure of the data base is hierarchical. Basic components of the data base are
data elements and repéating groups. Values (either numeric or text) are stored in data
elements. Repeating groups are the structure for storing related sets of data elements.
Repeating groups link hierarchical levels of the data base. Output in the form of tables and

reports is generated with the "Report Writer."
Organization of the Data Base

Single data elements include 55 dome variables listed and defined in table 1. Repeating
groups include 16 sets of data elements comprising 63 individual data elements listed and
defined in table 2. The organization of the data base s shown in table 3; the entire data base as
of May 1, 1984, constitutes appendix I. The "Report Writer" feature of SZK facilitates

preparation of charts and tables of data from the data base. Tables 4, 5, and 6 are examples of




output using the "Report Writer.” The code needed to reproduce these tables is included at the

bottom of the individual tables,

EXPLANATION OF GEOLOGIC TERMINOLOGY

Information on 84 salt diapirs in Texas is preser.\ted in the data base, Some sajt pillows
(nondiapiric salt structures) may also be included. Data for very deep salt structures is meager.
The availability of data for each dome is variable; Structure-contour maps on top of domal
material are available for 52 domes (62 percent of the total).

All data elements and repeating groups are listed by program line (pl) and defined in
tables 1 and 2. Most geologic terms are self explanatory. The following sections and
tigures 1, 2, 3, and 4 provide an explanation of the geologic terminology. In the following
sections parameters in the data base are keyed to a program line in parentheses, All

documentation of the source of data is listed in Documentation Repeating Group (pl-500).
Shape of the Salt Stock

Several parameters describe the shape of the salt stock. Shape parameters are derived
from structure-contour maps on top of the stock. Figure 1A illustrates how major-axis length
(pi-Blj, major-axis orientation (pl-32), and minor-axis length (pl-33) were derived, Area of
Planar crest (pl-40) and planar crest percentage (pl-41) were calculated as shown in figure 8.
Axial ratio is a measure of the ellipticity of a diapir (fig. I1C).

The area (ft2) enclosed by each domal-structure contour was calculated by planimetry and
is in Area Statistics Repeating Group (pl-34),

Salt-structure contour maps also yield data on the three-dimensional shape of the salt
stock. Diapirs not having vertical axes are described in terms of axial tilt (pl-55), axial-tilt
orientation (pl-56), and axial-tilt distance (pl-57) in figure 2. The presence and position of the

salt-stock overhang determine whether the sides of the stock (pl-59) are parallel (no overhang),
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upward diverging (below overhang), or upward converging (above overhang or no overhang), If
an overhang is present, information is provided in Overhang Repeating Group (pl-60). If a
partial overhang is present, the overhang arc is bracketed by the azimuth orientation of two
lines--overhang orientation 1 (pl-62) and overhang orientation 2 (pl-63) (fig. 3B). Domes
completely encircled by an overhang have an overhang orientation of | equal to 000° and an
overhang orientation of 2 equal to 360°, Overhang azimuth (pl-64), lateral overhang (pl-65), and

percentage overhang (pl-66) are illustrated in figure 3B.
Structure Adjacent to the Salt Stock

The dome data base is set to accept data on the structure of strata surrounding the salt
stock. As of May 1, 1983, such data were not collected. Jackson and Seni (1984) provide
definitions of terms used in the dome data base for terms applicable to strata surrounding the

stock.

SURFACE EXPRESSION

The surface expression of strata over the dome is one indication of the relative structural
and hydrologic stability of a dome. Subsidence above a dome is usually attributed to subsurface
dissolution of salt by ground water or to solution-brining operations. Both natural and man-
induced sinkholes and depressions are expressions of such processes (pl-120, 121). Uplift over a
dome indicates that rates of upward dome growth exceed rates of dome-crest attrition by
dissolution (pl-110).

Anomalous drainage patterns (Drainage Systems Repeating Group [pl-111]) over domes
provide a way to assess the evidence for subsidence or uplift. Five ideal types of drainage
patterns are recognized over Texas salt domes. Figure 4 shows a classification of four of these
drainage types. Toroidal drainage (not included in figure 4) includes a central depression and a

peripheral mound. Centrifugal drainage is radial drainage away from a central mound that
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provides evidence of collapse over the dome crest. Subcentripetal drainage suggests subsidence
but is equivocal evidence, Transverse drainage indicates that any rise or subsidence of the

dome is negligible compared with the rate of regional uplift or subsidence and stream incision

or aggradation.

RESOURCES

Hydrocarbon production histories from producing salt domes are listed in Hydrocarbon
Repeating Group (pl-150). These data are from the 1982 Railroad Comrhission Oil and Gas
Annual Report, Other resources associated with diapirs include rock salt, brine, sulfur, and
sulfide minerals. These resources and history of development are listed in Mineral Production
Repeating Group (pI-190). Solution-mined storage caverns represent another domal resource.
Data domes with a history of hydrocarbon storage, company, number of caverns, capacities, and
products stored are listed in Hydrocarbon Storage Caverns Repeating Group (pl-225).

Ground-water resources around domes are listed in Aquifer Water Chemistry Repeating
Group (pl-400). Water chemistry data are from Texas Department of Water Resources water
chemistry wells. In addition to water chemistry, the following ground-water parameters are
listed; regional depth of slightly saline ground water (pi-420), depth of slightly saline ground
water near the dome (pl-421), ground-water irrigation near the dome (pl-435), municipalities
using ground water near the dome (Repeating Group pl-425), and industries using ground water

near the dome (Repeating Group pl-430).

DOCUMENTATION

Each dome includes a Documentation Repeating Group indicating the source of data. The

information on each dome can be divided into three major classes of related data--dome

8




geometry, dome resources, and ground-water chemistry. Most of the data in these classes were
derived from outside sources. All other data were generated at the Bureau of Economic
Geology for this report.

Data on dome location and geometry were derived from salt-structure contour maps.
Major sources of these contour maps are the Railroad Commission of Texas Hearing Files,
Jackson and Seni (1984), Halbouty (1979), Geomap, and numerous articles on individual domes.
Resource data include oil and gas, sulfur, sulfides, salt, brine, and storage. All oil and gas data
are from the Railroad Commission of Texas 1982 Oil and Gas Annual Report. Most data on
sulfur, salt, and brine are from Hawkins and Jirik (1966) and Jirik and Weaver (1976). Data on
sulfide minerals are from Smith (1970a, b) and Price and others (1983). Data on storage in salt
domes are from the Railroad Commission of Texas Hearing Files and Gas Processors
Association (1983). The Texas Department of Water Resources provided data on ground-water

chemistry and uses of ground water,




REFERENCES

Barton, D. C., 1920, The Palangano salt dome, Duval County, Texas: Economic Geology, v. 6,
p. 497-510.

Behrman, R. G., Jr., 1953, Thompson Field, Fort Bend County, Texas: in McNaughton, D. A.,
ed., Typical oil and gas fields of southeast Texas: Houston Geological Society, Guidebook,
Joint Annual Meeting, 1953, Houston, Texas, American Association of Petroleum Geolo-
gists, Society of Economic Paleontologists and Mineralogists, and Scciety of Exploration
Geophysicists, p. 156-160.

Burford, S. O., 1935, Structural features of Brenham salt dome, Washington and Austin
Counties, Texas: American Association of Petroleum Geologists Bulletin, v. 9, no. 9,
p. 1330-1338.

Canada, W. R., 1953, Hockley Qil Field, Harris County, Texas: in McNaughton, D. A., ed.,
Typical oil and gas fields of southeast Texas: Houston Geological Society, Guidebook,
Joint Annual Meeting, 1953, Houston, Texas, American Association of Petroleum Geol-
ogists, Society of Economic Paleontologists and Mineralogists, and Society of Exploration
Geophysicists, p. 76-79.

Davies, W. J., 1953, Brookshire (San Felipe) Field, Waller County, Texas: in McNaugnton, D. A.,
ed., Typical oil and gas fields of southeast Texas: Houston Geological Society, Guidebook,
Joint Annual Meeting, 1953, Houston, Texas, American Association of Petroleum Geolo-
gists, Society of Economic Paléontologists and Mineralogists, and Society of Exploration
Geophysicists, p. 97-99.

Ferguson, W. B., and Minton, J. W., 1936, Clay Creek salt dome, Washington County, Texas:
American Association of Petroleum Geologists Bulletin, v. 20, no. |, p. 68-90.

Gas Processors Association, 1983, North American storage capacity for light hydrocarbons and

U.S. LP-gas import terminals 1983: Tulsa, Oklahoma, 26 p.

i0




Halbouty, M. T., 1979, Salt domes, Gulf Region, United States and Mexico, 2nd ed.: Houston,
Texas, Gulf Publishing, 561 p. |

Halblouty, M. T., and Hardin, G. C., Jr., 1951, Types of hydrocarbon accumulation and geology
of South Liberty salt dome, Liberty County, Texas: American Association of Petroleum
Geologists Bulletin, v. 35, no. 9, p. 1939-1977.

Hart, R. J., Ortiz, T. S., and Magorian, T. R., 198], Strategic petroleum reserve (SPR)
geological site characterization report, Big Hill salt dome: Sandia National Laboratories,
Albuquerque, New Mexico, SAND 81-1085.

Hawkins, M. E., and Jirik, C. J., 1966, Salt domes in Texas, Louisiana, Mississippi, Alabama, and
offshore tidelands--a survey: U.S. Bureau of Mines Information Circular 8313, 78 p.
Hinson, H., 1953, Blue Ridge field, in McNaughton, D. A., ed., Typical oil and gas fields in
southeast Texas: Houston Geological Society, Joint Annual Meeting, 1953, Houston,
Texas, American Association of Petroleum Geologists, Society of Economic Paleon-

tologists and Mineralogists, and Society of Exploration Geophysicists, p. 82-85.

Houston Geological Society, 1951, Typical oil and gas fields in southeast Texas,
McNaughton, D. A., ed.: Joint Annual Meeting, 1953, American Association of Petroleum
Geologists, Society of Economic Paleontologists and Mineralogists, and Society of
Exploration Geophysicists, 168 p.

Jackson, M. P. A., and Seni, S. J., 1984, The domes of East Texas, in Presley, M. W., ed., The
Jurassic of East Texas: East Texas Geological Society, p. 163-239.

Jirik, C. J., and Weaver, L. K., 1976, A survey of salt deposits and salt caverns, their relevance
to the Strategic Petroleum Reserve: Federal Energy Administration Report FEA/S-
76/310, 64 p.

Marshall, R. P., Jr., 1976, Gyp Hill Dome, in Typical oil and gas fields of South Texas: Corpus
Christi Geological Society, p. 64-68.

Martinez, J. D., Thoms, R. L., Kupfer, D. H., Smith, C. J., Jr., Kolb, C. R., Newchurch, E. J.,

Wilcox, R. E., Manning, T. A., Jr., Romberg, M., Lewis, A. J., Rovik, J. E., 1976, An

11




investigation of the utility of Gulf Coast sait domes for isolation of nuclear wastes:
Louisiana State University Institute for Environmental Studies, Baton Rouge, Louisiana,
Report No. ORNL-Sub-4112-25, prepared for U.S, Department of Energy, 329 p.

Marx, A. H., 1936, Hoskins Mound salt aome, Brazoria County, Texas: American Association of
Petroleum Geologists Bulletin, v. 20, no. 2, p. 155-178.

Miller, J. C., 1942, Well spacing and production interference in West Columbia Field, Brazoria
County, Texas: American Association of Petroleum Geologists Bulletin, v. 16, no. 9,
p. 1441-1466.

Patrick, W. W., 1953, Salt dome statistics: in McNaughton, D. A., ed., Typical oil and gas fields
of southeast Texas: Houston Geological Society, Guidebook, Joint Annual Meeting,
Houston, Texas, American Association of Petroleum Geologists, Society of Economic
Paleontologists and Mineralogists, and Society of Exploration Geophysicists, p. 13-20.

Pollack, J. M., 1953, Sugarland oil field, Fort Bend County, Texas: in McNaughton, D. A., ed,,
T'ypical oil and gas fields of southeast Texas: Houston Geological Society, Guidebook,
Joint Annual Meeting, Houston, Texas, American Association of Petroleum Geologists,
Society of Econc;mic Paleontologists and Mineralogists, and Society of Exploration
Geophysicists, p. 153-156.

Porter, R. L., and Seren, G. W., 1953, Damon Mound Field, Brazoria County, Texas: in
McNaughton, D. A., ed., Typical oil and gas fields of southeast Texas: Houston Geological
Society, Guidebook, Joint Annual Meeting, Houston, Texas, American Association of
Petroleum Geologists, Society of Economic Paleontologists and Mineralogists, and Society
of Exploration Geophysicists, p. 107-109.

Price, P. E., Kyle, J. Richard, and Wessel, G. R., 1983, Salt dome related zinc-lead deposits: in
Kisarsanyi, G., and others, Proceedings, International Conference on Mississippi Valley
type lead-zinc deposits: University of Missouri-Rolla, p. 558-571.

Smith, A. E., Jr., 1970a, Minerals from Gulf Coast salt domes, part l: rocks and minerals,

v. 45, no. 5, p. 299-303,

12




» 1970b, Minerals from Gulf Coast salt domes, part 2: rocks and minerals, v. 45,

no. 6, p. 371-380.

Teas, L. P., and Miller, C. R., 1933, Raccoon Bend oil field, Austin County, Texas: American
Association of Petroleum Geologists Bulletin, v. 17, no. 12, p. 1459-1491.

URM, 1982, Hydrogeologic investigation in the vicinity of Barbers Hill salt dome: Underground
Resource Management, Austin, Texas, Job No. 82-807, 104 p.

URR, 1933, Application of United Resource Recovery, Inc., to dispose of waste by well
injection at the Boling salt dome: Submitted to Texas Department of Water Resources by

Keysmith Corp., Austin, Texas.

i3




00¢9

00l

0ce

SCEW6HAH6

SO0ZWLSAnhe

SCEW/hQ6l .

S6TWHC Q6L

SLEWHE OH6

SN0 A6l

8Z-4d
MTH $19qJeg

JTdWNVYXH

DIwWISTas Jo JTIIp Aq pajearauad
9de1INS mo[aq 1[es Jo (1939]) yidap 1sadaa(y

S2BJINS MO[aq 1[BS JO (193]) Yidap wnuwirury

aoerIns
Mmofaq >oou ded jo (1333) yrdap wnuwiuiy

JNo1uoD
11es 1s9d9asp Jo 1SBa 1w ¢°Z paredo| apn1iduo-]

anojuod
11es 1s9daap Jo 1s9m Tw ¢°Z pa1edo] apniIsuoy

INo1uod
1es 1s5dasp Jo yinos 1w ¢z pa1ed0o] apnine]

INouo2
11es 1sadsap Jo yriou Jw ¢'Z Pa3edO[ Spnine]

' ueIpriaw
[BJ1U3D JO 1SaM SPUODIS pue ‘sarnuiw ‘s93.3ap
--3wop 17es Jo 1urod J31Uad Jo apniiduo-]

Joi1enba jo yliou spuodas pue ‘salnurw ‘sesiop
--9wop 11es Jo jurod 133Ua3d JO apnirieq]

uocneIUSW

~NJOp JOF 9POD JIGUINU OM]/I9113] OM |

SWop JO SWEN

NOLLINIJJQ

(3021 un) 11VS
NO TOY.LNOD 1534940

(3937 u1) H1d430
LIVS LSIMOTIVHS

(3997 un) H1ddd
AD0Y-dVI LSIMOTIVHS

LSV
-ddNLIONOT dIygd

LSdM
“AAdNLIONOT diyd

HLNOS
“dANLLELYT AIyo

H1YON
~dANLILYT dIYdD

JANLIDONOT

H0NLLLVT

2Q0D INO0d
dAWNYN FWOd

INAWATA VIVA

adwexs pue ‘uoriiuirsp “@usws(e erep ‘raquinu aurf weadoid soindwod Jo 1517 T F19VL

£z

44

iz

HH9NNN
dNIT
nyYyyd0dd

14




JRINDATD

62°1

Jiderp
SUETHIE B EY %

%9¢

98ZhT L1

0006

€91

00911

ATdWVXH

(D1 2an3y3
935) >o01s 11es L1rondifre jo uondiiossp 1xa |

(D1 2an31x
938) SIX® JoUTW Aq paplAIp SIXe Jofep

3201s 1es jo uondriossp 1xa |

(41 2anB1y 29s) ggT sswn
3201 1[es JO BaIe WNWIXeWw AQ PIpIAIp 15910
Jeuerd jo eaJe stenba 1sau0 seued afejusdisyg

(471 2an31} 99s) Ia3oW]
-ueld Aq painsesw se 32031S 1{es JO JNOIU0D
21n10Nn11s 15331y UTYIIM PISO[IUS (7199F) w22y

(V1 21n31y 29s)

sTxe Jofew o3 Jemotpuadiad awop jo $iapinoys
u3am1aq paJnseaw (dew JNojuoD-aIN1dNIls
WwoJy ‘DuWop 1[es Jo SIXe Jourw o (1235) Yy18ua]

(Y1 2an313 23s) sixe Jolew Jo
(s2213ap 81 01 ¢ 28ued) UopIRIUSTIO YINWIZY

(V1 2an31y 935) swop jo siapjnoys
u2am19q panseaw fdew anojuod-ainionais
woJy ‘awiop 1res Jo sixe Jofew yo (199)) yiSuaT

NOILLINIZ4Q

("3uo2) 1 ITEVL

AdVYHS NVId

OILVY TVIXV

JdVHS TVYINTD

dOVINAD
~¥dd 1STU0 YYNV1d

1S9O YYNVId 4O VIV

(159]
ur) HLIDNHT SIXY-JONIW

(so2a39p ur)
NOILLVINIRIO SIXV-3OLYW

(31097
ur) H1ONIT SIXV-JOLYW

INIWHTE viva

49

19

0¢

I

O#

€e

49

Ie

HH4IWNN
ANIT
WYJD0AUd

15




0¢

06Z

17 000€~
aroqe 3urdisauod

piemdpn

Jeueld

0ot

92¢

el

paurpoul

DIqUIOYIOY1 IO

HI1dWVYXH

3001
des 3o (1939]) ssauxoryy (yoedosy) anay wnwiruly

3004
ded jo (3199]) ssauxoIyt (yordost) anJ3 wNwIxXep

Qwop jJo syue[y jo adeys Jo uoridriosap 1xa ]
Swop Jo 15310 Jo adeys Jo uorldriosap 1xa]

(Z 2an313 29s) uoztioy
ANO1UOD-21N1ONJ1S 152da2ap 1B awop JO 191uad
pue sixe ardeip 3uridsuuod auy| 3o (1237) y18ua

(z 2an31y

995) UOZTI0Y INOJU0D-21n3dNJls 1s9daap 1B
2wWop Jo I121uad pue sixe Jiderp 3uilDaUUOD BUT|
30 aueyd jeiuozrioy uy (s93139p) o[8ue Yrnwizy
(Z 2n31J 995) [E21113A 01 1D2dsau

yi1im aideip jo (se243ap) af3ue uornreuroug

_SUOZTJOY JNOIU0D-2INIDNILS
[ENPIAIPUT 1B SWOP 1]BS JO s131uad Buturo(
WHT 3599 JO auly,, 1y3rears jo uondiiosap 3xa]

awop Jo AnawwAs

[euorIsuUsSWIp~934y1 Jo uondriosap 1xa|

NOILLINIZ4d

((Fu0d) T 719V L

(1937 urn)

AD0Yd dYD 40

SSHANMODIHL dMdl WNWININ
(1937 uy)

AD0Y dVD J0 SSHUN
=OIHL dNd.L WNWIXYW

S4ais
JSHUD

(1931
ur) IONVLSIQ LTIl TYIXY

(se3135p ur)
NOILVYINAIHO L7111 TVIXY

(sesa30p ur)
dTONVY LTLL TVIXY

SIXY

AYLIWWAS FNOQ

LINAWHTT YIVA

4

04

6%
8¢

8

9¢

199

u19

13

JI9WNN
ANIT
WYJ3IDOodd

16




0008 ‘02

000% ‘.0

000Z ‘0L+

000¢

Gooel
3204 ded yBnoan

3utap amum
pasderjoo 811 g

wasqy

aoe]

-J91UT XDO01S-1[PS
-o0J1-ded 1e suoz
UOTIeNDIID-1507]

wasaad

211Ip
-Ayue pue 331218D)

ATdAYXH

uidap fswop ayl piemoy
dip 1eU3 B1RNIS JO (5992a3sp) dip wnwxey

. (3937) yadap Duwiop paemol
dip 1eu1 e1ENS JO (so248ap) dip winwiuTy

(1997) urdap fowop wouy
Aeme dip 1841 B1RIS JO ($92180p) dip WnWIXEY

QWOp puno fe (JUl[OuUAS W1l JO 9DeI] [BIXE)
siutod u3noa1 usam1aq (193F) @dueISIp [RI3IE]

auTDuUAs w1l
jo sjutod 15215 usam 199 (1993) 20urysSIp Jeaa1e]
uontewaojur 2wop Aue

10} J91Inq 931015 se 3[qeins vondiiosap 1xa ]

3203 ded
Ul $32US1.ND D0 IPIFINS Jo A3Y 1Udsqe/Iussald

3001 deo
U1 SOUOZ UOTIeNDIID-150] JO uoTldiidsap 1xa ]

¥ooa ded
UT S3U0Z UCTIRNDIID-1S0] JO £33 Juasqe/1uasaid

3201 ded jo ABofeasuiw Jo uondiiosap 1xa]

NOILLINIA3Q

(fuod) 1 374V1

(3997 saaadap u)
CAVALIHALIAX YN

(109 seaidap ur)
ZAVALYIAJIAX YN

(1937 s20.485p um)
[AYALYIAJIAX VYW

(327 un ANOZ DY IU
JO INF1XT TVvaILY 1

(1927 un) ANITONAS
WIY JO LNIAIXH TVYYILYT

NOILYW
“4OdINI AWOQ TYYEINED

STVYIANIW FQIdINS

OdANI SENOZ NOLLYT
“N2YID-1LSOT AD0Y-dYD

Vd SINOZ NOILVY1
“NOYUID-1LSOT AD0F-dVD
ADOTVHUINIW JDOU-dYD

INAWATI Y1IVQ

S8

8

£8

{8

18

9/

¢l

L7

74

L

SA9NWNN
dNIT
WV3anoud

17




uisAe)

ATIOY

B1RI1S 2U3D0ISISNJ
paiyridn ug
S1INeJ d1aylowoy

1U3sqy

[[°M 2uliq pro
J9A0 H861 pPawlIoy

17 0¢ yadop
Jarem foroyuis
19lswerp 11 00¢

1uasaag

SN0ade1aID)
“reyD unsny

auad01sIa[d
‘a1s817

HI1dWVYXH

QUIL JO UJIABD--UIDARD
JO POY19W UOI1ONIISUOD 10J £33 poyla W

UoT1dNJISUOD Japun ‘pauopueqe ‘oArioe
--sawop Ut suorleisdo adeviols 10§ £33 snyelg

UIPINQI2A0 JO 9pNiille Jo 1%31 2AndiinssQ

SWIOp PUNOJE SAUI[eS
9OPBIINS JO 3DUILINDDO JO A9) 1uUasqe/1uasaiy

S[oYquts Jo uondridsap 1xa

QUWOP J2A0
SITOYPUIS JO IDUBLINDIO JO A3 1UISqER/IUDSIIJ

111 dnoan Buneaday aag

auiop
19A0 pasodxs e1eals JO 33e pue UOHBULIC ]

SWOP J3A0

B1RJIS payjney 1s98unod Jo a8e pue uoreWIO,]

NOILLINIJHQ

(f3uod) 1 VYL

UOHIYW dDVYHOIS
SNLVYLS
dDVYHOLS 1OoNaoydd

NAQUINYITAO
40 NOLLYUNDIANOD

SANITYS dOVLINS

O4NI dTOHMNIS

SHTOHMNIS
HWOQ YHFAO 43173y

A0VAINS
NO VLIVYILS 1S3d10

YIVYLS
J4LINVd LSIDNNOA

LNAWHTH V1VA

122

0c

XA

el

1Z1

0¢1

o171

t01

40

YJ9NNN
ANIT
NYHdADOUd

18




ujseq
17es uoisnoy

8-V BN °r

00< 1uasa1yg

1ussauyg

00¢

00¢

00000¢C

d4TdNVX3

Pa1e20r st aiderp yorym ur uiseq 3jeg

pP21eD0] a4e sajeu
~IPJO0D Swiop 30 191Usd ausyMm sweu Asaang

(saJo® ur) afeaoa0d pue uore3ruir yo aoual
~IN220 uo 493 paresipu; QUOU/I1UIsqE /1UdsII]

191EM
PunoJd uy sarfewoue suryes J0 3dus1IND20
uo £a3 erep 1UBID1IINSUL /1USsSqR fjussal g

SUWIOp 19A0
SPIIOS P3AJOSSIp o101 [/8w 000g> se pauryop
191BM punoad sures jo sseq o3 (1997) yadaqg

Yyimou3 swop Aq

PS1I9]1® 10U BaIR UT SPIjOS PaA[OSSIP e3o1 1/8w
000€> se paurrap Jazem punoig aurres A13y3diys
Jo aseq 01 (199)) yidep [eUOIS. a8eiaAy

€861

ur (syqq) A11oededs s3eao0gs 12npoud twtoawm.

€zz dnoany Bureaday 99g

NOLLINIAIQ

("uod) 1T 19V L

NISYd LTvS

dWOQ 40 JYFLNAD
YOd IWYN ATAANS

(s349® un) IWOQ WYAN NOILL
“VOIdYI ¥4LYM-ANNOYD
YHLYA ONNOYD

NI SFTYWONY INITYS
JWOJ ¥IAO ¥I1vA

UNNOYD ANITYS A TLHOITS
d0 dSVd 4O H1d3a

Ud94d NI 931LVA ANNOYD
ANITVYS ATIHDITS 40
dSVH JO H1dad TvYNOIDIy

(S1241Rq UN) A LIDVAVD
dDVIOIS TV.IOL

- SNYHFAVD 40 ¥IGWNN
INIWHTE viva

St

Shy

1%/

AA

IZh

0Zn

€cd
[X&4
HAIWNN

ANIT
WYYdDOoud

19




000t

(g€ 2an3iy

935) pareniur s| 3ueyaaAo aioym
swop jo utdarew o1 yidap Sueyisac
1¥ JWOP JO JBIUID WOIT aulj

Jo (s93133p) UonRIUBIIO YINWIZY

(se2439p uy) |
NOLLVINHRIO DNYHYIAQ

9 - 09
aUIOp JO 19UJ0D 3ueyiaao o sonysiisroeIRyD
MN uo 3ueyreng Je12us3 jo uorydiiosap 1xa] OdNI DNYHYIAQ 19 - 09
8ueyiano 09
- uo eyep oy dnoury Burnjeaday DONYHYFAO
¢e¢ 4O H1dAQ 904
7ZS608¢¢ ¢e-1d ut paisyy yidap 1e (713) vauy 1334 F9YNOS NI VIRV 9¢ - e
9¢~ (1d) sur weadoad
Ut patze[nojed st eaae juanbasqns (3931 U1) NOILYIND1IVD
0001 US1ym Jog awop 1fes Jo (199§) yidag YIIV 40 HLd3Q C¢ - he
dew unojuos
-8JN1ON11S Woly swop Jo yydap
pue eare Joy dnosn Juneadsy SOILSLLY LS vayuy e
stey sweu A1unon) dWVYN ALNNOD IT - 01
P21B20] ST SWOp 913YMm $3T3UNOD
- 10 A1unod oy dnoin duneaday SHILNNOD 07
ATdWVYXH NOLLINIJId dNOUD DNILLVIJIIA HI9WNN
ANIT
NYadOHOUd

"ardwexe pue ‘uonurzsp ‘dnosd Suneadss ‘pquinu sur weadoud Jaindwod jo 1817 7 419VY.L

20




0002 16-1d ur paunseaw aj3ue Joy yidaq (1931 ur) HLd3d 16 - 06
: e1RIS
0z pue 3201s 3Jes uaamilaq a18uy (s92183p un) ITONY 16 06
©le.11S pUB }D0}S 1[BS
ulaaM19q 1001U0D 1B pawao] syidop VIVILS-MDOLS
- pue saj3ue Joy dnoiny Burieaday L1YS NHIm 139 9TONY 06
(Ve 2n3dry 29s) vaJe 3ddu
05 1240 Base Jueyiaio Jo aferuadiag HONVHITAO IOVINIDYAL 99 - 09
(ve 231y
935) S3UBR[F JWOP J2A0 s3dafoid (1995
004 BuepyiaA0 (1997) 1U91XD [RISIET] ui) DNVHYIAO TYHILYT €9 - 09
(d¢ 2an31y
938) 3UBYJISA0 WINWIXBW O] SWOP JO (s9a13ap
9¢¢e 191U92 WOJY UOIIBIUSTIO YINUNZY un HLNWIZY DNYHYIA0 79 09
(9¢ 21n31y 23s) s9a4dap g9¢
= ] uonleluarIo 3uUeYIaA0
$92133p @ = | UoIlBIUDIIO
Bueyioro--8ueyisro aajdwod
Y11M sawop 3asoyl Joj f[ uorieiuatio
BuByJISA0 WOIT ASTMID0]D
ST pue 3ueyiaAo s133DeIq 1Byl
aurf ayt st Jf uorreiuailo dueyssao
{pareurwia] st 3uelyI3A0 319ym
swop jo uidiew o1 yidap Jueyisao
1B SWOpP JO 131U3D WOJJ ul| (s92439p uy) 1
49 Jo (se2139p) UOIIRIUSLIO YINWIZY NOILY LNIIJO DNYHYIAO €9 - 09
dTdNVYXd NOLLINIJ4Q dNOYD DNLLYIdTI YI9NWNN
dANIT
NVYYDOUd

(f3u0d) Z F14Y.L

21




P31€20] S1 PIaIF 239YyM 31010151(]

A% i e |

€ SEX3 ], JO UOISSTWWOY) peodjiey LOIYLSIA DJy
pueg uoz1ioy NOZTJOH DNIDNAOUd €T - 0¢1
0049 - 33e] Inog 3uronpoud pue pia1z Jo aweN HWYN Q1314
SEX3 ] JO UOISSTWWOD)
peoaiey Aq patsodaa se sowop 1yes
WOJJ SUOGIRD0IPAY UO SDI]SIIR]S
uonoNposd SAIIR[NWIND pue 1ua1INd $IO¥NOSAY 0¢1
- 3urureiurew Jog dnoJn Funresdoy NOYJIVYIOUAAH
¢ 3dA] - eproiog
# odA | - assoAsuel]
£ 2d£} - reiadinuasgng
Z 2d4 | - reradinuany
[ adA 1 ad£ ] - re8nyraiusn . Z1t - 111
- 1e8njinus) ale swashs adeurea(q ddAL ADYNIVIQ
QWOP JO 15941 J9A0 WwISAs I
- a3eureip Joy dnoin Buneaday SWHALSAS dDVYNIVIA
yidap
0007 ‘oti4 pue ‘paiines erexys ‘ouerd 1ineg
‘awop piemoy Jo dip ‘onsyinue pue snayioutoy
‘onsylowoy --2d£} 1ney yo uoridriosap 1xa | JOLdIDSAq LINvYA 10T - 001
S9WOp 1{es punoJe
pal[nej siiun pue Juiney jo a1£1s ONILTINYA
- 3urqraosap oy dnoin sunieadoy YIVYLS LNAOVYLQY 001
JTdWVYX3H NOLLINIJEAQ dNOdd ONLLYIAJIA HI9NWNN
ANIT
NYADOoUd

(f1uod) 7 A4Vl

22




0000¢T

00Z¢

6%61

H1dWVYXH

Z861 y3noayy uonyonpoad
(S199) 10 3pnJd dA1IRINWND

SIURWWOD 10§ uoridridsap 1xa ]
SjuDWWOD 103 uoTidriosap 1xXa ]
SIUSWWOD JOT uoT}diidsap 1X9 |
S1UBWWod 1oy uoridiiossp 1x3 |

s10adse
[ejuawuoiAua Joy uoridraosap 1xa |

110 apnid Jo A11aeid |y

(1931) yrdap praryg

KAI2A0DSIp PIaT] M3U UO S[N1
p1213 JoJ 1sonbau sJoresado jo a1e(g

pa1eD0] ST P[a1] 2J9Yym AJUNOD SEX3 |

NOLLINIAId

STIIYVYE NI NOLLONAOYUd
TIO AANYD FALLYINWND

T WINOD ANY
t WWOD ANF
Z WWOD ANH

I WNOD ANH

4000 TV.INIWNOUIANA
IdY AYYHD

(3823 un) H1d434Q 1314

d41vd AY3IA0DSIA
dONAAISTT ALNNOD

dNOYD DNILLYHIdH

("1u0d) Z A14V.L

€91 -
191 -
091 -
661 -

81 -

A
9¢T -

el -

el -
€Sl -
HI9WNN

ANIT
AYAD0Ud

0sT
0¢i
oct
0¢T

0sT

0¢T
0¢1

061

0¢T

0¢T

23




uorionpoad jo Jeak §L1 - 01

00$HZ 1s91e] Ut pasnpoud (s[qq) [10 9pna) (sfe4aeq ur) IO FANYD
uopionpoud jo teak isaye| (399F 219n> Jo spuesnoyi Wil - 0L1

00Z ur paonpoud (4OW) sed peayuise) ur) SYD QYIHONISYD
uorionpoad jo 1eaf 1s91®] €Ll - 041

050¢ ur pa2npoud (s[qq) s1esuapuo)) (sto110q un) ILYSNIANOD
uorionpoud yo (3993 o1gqno 74 74 |

00081 1834 31$9310] UT padnpo.ad (4DW) sen JO spuesnoyl ur) SSOYO SYH
L1 - 041

7861 e1ep uoronpoad Jo Jeak 1saie] AvIA

B2EP UOI1dNpoId 03 suoilippe 041
- Tenuue Jog dnoun Funeadsy SNOLLDNAO¥d U131
JTdWVYXA NOILLINIJAda ANAWHTT Vivd Y49NNN
ANIT
WYADOUL

(‘iuod) Z 3719VY.L

24




CI961-<HeT

[edturnud JsooH

yosea,]

pauopueqy

nimns

dTdWYXd

Suswwod 10y uondriosap 1xa ]
S1ULWwWod 107 uondridsap 1xa |

s12adse
[BIUSWUOITAUD 10T UuoTIdTaDsap 1X9 |

duutw yo £8ojouoayn

Auedwod Buturpy

Pa112 ST @dUaI9)al

2an1eia11] uonionpoad 1noyym
STeJauTW oy ‘pouzaw Suurpy
[BJSUTW UDEB3 JOT SNIBIS UOTIONPOId
SWeU [eJauTy

s3204 ded pue

S3WOP 11es Wwiody padnpo.d s[etsuru
uo elep Joj dnoury uneadsy

NOLLINIJAQ

("u0d) Z HIGVY L

¢ WWOD ANH

T WWOD ANH

400D AN3
AYO.LSIH

ANVdWOD

JOHLYIW
SNLVILS aoid

JWVYN TYYINIW

NOILLDNQOAUd TV IINIW

LINIAWLTd Y1VQ

90¢ -

s0C -

hot -
£0C -

¢0C -

10¢ -
00¢ -

661 -

HAdWNN
ANI1

NWY3ID0udd

061

061

06l
061

061

H

061

061

061

25




sed [ranjepN

paJols
uoq.uedoIpAy o adAy a0 awepn

d3Y¥0l1S 1ONaoud

9¢¢ - <€

Joreaado Aq pauols syonpoad cec
- snorsea Joy dnoun Funieaday 12Naodd aayo.Ls
95N PUB UOI1BIID UISAED J0] Joquinu JIAIGWNAN
£996Z-€0 UOIIBZLIOYIN® UOISSTWWOY) prROI[IEY HAAYO TYIDAS DUy 0ez - ¢ez
€867 Ur S$T93¥VE NI A LIDVYdVYD
0000002 Pasn (s1qq) A1roeded a8euols Jo wing IOVIOLS NIJAVD TVY1IOL 6lC - CTZ
SUJSA®RD dUNIq
apnpour Aew fioreaado Aq paread SNATAVD
0¢ SUJISABD JO Joquinu jelo | J0 YIYWNN TVLOL 8¢¢ - gzz
uorjeaado
"0 SBeXa | a8eJois Jog jueordde reurdriQ INVYDI1ddVY TYNIDINO L2z - ¢t
uotieiado
0Jexa ] a8e103s J0oF J01RI12dO UAIINY ANYJWOD 9¢¢ - 672
suorzetado a8eJols uoqiesolpAy SNYIAYD
- uo e1ep Joy dnotn Hupesday ADVYOLS NOFIYIOUAAH see
AT1dWVXI NOLLINIAd INIWHTH V1Vd YFAWNN
ANIT
WY YD0udd

("1uod) 7 3149VYL

26




000¢¢

000Z

08

01

0t

01

0¢

0¢

e1iedg

d4TdWVYXH

PaAaAins s[jam 107 pajiodal
(1/3wy s@l yo anjea 1saySiy

pakaAins siem J0J pajiodai
(1/3w) SAL 30 an[eA 159M07]

Po43Ans s[jom J0J pa11odaa
("1/3w) 1D 50 anfeA 155uUSTH

paAaAIns s[jom J0J pariodal
(T1/3w) D J0 anjeA 153MoO7]

P3A3AINS s[jom 10] partodos
(1/3w) 08 Jo anjeA 359uBTH

pakaAans sjjom Joj pariodaa
(1/8w) 105 Jo anfeA 159m0T

pakaAins s[fom 10 pariodas
(T/3w) 4eN jo anjea 1s9udi1H

pakaAins s[fom 10] pariodal
(1/3w) eN 0 snfeA 1s9m07]

dlgejTeAL AJlstuayd
121eM UlTm STTom Jo JsquinN |

g pue ‘/ ‘g

‘¢ saurr weaBoad uy satsepunoq pug
UTUITA §11S3193U1 Jo eaae fsorjdde
e1ep yoium 1oy saymbe j0 sweN

$92Jn0say 1918 M Jo uawiteda(q
sexa ] Aq papidwod eiep (e
‘erep saynbe Joy dnoin Sunesdoy

NOILINIIAQ

(fw0d) 7 974V.L

SAL YAHDIH

SAL YIMOT

SNOI 1D W3HOIH
SNOI 1D Yamo1
SNOI 705 ¥aHOIH
SNOI 70S yamo1
SNOI YN JIHDIH
SNOI VN ¥amoT
QIAIAUNS STTIM
40 IAWNN TYLOL
Yd4INdv
AJLSIWEHD

YFELYA JTAINOVY

LNHAWHTH Vivd

ot

601

80%

L0%

901

coh

hoh

£0#

0%

164

004

YA4WNN
HNIT
WYADOUd

001

001

004

00k

00%

001

Co*

00t

00%

0ot

27




h86T UOT1EIUSWNDOP PIadUaIa]al Jo 31e( AVIA ONILLIOLTY 206 - 00¢
oud BlEp JO 321Nn0S NOILY INTFWNDOOA 106 - 00¢
9SBq BIiEp JO UOIIEIUSWNDOP NOILY LNIWNOOd
- yim dnotn dunieaday asvd Y.Ivd FIWOG-11VS 00¢
swop
JO 121u2D 01 J21uad uoirejndod ATINTD
00¢8 JO 19]1U9D WOJF (193]) duUeISI ANWOQA WOXA dONVY.LSIC Zhlh - Ohh
S3YO9N 140d J431u3d uorieindod Jo sweN HNYN NAOL Ith - 0%
8 pue ¢/
‘g9 ‘¢ saurp weadoud ur paurgap p143
ylim Swop Jeau s121uad uoryendod IWOQ ¥VIN
fre 3unsi dnoin suneaday SYILNTD NOLLYINdOd ofrh
uoxxy 13sN [BTHSHRPUT JO SWEN AISN TYIILSNANI Ieh - OEh
awop dWOd
Jeau 121em punoad 3ursn saraisnpur AVIN ¥ILYA ONNOYD
- 11e 8unsip dnon Buneaday DNISN SATALSNANI o€t
J91eM
NITAJIQ JUNoW punoud Zuisn A1rpedidiunw jo sweN ¥asn 97h - C7#
2wop Jesu . dWOd ¥ViN
191em punoa8 Buisn sarrpedioiunw SN ALY A-ONNOUD
- Tre 3unsiy dnoan Buneadsy 2I179Nd SALLITVAIDINNW cZh
dTdWVYXd NOILLINII3A LINIAWATE VIVA AAGWNN
ANIT
WY 3DO0Ud

(f1uod) Z 3719V.L

28




Table 3. Data base organization.

DESCRIBE:

SYSTEM RELEASE NUMRER 2.50F
DATA BASE MAME IS DOMES
DEFINITION NUMEER 13
BRT?*S.’\SE CYCLE 398

2%
K:
4%
S#
&%
7%

3
21
29y

NOHE NAME (TEXT X(20})

DOME CODE (MAHE X{6} WITH SOME FUTURE ADDITICNS)

LATITUDE (NAME X(15))

LONGITULE (NAME X(15))

GRID LATITUDE-NORTH (NAME X(15))

GRID LATITUDE-SOUTH (MAME X(15))

GRID LOWGITUDE-HEST (NAHME X(15))

GRID LOMGITUBE-EAST (MAME X(15))

SHALLOWEST CAP ROCK DEPTH-IN FEET (INTEGER MMEER 9(3))
SHALLOWEST SALT DEPTH-IM FEET (IMTEGER MAMRER 9(5))
DEEPESY DEPTH CONTRCL ON SALT-IN FEET (INTEGER MUMBER 9(5))
MAUGR AXTS LENGTH-IM FEET (INTEGER MUMBER (7))

MAJOR AXIS ORIENTATION-IN DEGREES (INTEGER NUMBER $99)
HINOR AXIS LEMGTH-IM FEET (INTEGER MMBER 9(9))

AREA OF PLANAR CREST-IN SQUARE FEET (DECIMAL MMBER 9(%).9)
PLINAR CREST PERCENTAGE (DECIMAL MUMBER 97.9)

GENERAL SHAPE (TEXT X(30))

AXIAL RATIO (DECIMAL MUMBER 99.999)

PLAN SHIPE (TEXT X(30})

DOME SYHMETRY (TEXT X(12})

AXIS (TEXT £(80))

AZIAL TILT ANGLE-IN DEGREES (INTEGER NUMBER 99)

AXIRL TILT ORIEMTATION-IM CEGREES (INTEGER MUMBER 999)
AXIAL TILT DISTANCE-IN FEFT (INTEGER MUMBER 9(5))

CREST (TEXT X(80))

SIDES (NON-KEY TEXT X(200))

MAXIMUM TRUE THICKNESS OF CAP ROCK-IN FEET (INTEGER MUMBER 9999

)
P)iINIHbH TRUE THICKNESS OF CAP ROCK-IN FEET (INTEGER MUMBER 9959

"CAP ROCK MINERALOGY (NON-KEY TEXT X{100))

CAP ROCK LOST-CIRCWLATION ZONES PA (TEXT X(7))

CAP ROCK LOST-CIRCLLATION ZOMES INFO (NGN-KEY TEXT X(100))
SULFIDE MINERALS (TEXT X(7))

GENERAL DOME INFORMATION (MON-KEY TEXT X(100))

LATERAL EXTEMT OF RIM SYMCLINE-IM FEET (TEAT X{10)}

LATERNL EXTENT OF DRAG ZOME-IN FEET (TEXT 1(10)}
MAXDIPVERTVARI-IM DEGREES FEET (TEXT X(10))

HINDIPVERTVAR2-IN DEGREES FEET (TEXT X{10))

MAXDIPVERTYAR3-IN DEGREES FEET ¢TEXT X(10))

YOUNGEST FALLTED STRATA (TEXT X(30))

OLDEST STRATA ON SURFACE (MOM-KEY TEXT X(100)}

RELIEF QVER DOME (NON-KEY TEXT X(50))

SINKHOLES (TEXT X(7})

SINKHOLE TNFO (NON-KEY TEXT X(100))

SURFACE SALINES (TEXT X(10})

CONFIGURATION OF OVERBURDEN (NON-KEY TEXT X(100)}

PRODUCT 3TORAGE STATLS (MAME X(10) WITH MAMY FUTURE ADDITIONS)
STORAGE METHOD (RAME X(10) HITH MANY FUTLRE ANDITIONS)

MUMBER OF CAVERNS (INTEGER MUMBER 99)

TOTAL STORAGE CAPACITY-IN PARRELS (INTEGER NUMFER 9(9))
REGIOMAL DEPTH OF BASE OF SLIGHTLY SALIVE GROUNDWATER -IM FEET
(INTEGER NUMEER 9(3))

DEPTH OF BASE OF SLIGHTLY SALINE GROUNDHATER OVER DOME-IN FEET
(INTEGER MUMBER 2(5))

SALINE ANGMALIES IN GROUNDMATER (TEXT X(20))

GROLMDHATER [RRIGATION MEAR DOME-IM ACRES (TEXT X(50))

SURVEY NAWME FOR CENTER OF DOME (TEXT X(100))

SALT BASIN (TEXT X{20))
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[0# COUNTIES (RG)
11 COUNTYNME (NAME X(20) IN 10 WITH SQME FUTLRE ADDITIONS)
34% AREA STATISTICS (RG)
35+ DEPTH OF AREA CALCULATION-IN FEET (INTEGER WUMBER 9(9) IN 34)

o Ag‘%';} IN SRUARE FEET FOR DEPTH UF 33 (DECIMAL MUMBER 9(9).9 IN
&0# OVERHANG (RG)
6i# QVERHANG INFO (NON-YEY TEXT X{200) IN 40)
2% QVERHING DRIEMTATION 1-IN DEGREES (INTEGER MUMBER 999 IN 40)
53% QVERHANG ORIENTATION 2-IN DEGRFES (INTEGER NUMBER 999 IN &0)
4x  OVERHWG AZIMUTH-IM DEGREES (IMTEGER MUMBER 999 IN 40)
63% LATERNL OVERHANG-IN FEET (INTEGER MUMBER 9997 IN 40)
66 PERCENTAGE OVERHANG (DECIMAL MUMBER 9999.9 IN 60)
0% ANGLE BETWEEN SALT STOCK-STRATA (RG)
71 AMGLE-IM DEGREES {INTEGER NLMBER 999 IM 90)
72% [DEPTH-IN FEET (INTEGER NUMBER 9(5) IN $0)
100+  ADJACENT STRATA FALLTING (RG)
101# FALLT DESCRIPTION (TEXT X(50) IN 100 WITH MANY FUTURE ADDITIO

NS)
111x DRAINAGE SYSTEMS (RG)
112+ DRAINAGE TYPE (TEXT X(100) IN 111 WITH MANY FUTURE ADDITIONS)

130%  HYDROCARBOM RESQURCES (RG)
{30 FIELD NAHE PRODICING HORIZON (TEXT X(100) IN 150)
152 RRC DISTRICT (MAWE X IN 150 WITH SOME FUTURE ADDITIONS)
133# COUNTY (NANME X{(20) IN 1500
134% DISCOVERY DATE (NAME XXX IN 150 WITH MANY FLTURE ADDITIONS)
135# %Lgﬂg%}'gfér)l FEET (IMTEGER NUMBER 9!5) IM 150 WITH SOME FUT
136+ API GRAVITY (NAME XXXX IN 150 WITH SOME FUTURE ADDITIONS)
157+ %\;IRU}HB‘JT:\L CODE (MAWME X(S) IN 150 WITH MANY FUTLRE ADDITIO

138 ENV COMM | (NOW-KEY TEXT X(250) IN 150)
139+ BV COMM 2 (MCM-KEY TEXT X(250) IM 150)
160%  ENV COMM 3 (NON-KEY TEXT X(250) IN 150)
16i% EMV COMM 4 (NCN-KEY TEXT X(250) IN {50}
155+ wTIIgE)CRUDE OIL PRODUCTIOH-IN BARRELS (INTEGER MUMBER 9¢
170% FIELD PRODUCTION (RG IN 150)
[71% YEAR (MAME XXXX M 170 WITH MANY FUTURE ADDITIONS)
172¢ ?ﬁsl%tss-m THOUSANDS OF CUEIC FEET (INTEGER NUMBER 9(10)
173% CONDENSATE-IN BARRELS (INTEGER MUMBER 9(10) IN [70)
174 »??ggmHEAIN I%?AS-IN THOUSANDS OF CUBIC FEET (IMTEGER MUMDER 9
175* CRUDE OIL-IN PARRELS (INTEGER NUMBER 9(10} IN 170)
[70% MINERAL PRODUCTION (RG)
193¢ MINERAL NAME (NAME Y(10) IN 190 WITH MANY FUTURE ADDITIONS)
200 FROD STATUS (MAFE X(20) IN 190 WITH MAMY FUTURE ADDITIONS)
201* METHOD (NAME X(30) IN 190 WITH MANY FUTLRE ADDITIONS)
202¢  COAPANY (NANE X(50) IN 190 WITH SOME FUTURE ADDITIONS)
203% HISTORY (NON-KEY TEXT X(100) IN 190}
204 EMV CODE (NAWE X{10) IN 190 WITH MANY FUTURE ADDITIONS)
205% ENV COMMI (NGN-KEY TEXT X(250) IN {50)
206% ENV COMM2 (NOM-KEY TEXT 14250) 1M 190
225% HYDROCARROW STORAGE CAVERNS (RG)
226+ COMPANY MAFE (TEXT X(150)} IM 225 WITH MANY FUTURE ADDITIONS)
227% QRIGINAL APPLICANT (TEXT X(150) IN 225)
228# TOTAL MUMBER OF CAVERMS (INTEGER MUWRER $(5) IN 225)
29 T?;Mﬂg?VERN STORAGE CAPACITY-IN BARRELS (INTEGER MUMBER 9(9)

230* RRC SPECIAL ORDER MUMBER (NON-KEY TEXT X(150) IN 225)
235+ STORED PRODUCT (RG IN 225)
236+ gt)mm:r STORED (TEXT X(30) IN 235 WITH SOME FUTLRE ADDITION

400% AQUIFER WATER CHEMISTRY (RG)

40{# AQUIFER (TEXT X(49) IN 400 WITH MAMY FUTURE SDDITIONS)
402¢ TOTAL NUMBER OF WELLS SURVEYED (INTEGER NIMRER 9(5) IN 400)
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403
404+
405#
404#
407+
408*
409+
410%

LDE“JEI;\‘ NA 10MS-IN MILLIGRAMS PER LITER {INTEGER MUMBER 2(5) IN
SI%OE? NA IONS-IN MILLIGRAMS PER LITER (INTEGER NUMBER (5 I
hu&rgg)m IONS-IN MILLIGRAMS PER LITER (INTEGER NUMRER 9(S) [

?ﬁﬁﬁﬁﬂ# IONS-IN MILLIGRAMS PER LITER (INTEGER MUMBER 9(5)
LOWER CL IONS-IN MILLIGRAMS PER LITER (INTEGER MUMMEER 9(5) IN
H?OG?EJR (L I0NS-IN MILLIGRMMS PER LITER (INTEGER NIMEER 9(5) I
gmg)m-zn MILLIGRAMS FER LITER (INTEGER MUMBER 9(5) IN 400

g,IGPER TDS-IN MILLIGRAMS PER LITER (INTEGER NUMBER 9(5) IN 40

425* MUNICIPALITIES USING GROUND MATER NEAR DOME (RG)

426+

USER (MON-KEY TEXT X(100) IN 423)

430¢ INDUSTRIES USING GROUND WATER NEAR DOME (RG)

431
MO+

d41%
4428

INDUSTRIAL USERS (MOM-KEY TEXT X(100) IM 430)
POPULATION CENTERS (RG)

ERS NEAR DME
TOHM MAME (TEXT X(S0) IN 440 WITH MAMY FUTURE ADDITIONS)
DISTANCE FROM DOHE CENTER (INTEGER MUMBER %(5) IN 440 HITH M)
NY FUTLRE ADDITIONS)

300+ SALT DOME DATA BASE DOCUMENTATION (RG)

301#
502+

DOCUMENTATION (MAME X(50) IN 500)
REPORTED YEAR (TEXT X(10} IN 500)
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Table 4. Information on storage operations in Texas domes.

shown at bottom.

NAE OF SALT DOME ~ CURRENT (PERATOR OF

+H-

¥ BARBERS HILL

¥ BARBERS HILL
“= % QPRBERS HILL

* DARBERS HILL.

+ BARBERS HILL

+ BARBERS HILL
- % BARBERS HILL

# BAABERS HILL

* BORPERS HILL

¥ BETHEL DQME
__ % BIG HILL

# 816 HILL

# BLLE RIDGE

* ELING

* BRENHAM:
~ & SRYAN. NOLRD.
* ERYAN- nOUND
* BALER (OME

* FF
¢ MORTH DAYTON
— # PIERCE JACTION

¥ PIERCE ANCTION
+ SOUR _LAKE

¢ STRATTON RIDGE
¥ STRATTON RIME
¢ STRATTON RIDGE

STORAGE FACTLITIES

TEXAS EASTERN
OTAMOMD. SHAMROCK

BI-STONE FUEL

UNICN
DEPARTHENT OF ENERGY
ARANTOHED

VALERQ

SEMINOLE PIPELINE (0.
DEPARTHEMT OF EMERGY
DEPARTMENT OF ENERGY
U.p.5.

PHILLIPS PETROLEUM
ABANDONED

TEXAS: EASTHAN:
HARREN- PETROLELM~
BUTIWE SUPFE [ES
MOBIL

" TEXRS BRINE

SEADRIFT PIPELINE

MOSS BLUFF STORAGE VENTURE
EMERGY STORAGE TERMIMAL [MC..

EMNTERPRISE

COASTAL STATES. CRUDE GATHERING
TEXACD

SEAIMOLE PIPSEIME
AMCCD
ooy

CRIGINAL APPLICANT

TEXAS NATURAL GRSOLIME
DIAGND SHAMROCK
WARRFN

=ANL

TENMESSEE 1S TRANSMISSION
HUMBLE OIL AMD REFIMIMG
ENTERPRISE

CoMOCo

TEXAS BUTADIENE AND CHEMICAL CORP.
BI-STOME FUEL

PURE QIL 0,

JEPARTMENT OF EMERGY

TULORA-MOCO

LO-YACA GATERIMG (0.
SEMINOLE PIPELIME (.
[0d CHEMICAL
DEPARTMENT OF ENERGY
FREESTONE UMOERGROUMD STOR.
PHILLIFS PETROLEIM
PURE L
HARREN PETROLETR-
GILF OIL
PETROLELM GAS CORP.

ENTERPRISE

MAGHOL LA F’ETR!].EUH URe,
TEXNS BRINE

SEADRIFT PIPELINE -
HISS ALUFF STORAGE VENTURE

EHERGY STORAGE TERMIMAL [MC.

WINDA PETROLEUM AR ELLIS TRANSPORT
IIIASTF}L STATES CRUDE. GATHERING-

THE- TEXAS (D0
SEMIMOLE P"PE'LIPE'
FENIX AMD SCISTON
DoW

LIST/TITLE L(IBINAME OF SALT DOME, B(1),R(20)CURRENT OFERATOR OF
LIST/TITLE L{IBIMAME OF SALT DOFE, 8(1) R(30)CIRRENT QPERATIR OF

STURAGE FRCILITIES
STGRAGE FACILITIES

»BUL) R(ZSIORIGINAL APPLICANT
»B8(1),R(36)0RIGINAL PPLICANT

MMBER - STORAGE
OF  CAPACITY
CAVERNS N B/RRELS

ST~
g
(=]

| Pt )
GO0 O e G D e b i G B 3 G e O

o

g

—

B = G D PO O O
b

+
-

B01),
:B(1),

R(YlM.HBER +F +CAVERNS, B(1), RfIO)STURﬂGF +CAPACITY +IN BARRELS,B(3),
R(7)MMBER +(F +CAVERNS,B(1),R(IQ)STORAGE +CAPACLTY +IM BARRELS, 8(3)»

R(18)PRODLCT STORED
R{ISIPRODUCT STORED

32

/C1,C226,C227, 0228, 0229, 0235, 08 LOW CL WM C226 EXISTS:
/C1,C226,C22T, C223,C229, L2356, 08 LOW CL WH €225 EXISTS:.

Computer code to produce table

PRODUCT STORED

LIGHT HYDROCARBONS'
LIGHT HYBROCARBOMS

LICHT HYTROCARBOMS
LIGHT" HYDROCAREONS
LIGHT HYDROCARANMS
LIGHT HYDROCARBONS

HATIRAL GAS

LIGHT MYDROCARBONS
CRUDE 9IL

CRUDE 9IL




Table 5. Information on rock salt and brine min

table shown at bottom.

NAME OF SALT DOME KINERAL STATUS OF REPORTING ORGANAZATION NAVE OF COMPANY
PRODUCTION OR MINING METHOD
HE
* PARBERS HILL ERINE ACTIVE ERINE WELLS DIAMOND SHAMROCK
+ ELUE RIBGE BRINE ACTIVE BRINE WELLZ UNITED SALT
+ BLiE RIDGE ROCK SALT  ABANICNED SALT MINE UNITED SALT
# EROOKS DOME BRI ABANDCHED LS. U, -1978 UNKNGH
# ERYAN MOUND BRINE ABANDCMED ERINE WELLS DOW CHEMICAL
# GRAND SALINE DOME ROCK SALT  ACTIVE ALT Mg MORTON SALT
¥ AT SALIE DOME ERINE ABANDCNED BRINE Well$ MORTON SALT
+ HOOLEY ROCK SALT  ACTIVC SALT MINE UNITED SALT
+ MARKHAN ERINE ACTIVE PRINE WELLS TEXAS BRINE CORP,
t FALANGANA [OME ERINE. ACTIVE BRINE WELLS P.P.G.IND.INC.
* PALESTINE DOPE ERINE ABANDONED LS. U, -1978 UNENCEN
# PIERCE ANCTION BRIND ACTIVE BRINE WELLS TEXAS ERINE CORP,
# SPINDLETGP BRINE ACTIVE BRINE WELLS TEXAS BRINE CORP.
+ STEEN DOME ERINE ABANESHED L& U -1975 (RIKNCWN
# STRATTON RIDGE ERINE ROTIVE BRINE WELLS DOH CHEMICAL
# WHITEHQUSE DOME BRIME ABANDCNZD L.S.U.-1978 UNKNOWN

LIST/TITLE LUIBINAE OF SALT DOME.R(4),R(ZIMINERAL ,B(4),R(10)
LIST/TITLE L{I2)NAME OF SALT DOME.B(41.R(9IMINERAL ,B{4).R(10)

——

STATUS OF +RODUCTION B{4), RIZ2IREPCRTING ORGANAZATION+
STATUS OF  +FRODUCTION, B(4),R{22)REFORTING CRGANAZATION+

OR MIMING METHOD
OR MINING YETHOD
C1,(19%,£200,C201,£202,£203, 0B LOW C1 WH C199 E@ ROCK SALT OR C199 EQ BRINE:

1:L199:C200,C201,0202,C203, 0B LOW C1 WH C199 £Q ROCK 5ALT OR C197 EQ ERINE:

1BU43 RUISINAME OF COMPANY  ,RB(4),R{I4IMINING HISTORY/
»BI4),R(IZINAME OF COMPANY . B(4),R(I4IMINING HISTORY/

33

ing in Texas domes. Computer code to produce

MINING HISTORY

1843

[S29-PRESENT

183

i385




Table 6. Information on sulfur mining in Texas domes. Computer code to produce table shown

at bottom.
NANE OF SALT DOME KINGRAL  STATUS 6F  MINTMG WISTORY NAKE OF COMPANY
- PRODUCTION
55
+ 3IG CREEX MFIR ABANDOMED  1925-19% UNION SULPHLR
¥ BOLING SUAR  ACTIVE 1929-FRESENT TEXASGALF, INC
# BOLING SUFIR  ARAANDONED (9221999 UNION SULPHR
% BOLING SUAR  ABAMDONED 19751925 BAKER-NILL [AMS
- ¢ BOLING SULFIR  ABMDONED  (925-1940 DIVAL SULPHLR AND' POTASH
# ERYAN MOUND SUFR  ABANDOMED  {967-1968 HOOKER CHEMICAL
3 BRYAN MOUND SUFUR  ABAMDONED  1912-1925 " FREEFORT SULPHLR
_ ¥ CLOENS SWFUR  ABANDOMED  1937-1940 EFFERSON LAKE. SULFHUR
# DAMON MOLAD SUFIR  ABAMDONED  [957~1957 STAVDARD SULPHIR
¥ FANETT SULFUR ABGNDOMED  (9%3-(5T7 TEXASGUALF
+ GULF SUFIR  ARANDONED  1910-1936 TEXAS GULE SULPHIR
# GULE SUFR  ABAMDONSD  1945-1970 TEXAS GULF SULPHUR
& HIGH ISLAND SUFIR  ABANDOMED [968-1971 PAN AMERICAN PETROLELW CO.
+ HIGH ISLAND SULFUR  ABANDOYED 1940-1952 UNTTED STATES SULPHUR
- ¥ ROSKINS MOUND SUFR  AZANDONED  1973-1995 FREEPORT SULPHLR
+ LONG POINT SWAR  ABANDONED  [946-1992 JEFFERSON LG SULPHIR
+ LONG FOINT SUFR  ABANDONED  1930-19Q TEXAS GULF SULPHIR
_— # MISS BLUFF SWFIR  ABSNDONED  [945-1982 TEYASGILF
 NASH SUFUR - ABAMDONSD (9641969 FHELAN SULPHLR
¥ NASH , SUFIR . ABANDOWED  1954-1954 FREEFORT SULPHUR
. + ORCHARD SULFIR  ABANDONED  1978-1970 DUVAL SALES
¥ PALANGANA DOME SWAUIR  ABANDONED  1929-1925 DUVAL SALES
+ SPINDLETOP AR ABANDONED  1952-197% TEXASGULF

—

LIST/TITLE LUI2INAME CF SALT DOME, B(4),R(7IMINERAL, B(4),R(1QISTATUS OF +
LIST/TITLE LUISINAME OF SALT DOME,B(4),R(7IMINERAL;B(4),R(10ISTATUS OF +

PRODUCTICH, B(4}, R{ISININING HISTORY,B(4),R(20INAE OF COMPANY /
PRODUCTION, B(4),R(1SIMINING KISTORY,8{4),R(20INAYE OF COMPANY /

C1.C199,£200,£202,0202,08 LOW C! WH C199 EQ SULFUR:
C1,L199,C200,C203,C202,0B LOW C1 WH €199 EQ SULFLRT
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